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Abstract

:

This study aimed at designing emulsion films based on sodium alginate, gelatin, and glycerol, and their modification by the addition of lipids (cottonseed oil and beeswax). Film composition with the most promising properties was further modified by the incorporation of polylactide (PLA) microparticles with Calendula officinalis flower extract. PLA microspheres were obtained by the emulsion/solvent evaporation method. The size distribution of oily particles in emulsions was investigated. Mechanical properties, moisture content, UV-Vis spectra, and the color of films were analyzed, while biophysical skin parameters were assessed after their application to the skin. Moreover, the contact angles were measured, and the surface free energy of polymeric films was determined. An investigation of the amount of Calendula officinalis flower extract which can be incorporated into PLA microparticles was performed. The modification of the composition of films significantly influenced their physicochemical properties. The selected active ingredient in the form of plant extract was successfully incorporated into polymeric microparticles that were further added into the developed emulsion film. The condition of the skin after the application of obtained emulsion films improved. The prepared materials, especially containing microparticles with plant extract, can be considered for designing new cosmetic forms, such as cosmetic masks, as well as new topical formulations for pharmaceutical delivery.
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1. Introduction


Throughout the years, various alternatives for replacing non-biodegradable polymers have been investigated in order to face the increasing problem associated with environmental pollution and the use of plastic. Today’s materials should meet several requirements, such as biodegradability, non-toxicity, and biocompatibility. Hence, thin films made from biopolymers have recently attracted more attention [1,2,3,4]. Natural hydrophilic polysaccharides and proteins such as sodium alginate and gelatin (Figure 1), respectively, are widely used in cosmetics and materials science due to their thickening, gelling, and film-forming properties [5,6,7]. Alginates are linear, block copolymers composed of α-L-guluronic and β-D-mannuronic acid residues connected by a glycosidic bond [8]. Due to their structure, alginates belong to the group of anionic polysaccharides. Alginates are obtained from the cell walls of marine algae, mainly brown algae (Phaeophyceae) [8,9]. Gelatin is a denatured, biodegradable, high molecular weight polypeptide derived by processing of collagen extracted from animal tissue such as skin, muscle, and bone. The gelatin used commercially is predominantly obtained from by-products of the meat and leather industries, mainly 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) [10]. Gelatin contains all the essential amino acids except for tryptophan.



Properties of biopolymer films may be enhanced by adding an oily phase [11,12,13]. Emulsions are dispersed systems composed of two mutually immiscible liquids—the internal (the dispersed phase) is finely dispersed in the external (continuous) phase with the help of emulsifiers, which lowers the surface tension between two phases. Emulsions are widely used in the cosmetic, pharmaceutical, medical, and food industries [14,15,16]. Emulsions generally exhibit certain advantages mainly in that they enhance the therapeutic effect on the skin. Thin emulsion films prepared by the solution casting method have recently garnered more and more attention in the packaging and food industries [17,18,19,20].



Cottonseed oil is extracted from the cotton seeds through mechanical processes, such as crushing or pressing, or by chemical processes such as solvent extraction. Cottonseed oil is composed of 70% unsaturated fatty acids, including 18% monounsaturated, mainly oleic acid, and 52% polyunsaturated, predominantly linoleic acid. It also comprises 26% saturated fatty acids, mostly palmitic acid [21]. The relatively high level of saturated fatty acids contributes to the oxidative stability of cottonseed oil by offsetting the instability of the unsaturated fatty acid components [22,23]. In addition to skin conditioning properties, cottonseed oil also acts as an antioxidant due to tocopherol content [24]. Another commonly used oily substance is beeswax, a natural wax formed by honeybees of the genus Apis. Beeswax has a complex composition—it comprises over 300 different substances. Beeswax predominantly comprises 67% higher fatty acids and various long-chain alcohol esters, 14% hydrocarbons, and 12% free acids [25].



Microparticles are particles with diameters varying from 1 to 1000 μm in which the active substance is incorporated into the matrix. Many different materials can be used as encapsulating matrices, such as proteins, polysaccharides, fats, waxes, biopolymers, co-polymers or synthetic polymers [26]. One of the most promising polymers for encapsulation is polylactide (PLA) (Figure 1). It is a biocompatible and biodegradable polyester that is derived from renewable resources [27]. Polymeric encapsulation techniques include emulsion/solvent evaporation [28], extrusion [29], spray-drying [30], coacervation [31], and layer-by-layer [32,33]. Encapsulation technologies have a wide range of applications in many industrial sectors due to their undoubted advantages. Isolation and protection from external factors and undesired reactions (e.g., oxidation or deactivation) of active substances incorporated into microparticles are the main advantages of encapsulation. This also contributes to the maintenance of their stability. Encapsulation is used to enclose various types of solid and liquid materials such as drugs, extracts, vitamins, perfumes, proteins, dyes, bacterial cells, and essential oils, etc. [34,35,36,37,38,39]. Calendula officinalis flower extract, owing to its complex composition (Figure 1), possess multiple activities, including antioxidant, antibacterial, antifungal, antiviral, anti-inflammatory, antioedematous, and wound healing activities, as well as immunostimulant, anticancer, hepatoprotective, and insecticidal properties [40,41,42,43,44,45]. For these reasons, pot marigold is used in the treatment of numerous skin injures, such as burns, ulcers, skin inflammations, eczema, bruises, cuts, and abrasions of the epidermis, rashes, skin wounds, frostbites, and other conditions [46,47,48,49,50,51]. It is also an ingredient used for cosmetic purposes for dry, flaky, cracked, and prone to infection or redness skin [52,53,54]. Calendula officinalis is therefore a versatile and valuable herbal medicine used both externally and internally, which results from its rich and diverse chemical composition.



To the best of our knowledge, microparticles containing polyphenolic compounds, such as Calendula officinalis flower extract, have not yet been incorporated into emulsion films intended for cosmetic applications, as well as the effect of this type of materials on biophysical skin parameters remains unexplored.



The main goal of the current work was to design, prepare, and characterize thin emulsion films, as well as optimize their composition. Materials based on sodium alginate, gelatin, glycerol, and lipids (cottonseed oil and beeswax) were obtained by the solution casting method. The material composition with the most promising properties was subjected to further modification—the addition of PLA microparticles with Calendula officinalis flower extract—in order to create a material that has the ability to protect enclosed plant extract and that most effectively improves the condition of the skin. We analyzed the size distribution of oily particles in emulsion. The obtained films were characterized by moisture content, contact angle, mechanical properties, UV-Vis, and colorimetry. Biophysical skin parameters after the application of films to the skin were measured.




2. Materials and Methods


2.1. Materials


Polylactide was obtained from NatureWorks (Minnetonka, MN, USA). Gelatin from porcine skin (type A), Span 80, poly(vinyl alcohol) (product no 363138; the molecular weight was 31,000–50,000 g/mol and the hydrolysis degree was 98–99%), beeswax, Folin–Ciocalteu reagent, gallic acid and diiodomethane were acquired from Sigma-Aldrich (Poznan, Poland). Sodium alginate was purchased from BÜCHI Labortechnik AG (Flawil, Switzerland). Dichloromethane and glycerol were supplied from Avantor Performance Materials Poland S.A. (Gliwice, Poland). Sodium carbonate and ethyl alcohol were purchased from Stanlab (Lublin, Poland). Sodium hydroxide was acquired from Chempur (Piekary Slaskie, Poland). Cottonseed oil was provided by Alston Nova, S.L. (Barcelona, Spain). All used chemicals were of analytical grade. The 2% hydroglycolic Calendula officinalis flower extract (propylene glycol/water (80:20)) was obtained from Provital S.A. (Barcelona, Spain) and its total polyphenol content was assessed with the use of the Folin–Ciocalteu method. The absorbance was measured at 725 nm using a UV–VIS spectrophotometer and 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. Production of Polylactide Microparticles


Polylactide (PLA) microparticles loaded with Calendula officinalis flower extract were fabricated using the emulsion/solvent evaporation technique. Firstly, PLA was dissolved in dichloromethane (DCM) at a concentration of 5% (w/v). Meanwhile, a 1% (w/v) of poly(vinyl alcohol) (PVA) solution in 0.1% hydroglycolic Calendula officinalis flower extract was prepared. The organic phase containing PLA was slowly added to the PVA solution, with a volume ratio of 1:10 (PLA:PVA), during five minutes under magnetic stirring at 800 rpm. Subsequently, it was stirred continuously for four hours at room temperature to allow the DCM evaporation. The Calendula officinalis flower extract-loaded PLA microparticles were collected by centrifugation at 10,000 rpm for 10 min. After centrifugation, the precipitated microspheres were washed with deionized water to remove the residual PVA. The centrifugation and rinsing processes were repeated three times.




2.3. Production of Emulsion Films


Emulsion films were fabricated by using the solution casting method. Firstly, two solutions were made: an aqueous phase containing sodium alginate (ALG), gelatin (GEL), and different amounts of glycerol (G), and an oily phase consisting of cottonseed oil, beeswax, and emulsifier Span-80. Both phases were heated (70–80 °C), and subsequently mixed and homogenized (20,000 rpm, 3 min) (T25 digital ULTRA-TURRAX disperser, IKA Werke, Staufen, Germany). The film-forming solutions were cast on glass plates and dried (25 °C, 72 h). Moreover, the control samples, which did not contain the oily phase, were also prepared: ALG/GEL/G (1%) and ALG/GEL/G (10%).



After all the samples were characterized, one sample with the highest potential in terms of cosmetic chemistry was selected, to which PLA microparticles were added. In order to obtain microparticles-loaded emulsion film, the PLA microspheres containing Calendula officinalis flower extract were added to the film-forming solution before casting.



The composition of prepared materials is presented in Table 1, while the scheme of preparing materials is presented in Figure 2.




2.4. Characterization of Materials


2.4.1. Depiction of PLA Microparticles and Materials


The microspheres’ morphology was observed by the optical microscope Delta Optical L-1000 (Minsk Mazowiecki, Poland).




2.4.2. Emulsion Particles Size Distribution


The particle size distribution of emulsions based on sodium alginate, gelatin, glycerin, and lipids (cottonseed oil and beeswax) was measured using a Laser Diffraction Particle Size Analyzer (SALD-2300 with sampler SALD-MS23, Shimadzu, Kyoto, Japan). Small volumes of emulsions were added to the distilled water in the dispersion bath in the sampler. The dispersed particles were measured as they were circulated between the flow cell and the dispersion bath. The particles in the measurement unit were irradiated with a laser beam, and the particle size distribution was calculated using the light intensity distribution of scattered light generated from sample particles.




2.4.3. Loading Capacity of Materials with PLA Microparticles


The Folin–Ciocalteu test was employed to determine the loading capacity of Calendula officinalis flower extract contained in the emulsion film with PLA microparticles [55]. The weighed 1 × 1 cm specimens of the film were put into 2 mL of 1 M NaOH for 1 h and, subsequently, they were centrifuged (10,000 rpm, 5 min). Afterwards, 20 µL of the supernatant solutions were mixed with 1.58 mL distilled water, 100 µL Folin–Ciocalteu reagent, and, after 4 min, 300 µL saturated Na2CO3 solution. The prepared mixtures were incubated at 37 °C for 40 min until a characteristic blue color was obtained. The absorbance was measured at 725 nm using a UV-Vis spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). The presented data of polyphenol content in the film with PLA microspheres were calculated using the calibration curve for the standard solution (gallic acid) in the concentration range of 0–0.50 mg/mL (R = 0.9995). The measurement was conducted in triplicate.




2.4.4. Contact Angle and Surface Free Energy Measurements


The contact angle (θ) measurements were carried out with two liquids (diiodomethane and glycerol) using a DSA G10 goniometer equipped with a system of drop shape analysis (Krüss GmbH, Hamburg, Germany) at a constant temperature (25 °C). Seven measurements of each sample were performed. Due to the significant surface roughness of the film containing microparticles, only films without the addition of microspheres were subjected to contact angle measurements.



The surface free energy and its polar and dispersive components were calculated with the use of the Owens–Wendt method, which is based on the Young Equation (1). When a liquid comes into contact with a solid in a gaseous phase, there is a relationship between the contact angle θ, the surface tension of the liquid γlg, the interfacial tension between the liquid and solid γsl, and the surface free energy of the solid γsg:


γsg = γsl + γlg·cosθ



(1)








2.4.5. Film Color and Opacity


The color values (expressed as CIELAB color space: L* (0 black to 100 white), a* (−greenness to +redness) and b* (−blueness to +yellowness)) of the films were measured with the use of a colorimeter (Skin-Colorimeter CL 400, Courage + Khazaka, Köln, Germany). The measurements were performed in triplicate on the white background (L* = 88.49 ± 0.09, a* = −0.77 ± 0.04, b* = −0.74 ± 0.06). The total difference of color (ΔE*) (2) and whiteness index (WI) (3) of films were calculated using the following equations [56]:


  Δ E =        (  Δ  L *   )   2  +   ( Δ  a *  )  2  +   ( Δ  b *  )  2     



(2)






  WI =   100 −      (  100 −  L *   )   2  +    (   a *   )   2  +    (   b *   )   2     



(3)




where ΔL*, Δa* and Δb* are the differences between the color value of the samples and the results of the white background.



The light barrier properties of the films were studied at wavelengths ranging between 200 and 800 nm using a UV-Vis spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). The opacity (Op) (4) of the films was calculated as the absorbance at 600 nm (A600) divided by the film’s thickness (x; mm) [57]:


Op = A600/x



(4)








2.4.6. Moisture Content Measurements


Film samples (2 × 2 cm) were weighed before (Ww) and after (Wd) drying at 105 °C for 24 h [58]. The measurements were performed in triplicate. The moisture content (5) was calculated as the percentage of water loss from each sample as follows:


moisture content = (Ww − Wd)/Ww × 100



(5)








2.4.7. Mechanical Properties


A mechanical testing machine (Shimadzu EZ-Test EZ-SX, Kyoto, Japan) fitted with a 50 N load cell was used to test the mechanical properties of films. Dumbbell-shaped samples with known width and thickness were inserted into tensile grips and stretched until the break with the velocity of 5 mm/min. Young’s modulus was calculated from the slope of the stress-strain curve in the linear region (strain from 0.5% to 1.0%). The results were recorded using the Trapezium X Texture program. Average values were calculated using seven measurements for each sample.




2.4.8. Biophysical Skin Parameters Assays


The skin color, skin surface hydration, and skin barrier quality (manifested as transepidermal water loss—TEWL) after application of the materials were examined using the colorimeter (Skin-Colorimeter CL 400, Courage + Khazaka, Köln, Germany), corneometer (Corneometer CM 825, Courage + Khazaka, Köln, Germany) and tewameter (Tewameter TM 300, Courage + Khazaka, Köln, Germany), respectively, with the use of MPA-software [59]. The skin parameter measurements were conducted on the volar forearm skin with the participation of five probands with normal skin (women, aged 24–27) in a controlled temperature (20–22 °C) and humidity (relative humidity 40–60%). All subjects gave their informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of KB 67/2021.



Four 4 × 4 cm sections were used on the skin of both forearms. One section was the control field, and the remaining seven places were covered with samples of films previously immersed in water. The individual samples were applied at one-minute intervals, one after the other. The samples were removed from the skin 10 min after application.



The corneometric measurements were performed immediately after removal of the films that had been applied to the skin for 10 min followed by 15 min, 30 min, 1 h, 2 h, 3 h and 4 h after removing the samples as compared to the untreated control. The area of the untreated forearm served as a negative control. For each proband, five corneometric measurements were made on each of the eight skin areas at each time point. The results show the difference in the corneometer indications between the test field and control field results at the appropriate point.



Tewametric and colorimetric tests do not require simultaneous testing on the control and treated areas at each time point. TEWL and skin color analyses were examined with the initial measurements (control) before applying each film. Measurements on the seven tested areas were carried out in triplicate for each proband before applying films (seven control values), then immediately after removing the film from the skin and 15 min, 30 min, 1 h, 2 h, 3 h and 4 h after removing the samples.




2.4.9. Statistical Analysis


One way ANOVA with Dunnett’s post hoc analysis was performed to statistically compare results. The results of moisture content and skin condition assays (hydration and TEWL) for emulsion films were compared to the control samples without lipids: ALG/GEL/G (1%) and ALG/GEL/G (10%). Meanwhile, the results of skin color were compared to the results made for the control field (before the start of the study) in order to assess significant changes in the skin redness before and after application of films to the skin. GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) was used for all analyses. Data are shown as the mean ± S.D. for each experiment. p-values < 0.05 were considered significant.






3. Results and Discussion


3.1. Appearance and Structure of Materials


Photographs of prepared polymeric films and swollen polymeric films applied on the volar forearm skin are presented in Figure 3. Films with a higher amount of glycerol, which acts as a plasticizer, were more flexible and sticky. The sample containing 1% glycerol and 3.4% lipids (ALG/GEL/G (1%)/L (3.4%)) was selected to further modification. The emulsion film containing PLA microparticles with incorporated Calendula officinalis flower extract was more brittle than the one without microspheres. PLA microspheres were arranged irregularly and formed agglomerates in some places of the emulsion film.



Control samples without lipids were thinner (polymeric film with 1% and 10% addition of glycerol were 100 and 220 µm thick, respectively). Meanwhile, a larger amount of glycerol and lipids increased their thickness (the thickness of emulsion films was from 230 µm to 280 µm). The thickest was the emulsion film fused with PLA microparticles (360 µm). The thickness was measured with a digital dial thickness gauge at a resolution of 0.001 mm (Sylvac, Switzerland).



The size distributions of oily particles in prepared emulsions based on sodium alginate, gelatin, different amount of glycerin and lipids (cottonseed oil and beeswax) are shown in Figure 4. Based on the obtained results, we can conclude that we obtained microemulsions. The results also indicate that the oily particles’ size distribution depends on the composition of emulsions, mainly on the amount of oily substances. The emulsions containing a lower amount of lipids had a lower mean size of particles (for ALG/GEL/G (1%)/L (1.7%), the mean diameter was 4.8 ± 0.2 µm and for ALG/GEL/G (10%)/L (1.7%), it was 4.5 ± 0.4 µm). Meanwhile, emulsions with a doubled amount of the oily phase had higher diameters of particles: ALG/GEL/G (1%)/L (3.4%) had 7.4 ± 0.4 µm particles and ALG/GEL/G (10%)/L (3.4%) had 9.9 ± 0.4 µm. The cumulative percentage of normalized particle amount reached a value of 50% at particle diameters of 5.1 and 4.0 µm for emulsions containing a smaller amount of lipids, such as ALG/GEL/G (1%)/L (1.7%) and ALG/GEL/G (10%)/L (1.7%), respectively, as well as 8.8 and 13.1 µm for emulsions with doubled amount of lipids, namely ALG/GEL/G (1%)/L (3.4%) and ALG/GEL/G (10%)/L (3.4%), respectively.



The image of polylactide microspheres with Calendula officinalis flower extract observed by the optical microscope is presented in Figure 5. Prepared microparticles had a spherical shape and a very smooth surface. Their size was uniformly distributed (60.11 ± 10.94 µm).



The Calendula officinalis flower extract-loaded PLA microparticles were incorporated into emulsion films based on sodium alginate and gelatin with the addition of 1% of glycerol and 3.4% of lipids. The loading capacity of this material was examined by determining the content of polyphenolic compounds in the sample with the use of the Folin-Ciocalteu method. The Calendula officinalis flower extract was successfully incorporated into the emulsion film—the amount of polyphenols loaded into the emulsion film was 73 ± 7 mg/g.




3.2. Contact Angle and Surface Free Energy Measurements


The results of measurements of the contact angle, the surface free energy, and its dispersive and polar components calculated using the Owens–Wendt method for polymeric films are shown in Table 2. The emulsion film containing PLA microparticles was not subjected to this analysis due to its high surface roughness.



The contact angle technique is based on the measurement of non-covalent forces between the first monolayer of material and liquid [60]. The contact angles for diiodomethane (D) and glycerol (G) of obtained polymeric films were measured. A higher amount of glycerol led to an increase in contact angle values for both liquids in the case of polymer films without the addition of lipids. The addition of lipids in the film formulations caused a decline in the contact angle values for diiodomethane and glycerol. Moreover, in emulsion films, the decrease in the contact angles was also noticed for the samples with a higher glycerol amount.



The Owens–Wendt method was used for determining the surface free energy, as well as its polar and dispersive components. Based on the obtained results (Table 2), we noted that the sodium alginate/gelatin polymeric film with a 10% addition of glycerol (without lipids) possessed a hydrophobic surface as the polar component value was low for this sample. This may be attributed to the presence of interaction between gelatin and sodium alginate molecules which led to the existence of a lower number of polar groups on the blend surfaces. These interactions resulted from the established strong intermolecular hydrogen bonds formed within and between biopolymer chains involving their hydroxyl, carbonyl, and amino groups, as well as due to electrostatic interactions. It can be also concluded that the glycerol participated in the formation of intermolecular hydrogen bonds.



The measurements revealed that the polarity of the film surfaces significantly increased with the introduction of lipids into the film compositions. This indicates that the hydroxyl groups of the blend ingredients were directed towards the surface region and the formation of hydrogen bonds between the film components was disturbed in the presence of lipids. However, a doubled amount of lipids caused the opposite effect, leading to a decrease in the surface free energy and its polar component values, which is associated with the lower hydrophilicity of these samples’ surfaces. In the case of emulsion films, the higher amount of glycerol caused a rise in the values of surface free energy and its components.




3.3. Film Color and Opacity


The UV-Vis spectra of fabricated films are shown in Figure 6. It was observed that the addition of lipids into sodium alginate/gelatin films can impact the light barrier properties. Control samples without lipids showed the lowest absorbance. The films exhibited a small absorbance peak at 275 nm that was extinguished in the spectra of emulsion films that contain lipids. The addition and increasing amount of lipids led to higher absorbance. The addition of PLA microparticles with Calendula officinalis flower extract increased the absorbance. Therefore, considering that the potential application of films could be as topical formulations for pharmaceutical and cosmetic delivery, the addition of microparticles provides higher UV light resistance.



On the basis of absorbance at 600 nm and film thickness, we calculated their opacity (Table 3). Higher opacity values represent lower transparencies of the films. It can be seen that emulsion films containing 10% glycerol were less opaque than the ones with a 1% addition of glycerol. The opacity of control samples (ALG/GEL/G (1%) and ALG/GEL/G (10%)) was significantly lower than that of emulsion films thus the addition of lipids increases this parameter.



Similarly, Aydogdu et al. prepared films from guar gum, glycerol, and the addition of orange oil for packaging applications [61]. They discovered that the opacity of their films ranged between ~4 and ~8 mm−1, and it increased significantly with orange oil incorporation and increased oil content from 1 to 2% v/v. They associated it with the increased light scattering by the dispersed oil droplets and, as a result, diffuse reflection increased which lowered film transparency.



The values of film color expressed as CIELAB color space (L*a*b*), as well as the calculated total difference of color value and whiteness of films are presented in Table 3. L* informs about the brightness of films, whereas a* about greenness/redness and b* about blueness/yellowness of tested films.



Changes in the film’s composition significantly altered the colorimeter indications. Emulsion films containing lipids were much more yellow compared to the control samples without the oily phase. The highest b* parameter responsible for the yellowness of tested films had a sample with PLA microparticles. Different amounts of lipids had no obvious impact on the film’s yellowness. In the case of a* values that locate the measuring values on the green-red axis, all the samples were shifted to slightly greener values. The higher a* indications had films containing 1% of glycerol and lipids. Based on the calculated total difference of color, one can see that the ΔE changed correspondingly to the opacity of films. Emulsion film with incorporated PLA microparticles had the highest value of total difference of color and the lowest value of whiteness index. However, the film’s whiteness index had the highest values for the control samples without lipids. The introduction of lipids caused a decrease in their whiteness.



Similar observations have been reported in other papers. Tongnuanchan et al. [17] and Xiao et al. [18] prepared palm oil-emulsified gelatin films. Tongnuanchan et al. found that with the increasing content of oil, the total difference of color and transparency of films increased, whereas the whiteness index decreased. They noted that the higher transparency value was in agreement with a lower L*-value and WI of films as oil level increased. Therefore, the incorporation of palm oil into their films directly influenced the transparency of films, whereas Xiao et al. observed the same dependencies but with an increasing degree of oil (degree is a commercial term referring to the melting point for palm oil). They attributed this to the higher crystallinity of oil and increased roughness of the film surface which interferes with light reflection.




3.4. Moisture Content Measurements


The results of moisture content after drying the samples at 105 °C for 24 h are presented in Figure 7. The measurements revealed that the moisture content of samples depends on the composition of emulsion films: the content of glycerol and lipids. The highest moisture content had polymeric film composed of sodium alginate, gelatin, and 10% glycerol (~48%). The higher amount of glycerol led to the higher moisture content in samples. This is due to the water-holding properties of glycerol so it could have attracted and retained a higher amount of water in the film matrix, primarily by hydrogen bonding. Our findings are in line with other studies investigating the moisture contained in polymeric films with different content of plasticizers [62,63].



The introduction of lipids into materials caused a drop in their moisture content. The doubled amount of lipids in samples containing 1% glycerol also led to a decrease in their moisture content; however, in samples with 10% addition of glycerol, we did not observe significant changes. Another important observation is that the addition of PLA microparticles into the film also decreased its moisture content, and thus ALG/GEL/G (1%)/L (3.4%) + MPs sample had the lowest moisture content (~8%).




3.5. Mechanical Properties


The values of Young’s modulus, maximum force, elongation at maximum force, break force, and elongation at break during tensile straining of polymeric films are shown in Table 4.



It can be noted that the samples containing a higher content of glycerol had considerably lower values of Young’s modulus and thus were significantly more flexible and broke later. This is due to the fact that glycerol acts as a plasticizer, and hence it reduces intermolecular hydrogen bonding while it increases intermolecular spacing [64,65].



The decrease in stiffness was also caused by the addition and an increase in the amount of added lipids, which resulted in a decrease in Young’s modulus values. This may be explained by the non-polymeric nature of lipids, which limits the cohesive film-forming capacity. Moreover, the presence of lipids in the emulsion films might have induced the development of heterogeneous structures causing discontinuities in the polymer network [65].



The incorporation of PLA microspheres into the emulsion film also led to the drop in Young’s modulus, and thus this sample was less stiff.



A corresponding impact of film composition was observed in the case of maximum force and break force. However, an opposite effect was noticed for elongation at maximum force and elongation at break. Elongation is a measure of the film’s capacity for stretching. The introduction of lipids in the formulations with 10% glycerol resulted in a decrease in stretchability. Meanwhile, the addition and doubling of lipids into the materials containing 1% of glycerol led to an increase in elongation at maximum force and at break. Cottonseed oil exhibited a plasticizing effect, which was revealed through the enhanced elongation of films containing 1% glycerol. This may be also due to the loss of cohesiveness and structural integrity of emulsion films [65].



Han et al. prepared emulsion films based on pea starch and glycerol with different amounts of beeswax [66]. They observed that the addition of beeswax affected the mechanical properties of films, significantly reducing tensile strength and elongation, as well as increasing elastic modulus. Limpisophon et al. also evaluated mechanical properties of the gelatin–fatty acid emulsion films, with varying fatty acid concentrations [67]. Their results revealed that the addition of fatty acid, from 0 to 100% of the protein concentration, significantly reduced the tensile strength of the film and increased their elongation at break.




3.6. Biophysical Skin Parameters Assays


The results of the analysis of the skin parameters after application to the skin of films are shown in Figure 8, Figure 9 and Figure 10. The biophysical skin parameters (including skin color, skin surface hydration and skin barrier quality) were examined with the use of Courage + Khazaka probes.



3.6.1. Skin Color


The values of skin color are expressed as coordinates in the color space L*a*b*. L* informs about the skin brightness, a* locates the measured values on the red-green axis, whereas b* shows the color position on the blue-yellow axis and describes the skin pigmentation. a* values are proportional to skin redness, erythema, and microcirculation, and hence only they were considered in this investigation. The skin color was assessed by preliminary (control) measurements prior to the application of each film. The samples were applied to the skin for 10 min, and the colorimetric measurements were carried out at appropriate time intervals.



One can see that the application of obtained materials did not damage or irritate the skin, or cause a statistically significant change in skin redness (erythema) (Figure 8).




3.6.2. Skin Hydration


Before the start of this analysis, the skin hydration level was measured in each of the eight designated fields on both forearms of five probands, and no significant differences between the corneometer indications were noticed in a given proband (data not shown). Skin surface hydration measurements were performed immediately after removal of the films that had been applied to the skin for 10 min and then 15 min, 30 min, 1 h, 2 h, 3 h and 4 h after removing the samples as compared to the untreated control. The results show the difference in the corneometer indications between the test field and control field results at each time point. The depth of corneometric measurement is very small and reaches solely to the stratum corneum in order to exclude the influence of deeper skin layers (e.g., from the blood vessels). The skin surface hydration indirectly determines its moisture [68].



As can be seen in Figure 9, the hydration level of the skin surface (stratum corneum) rocketed after the topical application of polymeric films. The lowest values of skin hydration caused the application of the control samples (without lipids). The addition and increase in the amount of lipids in films resulted in a rise in skin hydration levels. Therefore, the emulsion films containing a doubled amount of lipids led to the highest level of skin hydration (~43 a.u.). The introduction of microparticles into emulsion film slightly decreased its skin hydrating properties (the skin hydration immediately after its application was about 36 a.u.). The results indicate that films increase skin hydration in a process related to the occlusion effect [69]. However, 15 min after the application of samples, the skin hydration level went down. Until the end of the research, the corneometric indications were higher than the initial level measured before the application of films. Therefore, we can conclude that skin hydration after application of the prepared films compared to the skin hydration before the start of this analysis had statistically significantly improved. However, if we compare the moisturizing properties of emulsion films containing lipids to the ones without oily substances, we can notice that the introduction of lipids contributed to the level of skin hydration except for the sample containing 10% of glycerol and 3.4% of lipids (no significant differences were noticed 30 min after its removal from the skin). The incorporation of PLA microparticles with Calendula officinalis flower extract did not result in higher skin hydration properties compared to the sample with the same amount of glycerin and lipids (ALG/GEL/G (1%)/L (3.4%)).




3.6.3. Transepidermal Water Loss (TEWL)


The permeability barrier function of the skin was assessed as transepidermal water loss (TEWL). The tewametric test started with the initial measurements (control) before applying each film followed by evaluation of TEWL immediately after removing the samples from the skin and 15 min, 30 min, 1 h, 2 h, 3 h and 4 h after removing the materials.



The results of the tewametric measurements were shaped in a similar manner as the skin hydration values (Figure 10). TEWL reached a high immediately after the topical application of prepared films owing to the temporary occlusion effect mentioned above. The highest TEWL was observed after the application of the control sample with 1% glycerol (17.5 g/h/m2). TEWL slumped after 15 min and began to stabilize as a result of the reorganization of the stratum corneum. Applying most films caused the TEWL values to approximately 5–6 g/h/m2, although the skin area for 3 h after removal of emulsion film fused with PLA microparticles had higher TEWL values.



The increase in TEWL results could have an indirect impact on corneometric measurements and it is caused by occlusion through films.



The application of prepared materials had a beneficial impact on biophysical skin parameters, which resulted from their composition. The skin structure loosens after the application of moist polymer materials due to the occlusion effect. Cottonseed oil and beeswax—emollients—present in films placed on the skin are occlusive moisturizers that prevent evaporative water loss to the environment. The stratum corneum moisture increases because water moving from the lower viable epidermal and dermal layers cannot penetrate through the stratum corneum. Additionally, polymers and glycerol act as moisturizing agents that are able to bind water. Polymers form an occlusive film, acting on the surface, which may result in higher TEWL. Reorganization of the stratum corneum resulted in higher skin hydration level, while no reddening of the skin and no permanent deterioration of the epidermal permeability barrier function were observed.






4. Conclusions


In this study, a microemulsion film fused with PLA microparticles charged with Calendula officinalis flower extract was successfully obtained. The results of this study demonstrate that the changes in the composition of films based on sodium alginate, gelatin, and glycerol significantly affected their properties. The introduction of lipids (cottonseed oil and beeswax) into material formulations led to a decrease in their moisture content, whereas it increased the hydrophilicity of their surfaces. Emulsion films with a greater addition of glycerol were more transparent and were characterized by greater flexibility, moisture content, thickness and higher values of surface free energy and its components. Test results indicate satisfactory cosmetic efficiency of the formulation containing 1% glycerol, 3.4% lipids, and 6% PLA microparticles of the encapsulated Calendula officinalis flower extract. This emulsion film had higher UV light resistance and increased skin hydration, but had no significant effect on skin redness.
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Figure 1. The structure of sodium alginate, glycerin and main constituents of gelatin, beeswax and cottonseed oil used for preparation of films; polylactide for encapsulation; main constituents of Calendula officinalis flower extract enclosed in microparticles. 
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Figure 2. The scheme of production of emulsion films. 
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Figure 3. Photographs of prepared polymeric films and swollen polymeric films applied on the volar forearm skin. 
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Figure 4. The size distribution of particles of prepared emulsion based on sodium alginate, gelatin, different amounts of glycerin, and lipids (cottonseed oil and beeswax). 
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Figure 5. The image of PLA microparticles with Calendula officinalis flower extract observed by the optical microscope (scale bar = 200 µm). 
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Figure 6. UV-Vis spectra of obtained films based on sodium alginate and gelatin with different amounts of glycerol and lipids, as well as the sample with incorporated PLA microparticles. 
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Figure 7. The moisture content of prepared polymeric films with different amounts of glycerol compared to the control samples (without lipids) (* indicates a difference at p < 0.05). 
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Figure 8. Skin color after application of films based on sodium alginate and gelatin with different amounts of glycerol and lipids, as well as the sample with incorporated PLA microparticles. The control measurements were performed before the application of materials to the skin, whereas time = 0 refers to the tests taken immediately after removal of the films that had been applied to the skin for 10 min. * indicates a difference at p < 0.05 between the results at an appropriate time compared to the results made for the control field. 
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Figure 9. Skin hydration after application of films based on sodium alginate and gelatin with different amounts of glycerol and lipids, as well as the sample with incorporated PLA microparticles. Time = 0 refers to the measurements taken immediately after the removal of films from the skin. The results are the differences in the corneometer indications between the test field and control field at the appropriate point. Significant differences compared to the control samples: ALG/GEL/G (1%) and ALG/GEL/G (10%) for each time were marked on the graphs with (*). 
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Figure 10. Skin barrier quality (transepidermal water loss—TEWL) after application of films based on sodium alginate and gelatin with different amounts of glycerol and lipids, as well as the sample with incorporated PLA microparticles. The control measurements were performed before the application of materials to the skin, whereas time = 0 refers to the tests taken immediately after removal of the films that had been applied to the skin for 10 min. Significant differences compared to the control samples: ALG/GEL/G (1%) and ALG/GEL/G (10%) for each time were marked on the graphs with (*). 
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Table 1. The types of prepared materials composed of sodium alginate (ALG), gelatin (GEL), glycerol (G), and different amount of lipids (L): cottonseed oil, beeswax, and emulsifier Span-80, as well as the sample containing polylactide microparticles (PLA MPs).






Table 1. The types of prepared materials composed of sodium alginate (ALG), gelatin (GEL), glycerol (G), and different amount of lipids (L): cottonseed oil, beeswax, and emulsifier Span-80, as well as the sample containing polylactide microparticles (PLA MPs).





	
Sample

	
Composition of Materials (% w/w)

	
Addition

(% w/w)




	
Aqueous Phase

	
Oily Phase

	
PLA MPs




	
ALG

	
GEL

	
G

	
Cottonseed Oil

	
Beeswax

	
Span-80






	
ALG/GEL/G (1%)

	
2

	
1

	
1

	
-

	
-

	
-

	
-




	
ALG/GEL/G (10%)

	
2

	
1

	
10

	
-

	
-

	
-

	
-




	
ALG/GEL/G (1%)/L (1.7%)

	
2

	
1

	
1

	
1.2

	
0.5

	
0.35

	
-




	
ALG/GEL/G (1%)/L (3.4%)

	
2

	
1

	
1

	
2.4

	
1

	
0.7

	
-




	
ALG/GEL/G (1%)/L (3.4%) + MPs

	
2

	
1

	
1

	
2.4

	
1

	
0.7

	
6




	
ALG/GEL/G (10%)/L (1.7%)

	
2

	
1

	
10

	
1.2

	
0.5

	
0.35

	
-




	
ALG/GEL/G (10%)/L (3.4%)

	
2

	
1

	
10

	
2.4

	
1

	
0.7

	
-
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Table 2. The contact angles (°) of diiodomethane (D) and glycerol (G), the surface free energy (γs), dispersive (γsd) and polar (γsp) components for polymer films based on sodium alginate, gelatin, and glycerol with the addition of lipids (calculated by Owens–Wendt method).






Table 2. The contact angles (°) of diiodomethane (D) and glycerol (G), the surface free energy (γs), dispersive (γsd) and polar (γsp) components for polymer films based on sodium alginate, gelatin, and glycerol with the addition of lipids (calculated by Owens–Wendt method).





	
Sample

	
Contact Angle (°)

	
Surface Free Energy (γs) (mJ/m2)

	
Dispersive (γsd) and Polar (γsp) Components (mJ/m2)




	
D

	
G

	
γsd

	
γsp






	
ALG/GEL/G (1%)

	
54.2

	
61.5

	
37.56

	
23.92

	
13.64




	
ALG/GEL/G (10%)

	
69.3

	
99.9

	
23.12

	
22.75

	
0.39




	
ALG/GEL/G (1%)/L (1.7%)

	
38.2

	
39.0

	
51.92

	
28.69

	
23.24




	
ALG/GEL/G (1%)/L (3.4%)

	
48.8

	
51.8

	
43.58

	
25.19

	
18.40




	
ALG/GEL/G (10%)/L (1.7%)

	
34.6

	
22.5

	
59.21

	
28.28

	
30.93




	
ALG/GEL/G (10%)/L (3.4%)

	
39.5

	
45.2

	
48.81

	
29.08

	
19.72











[image: Table] 





Table 3. The color values (L*a*b*), a total difference of color value (ΔE), whiteness index (WI) and opacity (Op) of prepared films based on sodium alginate and gelatin with different amounts of glycerol and lipids, as well as the sample with incorporated PLA microparticles.






Table 3. The color values (L*a*b*), a total difference of color value (ΔE), whiteness index (WI) and opacity (Op) of prepared films based on sodium alginate and gelatin with different amounts of glycerol and lipids, as well as the sample with incorporated PLA microparticles.





	Sample
	L*
	a*
	b*
	ΔE
	WI
	Op (A600/mm)





	ALG/GEL/G (1%)
	89.49 ± 0.04
	−1.19 ± 0.07
	5.78 ± 0.06
	6.61 ± 0.05
	87.95 ± 0.05
	1.10 ± 0.03



	ALG/GEL/G (10%)
	85.39 ± 0.07
	−1.45 ± 0.08
	8.75 ± 0.10
	10.00 ± 0.12
	82.91 ± 0.11
	1.30 ± 0.05



	ALG/GEL/G (1%)/L (1.7%)
	82.33 ± 0.14
	−0.37 ± 0.03
	14.07 ± 0.11
	16.04 ± 0.15
	77.41 ± 0.16
	7.35 ± 0.11



	ALG/GEL/G (1%)/L (3.4%)
	82.70 ± 0.09
	−0.85 ± 0.04
	13.79 ± 0.07
	15.64 ± 0.03
	77.86 ± 0.03
	7.05 ± 0.09



	ALG/GEL/G (1%)/L (3.4%) + MPs
	80.84 ± 0.03
	−0.46 ± 0.02
	20.44 ± 0.04
	22.52 ± 0.03
	71.98 ± 0.02
	6.26 ± 0.15



	ALG/GEL/G (10%)/L (1.7%)
	86.58 ± 0.06
	−2.33 ± 0.04
	12.19 ± 0.10
	13.16 ± 0.09
	81.73 ± 0.05
	2.84 ± 0.04



	ALG/GEL/G (10%)/L (3.4%)
	84.66 ± 0.03
	−2.68 ± 0.02
	14.62 ± 0.14
	15.94 ± 0.13
	78.64 ± 0.09
	4.46 ± 0.06
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Table 4. Mechanical properties (Young’s modulus (Emod), maximum force (Fmax), elongation at maximum force, break force (Fbreak) and elongation at break) of films based on sodium alginate and gelatin with different amounts of glycerol and lipids, as well as the sample with incorporated PLA microparticles.






Table 4. Mechanical properties (Young’s modulus (Emod), maximum force (Fmax), elongation at maximum force, break force (Fbreak) and elongation at break) of films based on sodium alginate and gelatin with different amounts of glycerol and lipids, as well as the sample with incorporated PLA microparticles.





	Sample
	Emod (MPa)
	Fmax (N)
	Elongation at Fmax (mm)
	Fbreak (N)
	Elongation at Break (%)





	ALG/GEL/G (1%)
	1350.0 ± 91.4
	20.4 ± 1.8
	1.2 ± 0.2
	20.3 ± 2.0
	4.8 ± 0.8



	ALG/GEL/G (10%)
	2.2 ± 0.7
	0.5 ± 0
	37.9 ± 3.0
	0.3 ± 0
	173.0 ± 7.4



	ALG/GEL/G (1%)/L (1.7%)
	547.8 ± 19.8
	19.2 ± 1.5
	2.0 ± 0.2
	19.1 ± 1.6
	8.3 ± 0.7



	ALG/GEL/G (1%)/L (3.4%)
	266.4 ± 15.9
	13.3 ± 0.9
	2.4 ± 0.2
	13.2 ± 1.0
	9.9 ± 0.8



	ALG/GEL/G (1%)/L (3.4%) + MPs
	27.8 ± 4.6
	1.7 ± 0.2
	3.3 ± 0.7
	1.6 ± 0.2
	13.5 ± 2.8



	ALG/GEL/G (10%)/L (1.7%)
	0.8 ± 0.2
	0.4 ± 0
	30.2 ± 0.8
	0.2 ± 0
	135.6 ± 6.2



	ALG/GEL/G (10%)/L (3.4%)
	1.4 ± 0.1
	0.3 ± 0
	20.7 ± 3.2
	0.2 ± 0
	114.6 ± 4.6
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