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Abstract:



Castanea sativa fruit processing generates high amounts of by-products, mostly bur. Currently, the cosmetic industry has a great interest in natural extracts as antioxidant sources. In the present study, C. sativa bur extract was used as the active ingredient, in different amounts, in topical hydrogels. The formulations were characterized regarding total phenolic and flavonoid contents (TPC and TFC, respectively), antioxidant activity (DPPH radical scavenging capacity and ferric reducing antioxidant power (FRAP)) and technological and microbiological properties. The same parameters were evaluated after 30 days of storage at 4 °C (T30/4 °C) and 20 °C (T30/20 °C). At time 0 (T0), the TPC ranged between 0.79 and 9.65 mg of gallic acid equivalents (GAE)/g gel, while TFC varied from 0.05 to 1.23 mg of catechin equivalents (CAE)/g gel. Antioxidant activity was high for both assays, with values at T0 ranging between 98.41 and 1013.43 µmol of ferrous sulphate equivalents (FSE)/g gel and varying between 431.96 and 990.84 µg of Trolox equivalents (TE)/g gel for FRAP and DPPH assays, respectively. No formulation exceeded the defined criteria in microbiological counts. All formulations showed similar technological profiles but particular attention should be given to pH. The gel with 50% of extract (F3) was selected as the best one for potential cosmetic applications.
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1. Introduction


Castanea sativa Mill., also known as “sweet chestnut”, is a species of the Fagaceae family common to south Europe and Asia (mainly in China). Chestnut is comprised of fruit, integument (inner shell), pericarp (outer shell) and bur. The high economic value of chestnut is due to their nutritional composition being largely appreciated in Mediterranean countries [1,2]. High amounts of by-products are generated by chestnut processing chains, mainly shell and bur. The waste residues obtained from food, forest or agricultural industries are nowadays considered attractive, since they are inexpensive and their re-use provides huge environmental benefits.



Recently, some studies have reported the potentialities of C. sativa by-products, such as leaf, shell and bur, disclosing its richness in antioxidant constituents. The content of phenolic compounds and the antioxidant activity are associated with beneficial health effects such as anticarcinogenic, anti-inflammatory, cardioprotective and neuroprotective activities [1,3,4,5,6,7,8,9]. Phenolic acids (ellagic and gallic acid), flavonoids (rutin, quercetin and apigenin) and tannins were the main phenolic compounds reported [5,10]. Nevertheless, C. sativa bur had no described application and usually remains in the woodland after fruit harvesting, promoting the insect larvae proliferation [5]. The valorisation of this waste represents a new challenge for the chestnut chain in order to encourage the research of novel applications, focusing on sustainable approaches and obtaining new valuable products [2,11]. Taking into consideration the potentialities shown by the bur, it is expected that this by-product, after specific pre-treatments, could be a source of added value natural compounds with high interest to pharmaceutical, food and cosmetic industries [3,5,12].



Regarding the studies about the applicability of these by-products, chestnut leaf has been used for the prevention of diabetes and DNA injuries [13], antibacterial activity [14] and protection from skin-oxidative stress [9,15]. The shell could be used as a heavy metal adsorbent [16] and phenol substitute in adhesive formulations [17]. However, to the best of our knowledge, no reports on the use of this by-product for cosmetic formulations are available.



One of the major targets for oxidative stress is skin, since this organ is permanently exposed to external aggressions such as ultraviolet radiation (UV) and atmospheric pollution. Indeed, skin diseases, such as psoriasis, atopic dermatitis and cancer have been related with cutaneous oxidative stress, photoaging and photocarcinogenesis [18,19,20]. Direct evidences that UV radiation contributes to the production of reactive species in skin have been reported [21], justifying the use of antioxidants in skin-care products. Besides that, in recent years, consumers have shown a clear preference for natural products, particularly natural antioxidants. Thus, agro-industrial by-products, described as good sources of phenolic compounds, have been exploited to find new natural antioxidants with the purpose to replace synthetics one, which have been associated with more toxic side effects [4,22]. The abundance of phenolic compounds is generally related to a high antioxidant activity, providing in vivo protection against free radical damage and decreasing the risk of oxidative stress-related diseases such as degenerative diseases [23]. Oxidative stress occurs when there is an overproduction of reactive oxygen species (ROS), reactive nitrogen species (RNS) and reactive sulphur species (RSS) that interact and injure the structure and function of proteins, DNA and RNA molecules, lipids and sugars [24,25]. In particular, phenolic acids are mostly responsible for the prevention of oxidative processes [26], while flavonoids are able to activate antioxidant enzymes [27]. Likewise, C. sativa kernels have high amounts of phenols in their composition, particularly gallic acid and ellagic acid [28].



The aim of this study was to formulate hydrogels with C. sativa hydroalcoholic extracts in different concentrations (F2, F3 and F4) and to compare their behaviour with a formulation without extract (F1). The bioactive compounds were quantified by the determination of total phenolic content (TPC) and total flavonoids content (TFC) while the antioxidant activity was evaluated by DPPH radical-scavenging ability and ferric reducing antioxidant power (FRAP) assays. Also, all formulations were characterized regarding microbiological quality and technological properties (namely, colour, pH, moisture, rheology and texture).




2. Materials and Methods


2.1. Chemicals and Reagents


1,1-diphenyl-2-picrylhydrazyl free radical, catechin, Folin–Ciocalteu’s reagent, gallic acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, a water-soluble derivative of vitamin E), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), ferrous sulphate heptahydrate and ferric chloride hexahydrate were all purchased from Sigma-Aldrich (Steinheim, Germany). Absolute ethanol, dimethylsulfoxide, sodium acetate, sodium carbonate decahydrate, sodium nitrite, aluminium chloride and sodium hydroxide were purchased from Merck (Darmstadt, Germany). All chemicals and solvents were of analytical grade. Aqueous solutions were prepared with deionized water from a Mili-Q water purification system (TGI Pure Water Systems, St Lincoln, NE, USA). Glycerine was obtained from Fluka (Steinheim, Germany). Carbopol® 940, polysorbate 80 and triethanolamine were purchased from Vaz Pereira (Lisbon, Portugal). Buffered peptone water, Tryptic Soy Agar medium, Nutrient Agar medium and Sabouraud Dextrose Agar medium were obtained from Oxoid Ltd. (Hampshire, UK).




2.2. Plant Materials


C. sativa burs were randomly collected in Trás-os-Montes, a north region of Portugal, after harvesting the chestnut. Bur was milled to a particle size of about 0.1 mm using an A11 basic analysis mill (IKAWearke, Staufen, Germany) and the fine powdered bur was stored in plastic tubes at 4 °C until the preparation of the extracts.




2.3. Preparation of C. sativa Bur Hydro-Alcoholic Extracts


One gram of powdered samples was submitted to solvent extraction by maceration at 40 °C for 30 min with 20 mL of ethanol: water (1:1 v/v). Hydro-alcoholic extracts were filtered through Whatman No. 1 filter paper and collected. Extracts were stored under refrigeration (4 °C) until use [3].




2.4. Preparation of Hydrogels Containing C. sativa Bur Hydro-Alcoholic Extracts


The first step was to dissolve glycerine and preservative in water, at room temperature. Glycerine provides emollient and moisturizing properties to the gel. Afterwards, C. sativa bur hydro-alcoholic extract was also dissolved in the previous mixture. Then, Carbopol® 940, acting as thickening and gelling agent, was slowly dispersed under magnetic stirring (750 rpm) at 40 °C during 1 h. After the formulation had cooled down, the mixture was homogenised and the triethanolamine added dropwise to complete the gelation process. The composition of hydrogel is detailed in Table 1.



Table 1. Composition of the hydrogels.







	
Composition of Hydrogels




	
Compounds

	
Total Weight (%)




	
F1

	
F2

	
F3

	
F4






	
Glycerine

	
10

	
10

	
10

	
10




	
Carbopol® 940

	
0.5

	
0.5

	
0.5

	
0.5




	
Preservative

	
0.5

	
0.5

	
0.5

	
0.5




	
C. sativa bur hydro-alcoholic extract

	
-

	
25

	
50

	
89




	
Triethanolamine

	
q.s.

	
q.s.

	
q.s

	
q.s.




	
Deionized water

	
89

	
64

	
39

	
-








q.s.—quantum satis.








The homogeneous appearance is conferred by slow shaking, avoiding air incorporation. The gels were packed in polyethylene jars and rested 24 h before any measurement. Three formulations with different concentrations of bur hydro-alcoholic extract (F2, F3 and F4) were prepared. Simultaneously, a hydrogel without extract (F1) was also prepared. This procedure was done twice to prepare two sets of formulations: one set was kept at 4 °C and the other at 20 °C. Each formulation was prepared in triplicate.




2.5. Technological Characterization of Hydrogels


2.5.1. Colour Evaluation


Colour was evaluated using a colorimeter (Chroma Meter CR-410, Konica Minolta, Tokyo, Japan) previously calibrated with a white reference background. An aliquot of each gel was placed on a Petri plate with 5.5 cm diameter and a sample thickness of 5 mm. The results were expressed according to the colour space CIE 1976 L* a* b*, defined by the Comission Internationale de l’Éclairage (CIE). The three coordinates represent the lightness of the colour (L*), its position between red and green (a*) and its position between yellow and blue (b*). For each sample, the results were expressed as the average of the three measurements of all parameters evaluated.




2.5.2. Determination of pH


pH was determined using a pHmeter (Basic 20+, Crison, Barcelona, Spain) equipped with a glass electrode previously calibrated. The measurements were performed in triplicate for each sample.




2.5.3. Determination of Moisture


The moisture content was determined using a moisture analyser (Scaltec model SMO01, Scaltec Instruments, Göttinge, Germany). About 1 g of gel was subjected to a drying process at 100 ± 2 °C for 5 min. This procedure was performed in triplicate and expressed as percentage.




2.5.4. Texture Analysis


Texture analysis was carried out under compression in a texturometer (Stable Micro Systems TA-XT2i, Godalming, UK) by performing a spreadability test at 20 °C using a penetration test probe of 23 mm. The probe applied a force of 0.049 N with a penetration depth of 3 mm and speed of 3 mm/s. The female cone loaded the gels samples, while the corresponding male cone came down towards the sample, forcing it upwards and outwards at 45°. Data were collected using the Exponent Stable Micro Systems software® (Stable Micro Systems Ltd, Godalming, UK).




2.5.5. Rheological Behaviour Analysis


Rheological analysis was carried out on a rotary viscometer (Brookfield Digital Model DV-E, Cologne, Germany). This procedure consists in the determination of the force exerted on a body fixed in rotation on a liquid at a constant speed of rotation. Flow measurements were performed at 20 ± 0.5 °C in the shear rate range from 0.1 to 500 s−1, with 60 s delay period between measurements, and the speeds range evaluated was fixed between 5 and 50 rpm. Until performing the determinations, gels were kept resting for 30 min. The results were represented in a graph which relates the apparent viscosity, expressed as mPa·s, and the shear rate, expressed as rpm, for each gel analysed at different times and temperatures.





2.6. Determination of Hydrogels Bioactive Compounds


2.6.1. Total Phenolic Content


Total phenolic content (TPC) was spectrophotometrically determined according to the Folin–Ciocalteu procedure [29] with minor modifications. This methodology was directly performed in a 96 wells microplate based on a complex redox reaction between the phenolic compounds and the phosphotungstic and phosphomolybdic acids present in the Folin–Ciocalteu’s reagent. All gel samples (100 mg) were previously diluted in 1 mL of dimethylsulfoxide (DMSO): ethanol (1:1 v/v). Briefly, the reaction mixture in each well consisted of 30 µL of diluted gel sample (100 mg/mL), 150 µL of Folin–Ciocalteu’s reagent (10× dilution) and 120 µL of Na2CO3 7.5% (w/v) solution. The microplate was incubated at 45 °C for 15 min in a Synergy HT Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA) and after left to stand in the dark for 30 min, at room temperature. The absorbance was read at 765 nm using the microplate reader described above. A calibration curve with gallic acid was used as reference (linearity range = 20–1000 µg/mL, R2 > 0.993) to obtain a correlation between absorbance and standard concentration. The results were expressed as mg of gallic acid equivalents (GAE) per gram of gel (mg GAE/g gel). The assay was carried out in triplicate.




2.6.2. Total Flavonoid Content


Total flavonoid content (TFC) was performed by a colorimetric method based on the formation of flavonoid–aluminium compounds, according to the method described by Costa et al. [30], with minor modifications. This assay was directly carried out in a 96-well microplate. Gel samples (100 mg) were previously diluted in 1 mL of DMSO: ethanol (1:1 v/v). Briefly, in each well, 30 µL of diluted gel sample (100 mg/mL) was mixed with 75 µL of ultrapure water and 45 µL of NaNO2 1% (w/v) solution. After 5 min, 45 µL of AlCl3 5% (w/v) solution was added. Then, 1 min later, 60 µL of NaOH 1 mol/L and 45 µL of ultrapure water were also added. The absorbance was read at 510 nm using a Synergy HT Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA). In order to obtain a correlation between standard concentration and absorbance, a calibration curve was prepared with catechin (linearity range = 2.5–500 µg/mL, R2 > 0.996). The results were expressed as mg of catechin equivalents (CAE) per gram of gel (mg CAE/g gel). This parameter was evaluated in triplicate.





2.7. In Vitro Antioxidant Activity of Hydrogels


Regarding the antioxidant activity, gels were evaluated by DPPH radical scavenging activity and ferric reducing antioxidant power (FRAP), as described in the following points.



2.7.1. DPPH Free Radical Scavenging Assay


The methodology principle is based on the evaluation of the antiradical activity of extracts by reduction of DPPH● to hydrazine. DPPH is a stable free radical with a maximum absorption between 515 and 517 nm. All gel samples (100 mg) were previously diluted in 1 mL of DMSO:ethanol (1:1 v/v). The reaction mixture was directly made in a 96-well microplate. 30 µL of diluted gel sample (100 mg/mL) and 270 µL of ethanol solution containing DPPH radicals in a final concentration of 6 × 105 M were put in each well. The microplate was left to stand at room temperature for 40 min, in the dark. Afterwards, the absorbance was measured at 517 nm using a Synergy HT Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA) to determine the DPPH radical reduction [31] in which the low absorbance values correspond to high free radical scavenging activity. A standard curve was plot with Trolox, used as reference (linearity range: 2.5–125 µg/mL, R2 > 0.970). The antioxidant potential based on the DPPH free radical scavenging ability of gels samples was expressed as µg of Trolox equivalents (TE) per gram of gel (µg TE/g gel) of at least three determinations.




2.7.2. Ferric Reducing Antioxidant Power Assay


According to the procedure described by Benzie et al. [32] with minor modifications, the ferric reducing antioxidant power (FRAP) assay measures the reduction of a ferric 2,4,6-tripyridyl-s-triazine complex (Fe3+-TPTZ) to the ferrous form (Fe2+-TPTZ) in the presence of antioxidants. The chemical reaction involves a single electron reaction between Fe(TPTZ)2 (III) and an electron donor ArOH (chemical structure presents in phenolic compounds). FRAP was directly performed in a 96-well microplate. About 100 mg of each gel sample was diluted in 1 mL of DMSO:ethanol (1:1 v/v). Briefly, the reaction mixture in each well consisted of 35 µL of diluted gel sample (100 mg/mL) and 265 µL of FRAP reagent (composed by 10 parts of 300 mM sodium acetate buffer at pH 3.6, 1 part of 10 mM TPTZ solution and 1 part of 20 mM FeCl3·6H2O solution). The microplate was incubated at 37 °C for 30 min. Then, the increase of absorbance was measured at 595 nm using a Synergy HT Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA). A calibration curve was prepared with ferrous sulphate (FeSO4·7H2O) as standard (linearity range: 25–500 µM, R2 > 0.985). The results were expressed as µmol of ferrous sulphate equivalents (FSE) per gram of gel (µmol FSE/g gel). This methodology was performed in triplicate.





2.8. Microbiological Properties


All formulations were evaluated regarding their total aerobic bacteria, mesophilic aerobic bacteria, and yeast and mould contents. Firstly, dilutions of each gel sample with buffered peptone sterile solution were prepared. 3% w/v of polysorbate 80 was added to neutralize the preservative function. After that, the mixture was homogenised and spread on the suitable medium. Total aerobic bacteria count was carried out after 5 days of incubation at 30–35 °C using tryptic soy agar medium, while mesophilic aerobic bacteria used nutrient agar medium, after incubation at 32.5 °C. For the yeast and molds count, Sabouraud dextrose agar medium was used and the plates incubated at 22.5 °C for 5 days. The results were expressed as number of colony-forming units per mL of gel dilution (CFU/mL). Each assay was performed in triplicate.




2.9. Stability Study


All formulations were evaluated at different storage times (T0 and after 30 days (T30)) and different temperatures (4 and 20 °C), according to the protocols described previously.




2.10. Statistical Analysis


Data were reported as mean ± standard deviation of at least triplicate experiments. Statistical analysis of the results was performed with SPSS 22.0 (SPSS Inc., Chicago, IL, USA). One-way ANOVA was used to investigate the differences between samples for all assays. Post hoc comparisons of the means were performed according to Tukey’s HSD test. In all cases, p < 0.05 was accepted as denoting significance.





3. Results and Discussion


3.1. Technological Characterization of Hydrogels


3.1.1. Colour Evaluation


Colour evaluation is a complementary methodology used to assess the acceptance of the product by consumers. The results of colour evaluation are summarized in Table 2.



Table 2. Colour variation (L*, a* and b*), pH, moisture and texture (adhesiveness and firmness) of hydrogels containing chestnut bur extracts in different percentages, evaluated at different times and temperatures (mean ± standard deviation, n = 3). T0, time 0. T30/4°C, after 30 days at 4 °C. T30/20°C, after 30 days at 20 °C.







	
Formulations

	
Technological Properties




	
L* (Lightness)

	
a* (Redness)

	
b* (Yellowness)

	
pH

	
Moisture (%)

	
Adhesiveness (N.mm)

	
Firmness (N)






	
F1

	
T0

	
10.69 ± 0.01 a

	
−0.64 ± 0.04 a

	
3.37 ± 0.02 c

	
4.46 ± 0.04 a

	
30.69 ± 1.64 a

	
−1.480 ± 0.237 a

	
0.554 ± 0.013 b




	
T30/4°C

	
10.01 ± 0.05 c

	
−0.72 ± 0.06 a

	
4.01 ± 0.04 a

	
4.48 ± 0.01 a

	
30.28 ± 0.70 a

	
−1.943 ± 0.232 a

	
0.749 ± 0.023 a




	
T30/20°C

	
10.11 ± 0.01 b

	
−0.73 ± 0.04 a

	
3.57 ± 0.02 b

	
4.52 ± 0.01 a

	
29.35 ± 0.55 a

	
−1.413 ± 0.220 a

	
0.531 ± 0.031 b




	
F2

	
T0

	
10.74 ± 0.02 c

	
2.70 ± 0.08 a

	
6.39 ± 0.06 b

	
5.27 ± 0.03 a

	
20.27 ± 0.39 a

	
−1.158 ± 0.148 a

	
0.461 ± 0.020 a




	
T30/4°C

	
10.93 ± 0.01 a

	
2.65 ± 0.04 a

	
6.71 ± 0.06 a

	
5.00 ± 0.02 b

	
20.01 ± 0.66 a

	
−1.193 ± 0.013 a

	
0.471 ± 0.019 a




	
T30/20°C

	
10.83 ± 0.02 b

	
2.74 ± 0.08 a

	
6.51 ± 0.06 b

	
4.99 ± 0.01 b

	
20.12 ± 0.49 a

	
−1.029 ± 0.077 a

	
0.429 ± 0.004 b




	
F3

	
T0

	
10.31 ± 0.02 b

	
0.43 ± 0.03 a

	
3.03 ± 0.01 a

	
5.67 ± 0.01 b

	
15.43 ± 3.13 a

	
−0.932 ± 0.122 a

	
0.367 ± 0.012 b




	
T30/4°C

	
10.96 ± 0.02 a

	
0.42 ± 0.02 a

	
2.89 ± 0.02 c

	
5.65 ± 0.01 b

	
14.15 ± 0.53 a

	
−1.125 ± 0.033 b

	
0.439 ± 0.011 a




	
T30/20°C

	
10.27 ± 0.02 b

	
0.49 ± 0.03 a

	
2.98 ± 0.01 b

	
5.72 ± 0.01 a

	
13.89 ± 0.73 a

	
−0.857 ± 0.035 a

	
0.381 ± 0.005 b




	
F4

	
T0

	
11.25 ± 0.02 c

	
−0.28 ± 0.09 a

	
1.69 ± 0.01 c

	
8.28 ± 0.01 b

	
14.04 ± 0.63 a

	
−0.707 ± 0.082 a

	
0.288 ± 0.008 a




	
T30/4°C

	
12.44 ± 0.03 a

	
−0.15 ± 0.09 a

	
1.96 ± 0.05 a

	
8.69 ± 0.01 a

	
14.03 ± 0.13 a

	
−0.659 ± 0.029 a

	
0.259 ± 0.007 b




	
T30/20°C

	
11.32 ± 0.02 b

	
−0.35 ± 0.09 c

	
1.78 ± 0.01 b

	
8.21 ± 0.02 c

	
13.99 ± 0.23 a

	
−0.679 ± 0.060 a

	
0.261 ± 0.007 b








Different letters (a, b, c) in the same line of the same column indicate significant differences (p < 0.05) between the results obtained during gels storage. 








Regarding L*, all gels had a considerable high lightness at T0 (10.69–11.25). In what concerns a*, gels with 25% (F2) and 50% of extract (F3) exhibited positive values at T0 (2.70 and 0.43, respectively) associated to the redness, while the gels without extract (F1) and with the highest extract amount (F4) showed a prevalence of greenness associated to the negative results (−0.64 and −0.28, respectively). Relatively to b*, at T0, all formulations presented positive values associated to the prevalence of yellowness, being the highest results obtained in F2 and the lowest in F4 (6.39 and 1.69, respectively). F4 showed the highest lightness and the lowest prevalence of yellowness, being in agreement with the dark colour detected by the eye.




3.1.2. Determination of pH


Skin-care formulations must present a pH compatible with skin (between 5 and 6) [33]. The results at T0 are present in Table 2. The highest pH values were obtained for gels with the highest extract percentage. Therefore, the addition of bur hydro-alcoholic extract gives a basic pH to the formulations. F4 revealed the highest pH, with values greater than 8, which is incompatible with skin application. On the contrary, F1 had the lowest pH with a value minor than 5, which is also unsuitable to scattering on the skin. Due to the skin compatibility issue, F2 and F3 were selected as the best ones, with pH values of 5.27 and 5.67, respectively, which are more suitable for cutaneous application.




3.1.3. Determination of Moisture


Some constituents of cosmetic preparations, such as water, usually provide an appropriate medium for microbial growth and could stimulate physical and chemical changes in skin-care products. The moisture results (Table 2) show that at T0, F1 has the highest moisture content (30.69%) while F3 and F4 displayed the lowest values (15.43% and 14.04%, respectively). The increase of the concentration of C. sativa bur extract could decrease the possibility of microbial growth and physical and chemical modifications due to the reduction of moisture content.




3.1.4. Texture Analysis


An appropriate texture is one of the principal properties that cosmetics should present to improve consumer acceptance. This methodology evaluates firmness and adhesiveness (Table 2). According to the results, it is possible to conclude that adhesiveness increases with the presence of bur extract. At T0, F1 showed the lowest adhesiveness with −1.480 N·mm, while the highest result was obtained for F4 (−0.707 N·mm). In opposite to adhesiveness, the increase of extract concentration in gels affords the decrease of firmness. At T0, F1 presented the highest firmness (0.554 N), while F4 had the lowest (0.288 N).




3.1.5. Rheological Behaviour Analysis


Figure 1 represents the apparent viscosity with the shear rate in formulations at described conditions.


Figure 1. Comparison of the rheograms of hydrogels containing chestnut bur extracts in different percentages, evaluated at T0, T30/4 °C and T30/20 °C. Values are an average of three individual experiments (n = 3) expressed as mean ± standard deviation. (A) Formulation without extract (F1); (B) Formulation with 25% of extract (F2); (C) Formulation with 50% of extract (F3); (D) Formulation with the highest extract amount (F4).



[image: Cosmetics 04 00050 g001]






In what concerns the apparent viscosity, F1 showed the highest viscosity values while F4 showed the lowest ones. Therefore, apparent viscosity decreases with increasing bur extract percentages in hydrogels. All formulations presented a rheofluidificant behaviour since apparent viscosity decreased with the increasing of shear rate (Figure 1). This rheological behaviour is characteristic of water in oil emulsions, and is similar to gels prepared with acrylic polymers [34]. A high viscosity of the semisolid formulation could have a positive influence on the stability of extract once it decreases the diffusion rate of oxygen [35].





3.2. Bioactive Compounds in Hydrogels


3.2.1. Total Phenolic Content


The Folin–Ciocalteu’s phenol reagent is frequently used to estimate the amount of phenolic compounds in herbal extracts. This is a non-specific assay once the phenol reagent could react not only with phenolic compounds but also with other substances (interfering substances) such as ascorbic acid, aromatic amines, sugars and sulphur dioxide [4]. Results of this parameter are displayed in Table 3.



Table 3. Total phenolic content (TPC), total flavonoid content (TFC), ferric reducing antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH●) scavenging assay of hydrogels containing chestnut bur extracts in different percentages, evaluated at different times and temperatures (mean ± standard deviation, n = 3). T0, time 0. T30/4°C, after 30 days at 4 °C. T30/20°C, after 30 days at 20 °C. GAE, gallic acid equivalents. CAE, catechin equivalents. FSE, ferrous sulphate equivalents. TE, Trolox equivalents.







	
Formulations

	
Bioactive Compounds




	
TPC (mg GAE/g gel)

	
TFC (mg CAE/g gel)

	
FRAP (µmol FSE/g gel)

	
DPPH (µg TE/g gel)






	
F1

	
T0

	
0.79 ± 0.01 a

	
0.05 ± 0.01 a

	
98.41 ± 7.65 a

	
431.96 ± 7.71 a




	
T30/4 °C

	
0.82 ± 0.01 a

	
0.06 ± 0.01 a

	
85.05 ± 5.01 a

	
395.01 ± 3.86 b




	
T30/20 °C

	
0.69 ± 0.01 b

	
0.06 ± 0.01 a

	
76.71 ± 5.78 b

	
280.46 ± 8.12 c




	
F2

	
T0

	
2.48 ± 0.02 b

	
0.31 ± 0.01 a

	
509.17 ± 16.10 a

	
658.37 ± 5.26 a




	
T30/4 °C

	
2.81 ± 0.01 a

	
0.27 ± 0.01 b

	
510.84 ± 13.25 a

	
656.07 ± 10.11 a




	
T30/20 °C

	
1.96 ± 0.01 c

	
0.23 ± 0.01 c

	
412.32 ± 16.10 b

	
611.24 ± 10.21 b




	
F3

	
T0

	
5.30 ± 0.01 a

	
0.73 ± 0.01 a

	
774.66 ± 10.43 a

	
803.15 ± 12.71 a




	
T30/4 °C

	
4.41 ± 0.02 b

	
0.69 ± 0.01 b

	
727.91 ± 15.30 b

	
795.03 ± 7.58 a




	
T30/20 °C

	
3.48 ± 0.01 c

	
0.63 ± 0.01 c

	
714.55 ± 10.43 b

	
745.91 ± 13.36 b




	
F4

	
T0

	
9.65 ± 0.04 a

	
1.23 ± 0.02 a

	
1013.43 ± 12.61 a

	
990.84 ± 14.06 a




	
T30/4 °C

	
8.00 ± 0.01 b

	
1.16 ± 0.01 b

	
1030.13 ± 18.97 a

	
933.98 ± 11.58 b




	
T30/20 °C

	
7.55 ± 0.04 c

	
1.08 ± 0.02 c

	
888.20 ± 12.61 b

	
867.11 ± 11.57 c








Different letters (a, b, c) in the same line of the same column indicate signiﬁcant differences (p < 0.05) between the results obtained during gels storage.








The gels TPC at T0 ranged from 0.79 (F1) to 9.65 mg (F4) of GAE/g of gel. As expected, the amount of phenolic compounds strongly increases with the concentration of chestnut bur extract. For this reason, gels with higher percentages of bur extract that showed greater TPC values should also present higher antioxidant activity. The incorporation of chestnut bur in a dermatological basis still presents high TPC, in the same range of some plant by-products, highlighting its potential source of polyphenols [7,8,23].




3.2.2. Total Flavonoid Content


Flavonoids represent a group from phenolic compounds broadly spread in a wide variety of plants. As a group belonging to phenolic compounds, flavonoids are also described as contributors to the antioxidant activity (Table 3). Gels at T0 showed a TFC ranging from 0.05 to 1.23 mg CAE/g of gel. Similar to TPC, F4 presented the highest TFC while F1 has the lowest value.





3.3. In Vitro Antioxidant Activity of Hydrogels


3.3.1. DPPH Free Radical Scavenging Assay


DPPH scavenging capacity is a method widely used to determine antioxidant activity in plant and fruit extracts [36]. The methodology principle is based on the reduction of DPPH radicals in ethanol providing a decrease in absorbance at 517 nm. It was decided to express the results as µg of TE per g of gel as it is more meaningful and provides a better interpretation than the results expressed as inhibition percentages, since the decrease in absorbance is not enough to achieve 50% of inhibition. The results (Table 3) show that, at T0, the antioxidant capacity values range from 431.96 to 990.84 µg of TE/g of gel. The increasing order of antioxidant power for gels was: F1 < F2 < F3 < F4. As expected, the antioxidant activity based on DPPH radical scavenging ability increases with the extract concentration added to the formulation. According to Pinto et al., a concentration range between 38.67 and 76.86 µg/mL of C. sativa bur extract is responsible for at least 50% of inhibition, since the results were expressed as EC50. Besides the bur extract, the formulation contains other compounds that could explain the lower antioxidant activity when compared with C. sativa bur extract [3].




3.3.2. Ferric Reducing Antioxidant Power Assay


Antioxidant activity evaluated through FRAP assays determines the ability of plant extracts to reduce ferric ions. Table 3 shows the antioxidant capacity averages obtained for each formulation. Similar to DPPH assays, the increasing order of antioxidant activity was: F1 < F2 < F3 < F4. As expected, at T0, F4 showed the highest antioxidant activity by ferric reduction (1013.43 µmol of FSE/g gel), while F1 had the lowest reduction power (98.41 µmol of FSE/g gel). Compared to the C. sativa bur, the antioxidant power of hydrogels was slightly lower [3].





3.4. Correlation between Total Phenolic Content and Antioxidant Activity


As referred antioxidant activity has been evaluated based on DPPH and FRAP assays. The possible correlation between these results and the TPC was evaluated through Pearson correlation. This correlation coefficient measures the degree of linear correlation between two quantitative variables. When a correlation analysis was performed between TPC and FRAP or DPPH assays, a strong positive correlation was observed for FRAP (R2 = 0.9360) and DPPH (R2 = 0.9233), inferring a possible responsibility of TPC for the antioxidant activity observed. Nevertheless, these results could be influenced by synergic effects of the gels constituents or other chemical classes.




3.5. Correlation between Total Flavonoid Content and Antioxidant Activity


When a correlation analysis by Pearson coefficient was performed between TFC and FRAP or DPPH assays, an extremely positive correlation was also observed for both methods with values of R2 = 0.9572 and R2 = 0.9320, respectively. Further studies, such as HPLC-MS, would be helpful to identify the flavonoid compounds that contribute to this correlation.




3.6. Correlation between Total Phenolic and Total Flavonoid Contents


Analysing the correlation through the Pearson coefficient, an extremely positive correlation (R2 = 0.9848) was established between TPC and TFC.




3.7. Microbiological Properties


The microbiological results are summarized in Table 4, being expressed as colony forming units per mL of gel (CFU/mL). Concerning the three groups of microorganisms analysed, all formulations presented values lower than the limits defined by ISO standard 11930:2012 (the number of colony building units (CFU) on solid culture media should be inferior to 1000 CFU/mL), demonstrating the preservative efficacy at the storage conditions used [37].



Table 4. Total aerobic, total mesophilic aerobic bacteria and total yeast and mould counts of hydrogels containing chestnut bur extracts in different percentages, evaluated at T0, T30/4°C and T30/20°C. T0, time 0. T30/4°C, after 30 days at 4 °C. T30/20°C, after 30 days at 20 °C. Values are expressed as mean of the replicates (n = 3) in colony forming units per mL of gel (CFU/mL gel).







	
Formulations

	
Microbiological Properties




	
Total Aerobic Count (UFC/mL gel)

	
Total Mesophilic Aerobic Bacteria Count (UFC/mL gel)

	
Total Yeast and Mold Count (UFC/mL gel)






	
F1

	
T0

	
≤10

	
≤10

	
≤10




	
T30/4 °C

	
≤10

	
≤10

	
≤10




	
T30/20 °C

	
≤10

	
≤10

	
≤10




	
F2

	
T0

	
≤10

	
≤10

	
≤10




	
T30/4 °C

	
≤10

	
≤10

	
≤10




	
T30/20 °C

	
≤10

	
≤10

	
≤10




	
F3

	
T0

	
≤10

	
≤10

	
195




	
T30/4 °C

	
≤10

	
≤10

	
≤10




	
T30/20 °C

	
≤10

	
≤10

	
≤10




	
F4

	
T0

	
≤10

	
15

	
15




	
T30/4 °C

	
≤10

	
25

	
30




	
T30/20 °C

	
≤10

	
≤10

	
≤10











3.8. Stability Study


As previously mentioned, all technological parameters were evaluated after 30 days of storage at 4 °C and 20 °C. In what concerns to L* (lightness), the results for each formulation were statistically different (p < 0.05) at T0, T30/4°C and T30/20°C, except in F3. All gels presented high lightness values. Regarding a* coordinates, F2 and F3 at T30/4°C and T30/20°C maintained the prevalence of redness, while F1 and F4 still presented greenness as prevalent. This parameter did not seem to be related to the storage time and temperatures since there are no significant differences (p > 0.05), except for F4 that displayed a significant decrease in gels at T30/20°C (p < 0.05). Relative to b* parameter, similar to T0, all gels at T30/4°C and T30/20°C also presented a prevalence of yellowness. The b* results for each formulation at different storage conditions were significantly different (p < 0.05).



The pH analysis after 30 days of storage at both conditions revealed similar results to the gels at T0. The pH of F4 and F1 were also not compatible with skin application. The pH values of F1 were not statistically different (p > 0.05) at T0 and after 30 days.



Considering the moisture content, gels analysed at different times and temperatures showed a decrease of moisture with the increase of bur extract concentration in hydrogels. All formulations at T0 and after 30 days did not show significant differences (p > 0.05) in moisture percentages. For this reason, storage time and temperatures did not affect the moisture contents, emphasizing the gel stability.



Similar to T0, at T30/4°C and T30/20°C, adhesiveness increases and firmness decreases with the extract concentration in hydrogels. Until F3, the adhesiveness was lower at T30/4°C and higher at T30/20°C, except for F4 which had a higher adhesiveness at T30/4°C and lower at T0. In what concerns adhesiveness, the results for each formulation were not statistically different (p > 0.05) at T0, T30/4°C and T30/20°C, except for F3 at T30/4°C (p < 0.05). In general, the adhesiveness of C. sativa bur hydrogels is not dependent on temperature and time. On the other hand, gel firmness also decreases with the extract after 30 days of storage at 4 °C and 20 °C. Nevertheless, gels up to 50% of extract at T30/4°C had the highest firmness, while the results at T30/20°C were the lowest ones.



A decrease in apparent viscosity in gels with higher bur extract concentrations was also found after 30 days of storage at different temperatures. At T30/4°C, F2 presented a viscosity lower than at T0 and T30/20°C. However, for the other formulations, a higher viscosity was found at T30/4°C while the results at T0 and T30/20°C were similar.



In what concerns TPC of gels, at T30/4°C and T30/20°C the highest contents were also displayed for F4. These formulations experienced significant changes in TPC with the highest contents obtained for gels at T0. Indeed, the TPC of gels with extract declined after 30 days of storage, with the highest decrease at 20 °C. The results for F1 at T0 and T30/4°C were not significantly different (p > 0.05), while all other formulations containing bur extract presented statistically different results (p < 0.05). Therefore, gel TPC was affected by storage time and temperature.



Relative to TFC, after storage time at different temperatures, F4 revealed the highest contents. Particularly, all gels with extract analysed at T0 contained the highest amounts of flavonoids. After 30 days of storage, the TFC decreased in all formulations, with the highest decline determined in gels at T30/20°C. Results relating to F1 were not statistically different (p > 0.05). Besides the formulations with bur extract added had results significantly different (p < 0.05) at distinctive storage conditions. Thus, the time and temperature contributed to the TFC reduction on chestnut bur hydrogels.



Regarding the DPPH assay, all gels at T0 showed the highest antioxidant activity, while the lowest was displayed at T30/20°C. Similar to the previous assays, gels with higher extract concentrations also presented the highest antioxidant activity based on DPPH radical scavenging capacity. The highest DPPH scavenging ability obtained at T0 displayed significant differences (p < 0.05) for F1 and F4, whose antioxidant activity also presented a significant decrease (p < 0.05) at T30/4°C and T30/20°C. F2 and F3 showed a statistically significant decrease (p < 0.05) at T30/20°C.



Antioxidant activity evaluated through FRAP assays in gels analysed at T30/4°C and T30/20°C showed the highest ferric reduction power for F4, while F1 had the lowest results. At T30/20°C, the ferric reducing ability underwent the highest reduction in all formulations, presenting significant differences (p < 0.05) for F1, F2 and F4. In this case, time and temperature provided a decrease of antioxidant capacity. Significant differences (p < 0.05) for F3 were observed between T0 and T30/4°C.



Microbiological analysis revealed similar results in all formulations along the storage time, evidencing microbiological stability. All gels after 30 days of storage presented results within the permissible limits and similar to gels at T0. Furthermore, the storage temperatures did not seem to influence microbial growth since the counts at 4 and 20 °C are similar.



The incorporation of antioxidants extracted from plants in hydrogels represents a huge challenge since these compounds have been described as unstable in aqueous phases. There are many studies in this field reporting the physical instability of formulations with antioxidants added or the loss of extracts activity after incorporation in a cosmetic base [38,39]. In fact, the physical stability of semisolid formulations could be influenced by the chemical instability of some added constituents [40]. The high TPC, TFC and antioxidant activity of gels at T0 means that C. sativa bur extract retained its functionality after being incorporated in the hydrogels. After 30 days, in formulations stored at 20 °C, there was a higher decrease in antioxidant activity compared with gels stored at 4 °C. The same is observed in TPC and TFC which could be related to the degradation of these compounds mediated by various factors such as storage aging, oxygen, aqueous phase of gel and temperature. Indeed, gels stored at 4 °C showed results similar or slightly lower than gels at T0. Thus, it is possible to conclude that the lower temperature is better to prevent antioxidant degradation.



Besides the minor changes, taken together all the results it is possible to confirm a good physical, technological and microbiological stability of the formulations when stored during 30 days at 4 °C. However, the antioxidant properties showed changes more extensive after 30 days of storage. To prevent the decrease of antioxidant potential on gels provided by C. sativa bur extracts, the possible interferences with other constituents of gels should be studied and its composition should be optimized.





4. Conclusions and Future Perspectives


Nowadays, the cosmetic industry is a field on the rise, increasing the demand for novel ingredients, preferably from natural sources. For this reason, the use of C. sativa bur as a source of phytochemicals with beneficial health effects in skin-care formulations contributes to the advance of this industry and consequently to the environmental and economic sustainability. The valorisation impact of this by-product could be huge, taking into account the broad geographic distribution of this crop. Also, this study gives, for the first time, a comprehensive evaluation of the applicability of chestnut bur extract in skin-care formulations.



In this work, different percentages of bur hydro-alcoholic extracts were incorporated in a hydrogel base. There is a proportional ratio between the concentration of extract in the hydrogel and its TPC, TFC and antioxidant activity; thereafter F4 presented the highest values. However, its pH is basic and not compatible with skin pH. Considering all the results, F3 was selected as the best one for cosmetic purposes based on the high values of TPC, TFC and antioxidant activity, and the technological properties which are suitable for skin application and, consequently, enhance the consumer acceptance. Regarding gel composition, the preservative proved to be efficient in preventing the growth of microorganisms. However, the composition of hydrogels could be improved to increase consumer compliance. For example, the appearance might be upgraded by addition of an opacifier such as titanium dioxide. Also, triethanolamine could be replaced by citric acid which is a natural ingredient used in the adjustment of acid/base balance.



Further investigations are needed to assess the safety of gels including in vitro studies, such as cell viability and cytotoxicity in different skin cell lines, as well as skin and ocular irritability tests. Likewise, in vivo studies, such as patch tests and sensitization studies, must be carried out.
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