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Abstract: The use of natural active substances and the development of new formulations are prom- 9 

ising directions in the cosmetic and pharmacy industries. The primary purpose of this research was 10 

the production of microparticles based on whey protein isolate (WPI) and calcium alginate (ALG) 11 

containing Calendula officinalis flower extract and their incorporation into films composed of gelatin, 12 

WPI, and glycerol. Both swollen and dry microparticles were studied by optical microscopy and 13 

their sizes were measured. Water absorption by microparticles, their loading capacity and the re- 14 

lease profile of flower extract were also characterized. The films were analyzed by mechanical tests 15 

(Young’s modulus, tensile strength, elongation at break), swelling capacity, contact angle, and mois- 16 

ture content measurements. The presented data showed that the active ingredient was successfully 17 

enclosed in spherical microparticles and completely released after 75 min of incubation at 37°C. The 18 

incorporation of the microparticles into polymer films caused a decrease in stiffness and tensile 19 

strength, simultaneously increasing the ductility of the samples. Moreover, the films containing mi- 20 

croparticles displayed higher swelling ability and moisture content compared to those without 21 

them. Hence, the materials prepared in this study with Calendula officinalis flower extract encapsu- 22 

lated into polymeric microspheres can be a starting point for the development of new products in- 23 

tended for skin application; advantages include protection of the extract against external factors and 24 

a controlled release profile. 25 

Keywords: whey protein isolate; sodium alginate; gelatin; Calendula officinalis flower extract; micro- 26 

particles; polymeric films 27 

 28 

1. Introduction 29 

Whey is a by-product of cheese manufacturing from bovine milk. Whey proteins are 30 

the main protein component of ruminant milk after caseins, and they constitute 20% of all 31 

proteins in milk. Whey protein occurs in three main forms: isolate (WPI), concentrate 32 

(WPC) and hydrolysate (WPH). These fractions differ in the percentages of proteins, li- 33 

pids and carbohydrates [1]. During the purification process, fat and lactose are removed 34 

from whey protein, yielding WPI, whose protein content is at least 90%. The main proteins 35 

include β-lactoglobulin, α-lactalbumin, glycomacropeptide, immunoglobulins, bovine se- 36 

rum albumin, lactoferrin, lysozyme, prosthetic peptones and others [2]. However, their 37 

content varies depending on the season and type of produced cheese [3,4], composition 38 

and type of milk [5] and the nature of the WPI purification process (e.g., membrane-sep- 39 

aration, filtration processes, ion-exchange chromatography) [6,7]. Exposure of whey pro- 40 

teins to elevated temperature above 60°C initiates structural changes in proteins, which 41 

lead to the formation of extensive hydrogel networks [8]. Irreversible heat-induced gela- 42 

tion results from peptide denaturation and aggregation processes through covalent inter- 43 
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molecular bonds and other intermolecular non-covalent interactions, such as hydrophobic 44 

and electrostatic interactions [9]. The pH of the solution and the ionic strength have a sig- 45 

nificant impact on the spatial structure of the protein and are thus of great importance 46 

during protein hydrogel formation [10]. WPI exhibits wide functionalities due to its emul- 47 

sifying, gelling, foaming, and water-binding properties [11,12]. WPI is becoming an in- 48 

creasingly popular functional and active food ingredient because it is produced in very 49 

large amounts and demonstrates numerous health benefits to humans. WPI has been ap- 50 

plied not only in the food industry, but also in the cosmetic and pharmaceutical industries 51 

and the preparation of biomaterials [13–15]. 52 

WPI, as a dairy industry by-product, constitutes a relatively cheap and versatile ma- 53 

terial for various uses, such as encapsulation and thin polymeric film preparation [16–19]. 54 

Microparticles are spherical particles intended to enclose various substances, such as ex- 55 

tracts [20], drugs [21], vitamins [22], dyes [23], perfumes [24], etc., in a polymeric matrix, 56 

depending on their application. Different methods can be employed for the production of 57 

microparticles, such as emulsion [25], extrusion [26], coacervation [27], or spray drying 58 

[28,29]. The main determinants for selecting the proper production method and wall ma- 59 

terial are the morphology and physicochemical properties of microparticles and the type 60 

of encapsulated substance [30]. The main advantages of encapsulation include the protec- 61 

tion of enclosed substances from external factors and undesired reactions (e.g., oxidation 62 

or deactivation). Hence, encapsulation fulfills a dual function; it simultaneously increases 63 

and maintains the stability of these substances. Further reasons for encapsulation are con- 64 

trol and modification of the release rate of substances, separation of incompatible materi- 65 

als, as well as masking of organoleptic properties of substances such like color, taste, and 66 

odor [31,32].  67 

To date, various research studies have been carried out to enhance the properties of 68 

thin polymer films by combining different polymers [33], adding plasticizers [34,35], or 69 

even microparticles [36,37]. However, to the best of our knowledge, there is no report on 70 

the incorporation of Calendula officinalis flower extract into microparticles made from WPI 71 

and the modification of films by the addition of such microparticles. Calendula officinalis, 72 

also known as pot marigold, is an annually flowering plant belonging to the Compositae 73 

family. Although it is native to the Mediterranean and the Middle East, it is grown in 74 

many countries and sometimes grows as a wild plant. The composition of its extract is 75 

complex; it mainly comprises carbohydrates, lipids, terpenoids, carotenoids, and phenolic 76 

compounds, including phenolic acids, tannins, coumarins, and flavonoids [38,39]. For this 77 

reason, Calendula officinalis preparations possess multiple activities, including antioxidant, 78 

antibacterial, antifungal, antiviral, anti-inflammatory and wound healing activities 79 

[40,41]. 80 

The aim of the present study was the production of microparticles with Calendula 81 

officinalis flower extract and thin films using WPI and investigation of their morphological 82 

and physicochemical properties. Microparticles were obtained from WPI and sodium al- 83 

ginate using an extrusion method and Ca2+ as a crosslinking agent; however, films were 84 

fabricated using gelatin, WPI and glycerol, and further modified by calcium alginate mi- 85 

croparticles (ALG). The ultimate goal is the development of new, highly effective materi- 86 

als intended for skin application. The isolation of the pot marigold flower extract in mi- 87 

crospheres will enable its release in a controlled manner. These types of materials can form 88 

the basis for the design of new cosmetics (such as cosmetic masks) or new carrier systems 89 

for dermatological applications. 90 

2. Materials and Methods 91 

2.1. Materials 92 

Whey protein isolate (WPI) (BiPRO, Davisco Foods Inter-national Inc., Eden Prairie, 93 

MN) containing 97.7% protein, of which 75% was β-lactoglobulin by dry mass (according 94 

to the manufacturer’s specification) was used. Sodium alginate was supplied by BÜ CHI 95 
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Labortechnik AG (Flawil, Switzerland); the viscosity average molecular weight was de- 96 

termined in our laboratory as equal to 55,800 for K = 0.0178 cm3/g and a = 1 [42]. Gelatin 97 

type A (GEL) from porcine skin, Folin–Ciocalteu reagent and gallic acid were acquired 98 

from Sigma-Aldrich (Poznan, Poland). The hydroglycolic Calendula officinalis flower ex- 99 

tract (propylene glycol/water (80:20)) was obtained from Provital S.A. (Barcelona, Spain). 100 

All the other reagents were obtained from Chempur (Piekary Śląskie, Poland). All used 101 

chemicals were of analytical grade. 102 

2.2. Preparation of Microparticles 103 

Microparticles (M) consisting of WPI and calcium alginate (ALG) were prepared us- 104 

ing an encapsulator (B-395 Pro, BÜ CHI Labortechnik AG, Flawil, Switzerland. Micropar- 105 

ticles from solutions with different concentrations of WPI and sodium alginate were pre- 106 

pared. WPI solution with a concentration of 4% or 5% and sodium alginate solution with 107 

a concentration of 0.5% or 1% were used. First, a mixture of WPI and sodium alginate with 108 

the addition of 0.5% marigold flower extract was prepared. The ingredients were mixed 109 

on a magnetic stirrer for an hour at room temperature and then left without stirring for 2 110 

h to ensure complete hydration of proteins. After this time, the polymer solutions with 111 

plant extract were heated for 40 min at 80°C to denature the proteins contained in the WPI. 112 

The resulting solutions were cooled overnight at room temperature [43]. 113 

The production of microparticles using an encapsulator started by transferring the 114 

WPI and sodium alginate solution containing Calendula officinalis flower extract to a pres- 115 

sure bottle. Then, the mixture was forced through a 1000 µm diameter nozzle and sepa- 116 

rated into droplets by an electrical field. The formation of microparticles took place in a 117 

bath with a crosslinker solution (0.5 M CaCl2), which was continuously stirred to prevent 118 

the agglomeration of microparticles. The produced calcium alginate microspheres were 119 

kept in the bath with the crosslinking solution for 15 min. The collected microparticles 120 

were rinsed with distilled water and immersed in the extract. 121 

Depending on the content of components, the obtained microspheres were named 122 

M(WPI 4% + ALG 0.5%), M(WPI 4% + ALG 1%), M(WPI 5% + ALG 0.5%), M(WPI 5% 123 

+ALG 1%). 124 

2.3. Characterization of Microparticles 125 

2.3.1. Imaging of Microparticles 126 

The appearance and sizes of the prepared microparticles were observed by the opti- 127 

cal microscope Motic SMZ-171 BLED (Hong Kong, China) at magnification x10. Imaging 128 

of swollen and dry polymer microspheres was performed. Drying of the samples lasted 129 

72 h at room temperature. The images and diameters of the samples were recorded using 130 

Motic Images Plus 3.0 software. 131 

 132 

2.3.2. Water Absorption of Microparticles 133 

Each type of the obtained microparticles was weighed after drying for 72 h and im- 134 

mersion in phosphate saline buffer (pH=5.7) for 2 h. The test was performed in triplicate 135 

for all microparticle types. The water absorption capacity (1) was defined as the ratio of 136 

the increase in weight (swollen microparticles) (Ww) to the initial weight (dry microparti- 137 

cles) (Wd), as follows: 138 

water absorption (%) =
(𝑊𝑤 − 𝑊𝑑)

𝑊𝑑

 × 100 (1) 

2.3.3.Loading Capacity of Microspheres 139 

The loading capacity of the microspheres was determined by quantifying the phe- 140 

nolic compounds contained in the Calendula officinalis flower extract enclosed in the mi- 141 
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crospheres. For this purpose, the spectrophotometric method with Folin-Ciocalteu rea- 142 

gent was used [44]. The microspheres were weighed and immersed in 2 mL of 1 M NaOH 143 

for 1 h. After centrifuging the samples, the supernatant solution was collected. 20 µL of 144 

sample with the extract was mixed with 1.58 mL of distilled water and 100 µL of Folin- 145 

Ciocalteu reagent was added. After 4 min, 300 µL of saturated Na2CO3 solution was 146 

added. The mixture was incubated for 30 min at 40°C to obtain a typical blue color. The 147 

absorbance was measured at a wavelength of 725 nm using a UV-Vis spectrophotometer 148 

(UV-1800, Shimadzu, Kyoto, Japan). The presented results were calculated based on gallic 149 

acid using the standard curve equation. Three measurements were made for each type of 150 

sample. 151 

 152 

2.3.4. In Vitro Release 153 

The release of extract entrapped in microparticles was also investigated by evalua- 154 

tion of phenolic content using a spectrophotometric method. Each type of microsphere 155 

was weighed and placed in acetate buffer (pH = 5.4). Samples were incubated at 37°C. The 156 

solution was collected after 15, 30, 45, 60 and 75 min and the new portion of acetate buffer 157 

was added to the microspheres. Samples for measurement were prepared as in the previ- 158 

ous section 2.3.3., using the Folin-Ciocaltou reagent. Absorbance was measured at 725 nm 159 

with a UV-Vis spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) [45]. 160 

2.4. Preparation of Films with Microspheres  161 

The films were fabricated from gelatin, WPI and the plasticizer (glycerol) using a so- 162 

lution casting technique [46]. The scheme of fabrication of gelatin/WPI/glycerol films with 163 

microparticles, as well as the preparation of WPI and calcium alginate microparticles is 164 

presented in Figure 1. First, a solution of gelatin and WPI was prepared at a concentration 165 

of 4% and 2%, respectively, by mixing the ingredients on a magnetic stirrer for 1 h at room 166 

temperature. After this time, a 2% (w/v) of glycerol was added and stirring was continued 167 

at 80°C for 30 min. Then, a 5.5% suspension of the microspheres was added to the obtained 168 

solutions. After analyzing the prepared microparticles, M(WPI 4%+ALG 0.5%) type was 169 

selected for location in films due to its smallest size in the swollen state. The mixtures were 170 

cast onto Petri dishes and allowed to dry at room temperature for 7 days. This matrix was 171 

denoted as GEL/WPI+M(WPI 4%+ALG 0.5%). The films were also prepared from a 4% 172 

gelatin solution following the procedure described above (GEL+M(WPI 4%+ALG 0.5%). 173 

For comparison, matrices without the addition of microparticles were prepared (GEL/WPI 174 

and GEL). The thickness of obtained films was measured with a digital dial thickness 175 

gauge at a resolution of 0.001 mm (Sylvac, Switzerland).  176 
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  177 

Figure 1. The preparation scheme of WPI and calcium alginate microparticles (a) and production of 178 
gelatin/WPI/glycerol films with microparticles (b). 179 

2.5. Characterization of Films  180 

2.5.1.Mechanical Tests 181 

Mechanical properties of the prepared films with and without microspheres were 182 

studied using a mechanical testing machine equipped with tensile grips (EZ-Test SX Tex- 183 

ture Analyzer, Shimadzu, Kyoto, Japan). Specimens with initial dimensions 50 mm in 184 

length and 4.5 mm in width were prepared by cutting with a dumbbell-shaped sharpener. 185 

The dry specimens and the specimens soaked for 5 min in PBS buffer (pH = 5.7) were 186 

examined. The prepared specimens were inserted between the machine clamps and 187 

stretched to break. The elastic modulus (Young’s modulus, E) was calculated from the 188 

slope of the stress-strain curve in the linear region. The tensile strength and the elongation 189 

at break of the films were also determined. The measurements were carried out at a ve- 190 

locity of 2 mm/min. The results were recorded using Trapezium X software. Five meas- 191 

urements were made for each type of film. 192 

2.5.2. Evaluation of Swelling Capacity 193 

The swelling ratio of the obtained films was tested by immersion in a phosphate sa- 194 

line buffer (PBS) at pH 5.7 for 3 h. The dry samples were weighed (W1) and placed in PBS 195 

solution. The measurements were conducted after 15 min, 30 min, 1 h, 2 h, and 3 h. After 196 

each time, the samples were removed from phosphate saline buffer and reweighed (W2) 197 

[47]. The swelling degree of the films was calculated using the following equation (2): 198 

swelling degree (%) =
(𝑊2 − 𝑊1)

𝑊1

 × 100 (2) 

2.5.3. Contact Angle Measurements 199 

The contact angles (°) of two liquids: diiodomethane (apolar liquid) and glycerol (po- 200 

lar liquid) on polymeric films were measured at constant room temperature (22 °C) using 201 
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a DSA G10 goniometer equipped with a drop shape analysis system (Krüss GmbH, Ger- 202 

many). To obtain contact angle values, the average of five measurements was calculated. 203 

The surface free energy and its polar and dispersive components were calculated using 204 

the Owens-Wendt method [48].  205 

 206 

2.5.4. Moisture Content 207 

The moisture content of the films with and without the addition of microparticles 208 

based on WPI and ALG was determined. Measurement of weight loss after drying in an 209 

oven at 110°C was conducted to a constant weight [49]. After removal from the oven, the 210 

samples were stored in a desiccator. The samples were analyzed in triplicate. The moisture 211 

content (MC, %) was defined as the initial weight (Wi) of each sample and the weight after 212 

drying (Wd) using the formula (3) below:  213 

𝑀𝐶 [%] =  
𝑊𝑖 − 𝑊𝑑

𝑊𝑑

 × 100 (3) 

2.5.5. Statistical Analysis 214 

One-way ANOVA with Tukey’s pairwise analysis was performed to statistically 215 

compare the results of microparticles (size, water absorption and loading capacity) and 216 

films (mechanical properties and moisture content) characterization. GraphPad Prism 8 217 

(GraphPad Software, San Diego, CA, USA) was used for all analyses. Data are shown as 218 

the mean ± S.D. for each experiment. p-values < 0.05 were considered significant. Statisti- 219 

cally significant differences were marked with different superscript letters. 220 

3. Results and Discussion 221 

3.1. Characterization of Microparticles 222 

The appearance of dry and swollen microparticles based on WPI and ALG containing 223 

Calendula officinalis flower extract is shown in Figure 2. The morphological observations 224 

showed that swollen microparticles were spherical in shape. They became less regular 225 

after drying. The swollen and dry samples possessed smooth surfaces. On the basis of 226 

optical microscope images, the appearance of samples appeared to be independent of their 227 

composition. 228 

 229 

Figure 2. Microscope images of dry and swollen whey protein isolate (WPI) and calcium alginate 230 
(ALG) microparticles containing plant extract (scale bar 2000 µm). 231 
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The prepared microparticles were characterized by water absorption and loading ca- 232 

pacity of plant extract and measurement of their sizes (Table 1). Based on the presented 233 

data, the diameter of WPI/ALG microparticles decreased by a factor of more than two 234 

after drying. The size of the swollen samples was approximately 2250 µm. Moreover, the 235 

analysis demonstrated that the obtained microparticles revealed a high water absorption 236 

capacity. The samples composed of 5% WPI and 0.5% ALG displayed the highest water 237 

absorption rate (approximately 830%). In turn, the lowest water absorption was displayed 238 

by M(WPI 4% + ALG 1%) samples (approximately 670%). The loading capacity of Calen- 239 

dula officinalis flower extract into the variously formulated carriers was determined by the 240 

spectrophotometric method. As mentioned in other studies, the use of alginate alone leads 241 

to a low encapsulation efficiency [50,51]. This is due to diffusion through the porous struc- 242 

ture of the hydrogels. However, a combination of the alginate with proteins improves the 243 

encapsulation of the active substance [51,52]. The results showed that the composition of 244 

the samples impacted the incorporation efficiency of the active ingredient. The largest 245 

amount of plant extract was entrapped in M(WPI 5% + ALG 0.5%) microparticles (approx- 246 

imately 293 mg/g based on gallic acid). The lower content of calcium alginate in the mi- 247 

crospheres is related to the higher loading capacity. 248 

 249 

Microparticles 
Particle Size (µm) Water  

Absorption (%) 

Loading  

Capacity (mg/g) Swollen Dry 

M(WPI 4% + ALG 0.5%) 2183 ± 53 bc 986 ± 32 a 784 ± 45 a 262 ± 7 b 

M(WPI 4% + ALG 1%) 2245 ± 43 ab 993 ± 39 a 669 ± 57 a 169 ± 5 d 

M(WPI 5% + ALG 0.5%) 2339 ± 56 a 982 ± 16 a 829 ± 43 a 293 ± 6 a 

M(WPI 5% + ALG 1%) 2201 ± 61 abc 990 ± 30 a 723 ± 38 a 234 ± 9 c 

Table 1. Characterization of the prepared microparticles: their sizes, swelling ratio and loading ca- 250 
pacity of Calendula officinalis flower extract. The values with different superscript letters in a column 251 
are significantly different (p<0.05). 252 

The pot marigold extract release profile embedded in the microparticles based on WPI 253 

and calcium alginate in acetate buffer at 37°C is shown in Figure 3. Phenolic compounds 254 

have been encapsulated in both polymeric micro- and nanoparticles in order to control 255 

their release rate in various media [53,54]. It is difficult to achieve the goal of targeted 256 

release. Therefore, the study of the behavior of the ALG/WPI microparticles containing 257 

pot marigold extract in an acidic environment is of great importance to gain a better un- 258 

derstanding of its potential application in dermatology and cosmetics. 259 

  260 

Figure 3.  In vitro release of Calendula officinalis flower extract from microparticles (M) based on 261 
whey protein isolate (WPI) and calcium alginate (ALG). 262 
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As one can see on the graph, the active substance encapsulated in the prepared mi- 263 

croparticles was completely released after 75 min. The composition of the microspheres 264 

influenced the plant extract release rate. The microparticles composed of 0.5% calcium 265 

alginate showed a faster release rate of active ingredient than samples made from 1% of 266 

this polysaccharide. A two-stage release profile was observed for samples containing 1% 267 

calcium alginate. After 60 min, there was a rapid increase in release from these micropar- 268 

ticles. In contrast, samples with 0.5% of polysaccharide exhibited a smooth release rate.  269 

On the basis of the analyses of the prepared microparticles, samples consisting of 4% 270 

WPI and 0.5% calcium alginate were selected for inclusion in polymer films. 271 

3.2. Materials Characterization 272 

3.2.1.Mechanical Properties 273 

The values of Young’s modulus, tensile strength and elongation at a break during the 274 

stretching of dry films and films soaked in PBS buffer (pH = 5.7) are shown in Table 2. The 275 

film thickness was measured before testing. The thickness of the films without micropar- 276 

ticles was approximately 0.16 mm, whereas samples containing microparticles displayed 277 

a thickness of 0.21 mm. The measurements revealed that mechanical properties differed 278 

due to changes in the films’ composition. Dry films composed of gelatin and glycerol had 279 

lower values of Young’s modulus (497 ± 78 MPa) and tensile strength (29.1 ± 2.3 N), as 280 

well as higher elongation at break (17.3 ± 2.4), which indicates that they were more flexible 281 

and broke later than the samples containing WPI (669 ± 83 MPa; 33.2 ± 4.2 N and 4.1 ± 282 

10.6%, respectively). Incorporating microspheres into both GEL and GEL/WPI films led 283 

to a slight decrease in the values of Young’s modulus and tensile strength, while the val- 284 

ues of elongation at break were slightly higher. Thus, the samples without the micro- 285 

spheres (GEL and GEL/WPI) were fractionally stiffer than those with the addition of mi- 286 

crospheres (GEL+M(WPI 4%+ALG 0.5%) and GEL/WPI+M(WPI 4%+ALG 0.5%), respec- 287 

tively. Considering samples before soaking in PBS buffer, the highest Young’s modulus 288 

(669 ± 83 MPa) and tensile strength (33 ± 4 N) values were displayed by samples composed 289 

of gelatin, WPI and glycerol, whereas the lowest were displayed by the film containing 290 

gelatin, glycerol and microparticles: Young’s modulus and tensile strength were 474 ± 62  291 

MPa and 23 ± 3 N, respectively. As expected, the soaking of materials led to a significant 292 

decrease in Young’s modulus and tensile strength values due to their hydration. The wet 293 

samples were significantly less stiff than the samples prior to soaking. 294 

 295 

Films 

Young’s Modulus 

(MPa) 
Tensile Strength (N) 

Elongation at Break 

(%) 

Dry Soaked Dry Soaked Dry Soaked 

GEL 497 ± 78 abc 1.5 ± 0.21 a 29 ± 2 abc 0.34 ± 0.04 b 17 ± 2 b 63 ± 3 abc 

GEL+M(WPI 4% + ALG 0.5%) 474 ± 62 bc 1.4 ± 0.52 a 23 ± 3 bc 0.33 ± 0.05 b 21 ± 1 a 70 ± 3 a 

GEL/WPI 669 ± 83 a 1.1 ± 0.07 a 33 ± 4 a 0.54 ± 0.05 a 4 ± 1 c 57 ± 4 bc 

GEL/WPI+M(WPI 4% + ALG 0.5%) 518 ± 43 ab 0.83 ± 0.05 a 30 ± 3 ab 0.42 ± 0.02 b 7 ± 1 c 68 ± 7 ab 

Table 2. Young’s modulus, tensile strength and elongation at break of the dry and soaked polymer 296 
films with microparticles (WPI 4% + ALG 0.5%) and without them. Different superscript letters in- 297 
dicate a difference at p < 0.05. 298 

The findings in the present study are consistent with other studies investigating the 299 

mechanical properties of protein-based films. The microstructural and physical properties 300 

of films composed of WPI and gelatin have been investigated [55]. It was noticed that WPI 301 

exhibited a more twisted network microstructure (compared to the organized network of 302 

gelatin), which could improve the film's mechanical strength and reduce its ductility. Dur- 303 

ing the mixing of WPI and gelatin, the particles’ size may be reduced by the electrostatic 304 

attraction and hydrogen bonding (between the WPI amido and the gelatin carboxyl 305 
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groups); hence, the formed chains could be thickened. Cao et al. evaluated the effect of 306 

soy protein isolate/gelatin ratio on the mechanical properties of composite films [56]. They 307 

also attributed the changes in tensile strength to the protein/protein intermolecular inter- 308 

actions determined by hydrogen bonds or by electrostatic interaction and/or by hydro- 309 

phobic nature. The sequence of amino acid residues and the three-dimensional network 310 

influence these interactions. Pérez-Gago analysed the WPI denaturation time and temper- 311 

ature on the physical properties of WPI films plasticized with glycerol [57]. They found 312 

that with increasing heat-denaturation time (from 5 to 20 min) and temperature (from 70 313 

to 100°C), Young’s Modulus, tensile strength and percentage elongation increased. This 314 

was attributed to the covalent disulfide bonding of the heat-denatured whey protein films 315 

created during the unfolding of globular whey protein, which resulted in stronger films 316 

that withstand greater deformations. 317 

It can also be noticed that the addition of microparticles caused a decrease in the 318 

values of Young’s modulus and tensile strength and a rise in elongation at break (for both 319 

dry and soaked films). It indicates that the addition of microparticles modified or dis- 320 

rupted the original structures of the polymeric matrix. The same observations have been 321 

reported in other papers [37,58]. Gelatin films modified with papaya peel microparticles 322 

showed lower Young’s modulus and tensile strength than the control sample due to lack 323 

of cohesion of residues with gelatin [36]. They emphasized the importance of the cohesion 324 

of the polymer matrix constituents as the predominant reason for the film mechanical 325 

strength, causing a good interaction between the microparticles and polymer matrix.  326 

All prepared samples also contained glycerol, a plasticizer that reduces the intermo- 327 

lecular hydrogen bonding while increasing the intermolecular spacing and mobility of 328 

biopolymer chains [59]. It is assumed that the protein-protein interactions are being re- 329 

placed by the polymer–plasticizer hydrogen bonds created by the plasticizer polar groups 330 

(–OH) [56]. Therefore, these interactions may be affected by the plasticizers’ molecular 331 

size, configuration, the total number of functional hydroxyl groups, and the selected pol- 332 

ymer’s compatibility. Glycerol has been found to be one of the most effective plasticizers. 333 

Due to its small size, it can penetrate more easily between the polymer chains and weaken 334 

the interaction between polymer chains, thus increasing the material’s flexibility and ex- 335 

tensibility [60].  336 

 337 

3.2.2.Swelling Tests.  338 

Figure 4 shows the swelling percentage ratios of films prepared from gelatin, WPI, 339 

and glycerol with and without the addition of WPI microparticles, which were conducted 340 

during 3 h of incubation in PBS buffer (pH = 5.7). The materials were not soluble in water 341 

thus, it was possible to carry out the swelling measurements. The swelling degree is an 342 

indicator of the protein cross-linking degree. Swellability depends on the structure and 343 

properties of the solvent and the polymer, as well as the interactions between them [61]. 344 

  345 
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Figure 4. Swelling tests of the prepared films based on gelatin (GEL) and whey protein isolate (WPI) 346 
with and without microparticles (M) based on whey protein isolate (WPI) and calcium alginate 347 
(ALG). Different letters indicate a difference at p < 0.05. 348 

The swelling took place at a constant rate. After 15 min, the protein-based films ab- 349 

sorbed PBS buffer, increasing their weight 260-280%. Three hours later, their weight in- 350 

creased up to 530% for the film based on gelatin and WPI and 580-590% for gelatin films 351 

and gelatin/WPI films containing microparticles. It can be seen that the films composed of 352 

gelatin and glycerol displayed slightly higher swelling properties than the films with the 353 

addition of WPI. Moreover, the films containing microparticles also displayed higher wa- 354 

ter uptake. The insolubility of WPI may cause lower water uptake by protein-based films 355 

due to the intermolecular disulfide bonds formed during the heat-denaturation process 356 

[62].  357 

Corresponding swelling ratios were observed in research performed by Amjadi et al. 358 

on WPI-based films containing nanoemulsions of orange peel essential oil for packaging 359 

purposes [63]. They observed a swelling ratio of ~1000% after 24 h of immersion in water. 360 

Esteghlal et al. investigated how the physical and mechanical properties of gelatin/ car- 361 

boxymethyl cellulose (CMC) films are affected by the electrostatic interactions between 362 

the biopolymers [64]. They found that the swelling properties are influenced by the mix- 363 

ing ratio and different pH values (swelling ratio ranged from 240 to 585%). Moreover, Cao 364 

et al. noticed that with increasing gelatin content in gelatin/soy protein isolate film, the 365 

degree of swelling capacity increased (from 400 to 950%) owing to the higher swelling 366 

properties of gelatin compared to the soy protein isolate (SPI) [56].  367 

 368 

3.2.3.Contact Angle Results.  369 

The results of contact angle measurements for diiodomethane (D) and glycerol (G) 370 

for protein-based films are presented in Table 3. It was impossible to measure the contact 371 

angles of films containing microparticles due to their high surface roughness. A polymeric 372 

film composed of gelatin and glycerol displayed higher contact angles for both liquids: 373 

glycerol and diiodomethane (75.8 ± 0.4° and 52.8 ± 1.4°, respectively) than the film con- 374 

taining WPI, gelatin and glycerol (71.4 ± 0.4° for glycerol and 50.4 ± 0.8° for diiodome- 375 

thane). The addition of WPI into the film composition led to a change in non-covalent 376 

forces between the first monolayer of film and liquid and, therefore, decreased contact 377 

angles.  378 

 379 

Sample 
Contact Angle (°) 

Surface Free 

Energy (γs) 

(mJ/m2) 

Dispersive and Polar 

Components (mJ/m2) 

G D γs d γs p 

GEL 75.8 ± 0.4 a 52.8 ± 1.4 a 33.2 28.0 5.2 

GEL/WPI 71.4 ± 0.4 b 50.4 ± 0.8 a 35.3 28.5 6.8 

Table 3. The contact angles of diiodomethane (D) and glycerol (G), the surface free energy (γs), polar 380 
(γsp), and dispersive (γsd) components for polymer films based on gelatin and whey protein isolate 381 
(calculated by Owens–Wendt method). Different superscript letters indicate a difference at p < 0.05. 382 

The surface free energies and their polar and dispersive components were deter- 383 

mined using the Owens–Wendt method (Table 3). It can be seen that samples containing 384 

WPI had higher polar (6.8 mJ/m2) and dispersive (28.5 mJ/m2) components compared to 385 

the gelatin film (5.2 mJ/m2 for polar and 28.0 mJ/m2 for dispersive components). Surface 386 

free energy for gelatin and gelatin/WPI films were 33.2 mJ/m2 and 35.3 mJ/m2, respec- 387 

tively. Based on the low value of polar components, it is concluded that both films pos- 388 

sessed less hydrophilic surfaces; however, the film surface of the sample containing WPI 389 

displayed a slightly higher polarity. This can be ascribed to the intermolecular interactions 390 

between gelatin and WPI, which interfered with the orientation of polar groups toward 391 
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the film surface. Glycerol, as well as hydroxyl, amino and carboxyl groups between two 392 

polymers, participated in the formulation of hydrogen bonding. Furthermore, WPI and 393 

gelatin molecules could form compact aggregates through electrostatic interactions 394 

[65,66].  395 

 396 

3.2.4.Moisture Content.  397 

The results of moisture content after drying the samples in an oven at 110°C to a 398 

constant weight are shown in Figure 5. Moisture content is a parameter connected with 399 

the volume occupied by water molecules in the microstructural network of the film. 400 

  401 

Figure 5. Moisture content (%) of the prepared polymer films based on gelatin (GEL) and whey 402 
protein isolate (WPI) with and without microparticles (M) based on whey protein isolate (WPI) and 403 
calcium alginate (ALG). Different letters indicate a difference at p < 0.05. 404 

According to the results, the film composition affects the samples' moisture content. 405 

The highest moisture content was observed for the film composed of gelatin, glycerol and 406 

microparticles (19%). In contrast, the lowest moisture content value was displayed by a 407 

sample containing gelatin, WPI and glycerol (12.5%). Therefore, films containing WPI 408 

showed a lower moisture content than the samples without WPI. However, the introduc- 409 

tion of WPI/ALG microparticles into polymer films led to higher moisture content.  410 

Other researchers have also made similar observations; Shams et al. evaluated the 411 

moisture content of WPI/gelatin films modified by the nanoclay and orange peel extract. 412 

The control film had a moisture content of approximately 34% [67]. The effect of glycerol, 413 

xylitol and sorbitol on the physical properties of WPI films has also been investigated [68]. 414 

It was observed that samples plasticized with glycerol (from 40 to 60% depending on the 415 

plasticizer/protein ratio) displayed the highest moisture content, whereas the addition of 416 

xylitol and sorbitol resulted in a moisture content of 15-20%. The WPI-based film has also 417 

been reported to display a moisture content of ~16.5% [62], whereas films containing gel- 418 

atin displayed a moisture content of ~14.5% [69].  419 

4. Conclusions 420 

The focus of this study was to incorporate microparticles based on WPI and ALG 421 

containing Calendula officinalis flower extract into various WPI/gelatin-based films, mim- 422 

icking a dermatological material for sustained, controlled delivery. Pot marigold extract 423 

was selected because of its beneficial antioxidant, anti-inflammatory, antimicrobial, and 424 

anti-viral properties. Microparticles consisting of 4% WPI and 0.5% ALG were incorpo- 425 

rated into films. The WPI/gelatin-based films displayed enhanced mechanical strength, 426 

reduced ductility, slightly higher polarity, and lower moisture content compared to gela- 427 

tin films. Furthermore, the microparticle-loaded samples demonstrated a higher capacity 428 

for water uptake and were less stiff than those without microparticles. The vital advantage 429 

of microparticles is are the protection of active substances against the damaging effects of 430 
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external factors and the possibility to control the release rate of active substance. The ob- 431 

tained results indicate the potential of GEL and GEL/WPI films modified with the addition 432 

of microspheres as material for cosmetic or dermatological applications. To confirm the 433 

functional properties and effectiveness of the films, measurements of skin parameters 434 

with the participation of volunteers are planned in the near future. 435 
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