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Abstract

:

The move toward green, sustainable, natural products has been growing in the cosmetic and personal care industry. Ingredients derived from marine organisms and algae are present in many cosmetic products. In this study, a new green ingredient, a wax (i.e., long-chain alkenones) derived from Isochyrsis sp., was evaluated as an alternative for cosmetic waxes. First, the melting point was determined (71.1–77.4 °C), then the alkenones’ thickening capability in five emollients was evaluated and compared to microcrystalline wax and ozokerite. Alkenones were compatible with three emollients and thickened the emollients similarly to the other waxes. Then, lipsticks and lip balms were formulated with and without alkenones. All products remained stable at room temperature for 10 weeks. Lipstick formulated with alkenones was the most resistant to high temperature. Finally, alkenones were compared to three cosmetic thickening waxes in creams. Viscosity, rheology, and stability of the creams were evaluated. All creams had a gel-like behavior. Both viscosity and storage modulus increased in the same order: cream with alkenones < cetyl alcohol < stearic acid < glyceryl monostearate. Overall, alkenones’ performance was comparable to the other three waxes. Alkenones can thus offer a potential green choice as a new cosmetic structuring agent.
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1. Introduction


The personal care market has been continuously undergoing various trends in response to consumers’ demands. The move toward green, sustainable, natural products has been growing in recent decades [1]. Sustainability and naturalism have come to the forefront in the cosmetic and personal care industry [2]. While the overall market for cosmetics in the United States is experiencing a slower growth, in the range of 1–3%, the sector of cosmetics making environmental, natural or organic claims is projected to experience double-digit growth for the foreseeable future [1,3]. Green claims have become very popular in all marketing channels, from prestige to drug stores. Ingredients derived from plants, marine organisms, algae, yeasts, enzymes, and bacteria are present in many cosmetic products [4,5,6].



A select few strains of marine microalgae, including Isochrysis sp. (Chromista, Haptophyta), produce high-melting (~70 °C) lipids known as long-chain alkenones (Figure 1) [7]. In this study, we focused on Isochrysis as it is one of only a few algal species with a history of industrial cultivation, harvested as a primary component of shellfish feed [8]. Alkenones, therefore, represent a potentially abundant and renewable resource available from common algae, with a history of large-scale production [9]. Isochrysis species have been noted for their high lipid content [10], and potential application in cosmetic and personal care products [11,12,13]. The high-melting lipids, being naturally sourced (i.e., green and non-GMO) and sustainable, may be of interest to the cosmetic and personal care industry.



Alkenones structures are characterized by very long hydrocarbon chains (i.e., 36–40 carbons), approximately twice as long as typical fatty acids as in Figure 1a. Alkenones contain trans double bonds and a methyl or ethyl ketone [14]. Alkenones are off-white waxy solids at room temperature (Figure 1b).



Alkenones may serve as a viable alternative for commonly used waxes in cosmetic and personal care products. Waxes, such as candelilla wax, microcrystalline wax, and carnauba wax are widely used as structurants in lip products, such as lip balms and lipsticks, and as thickeners in skin creams. In the last two decades, there has been a shortage of candelilla wax on the market due to climatic factors. According to forecasts [15], candelilla wax supply and, therefore, the price will continue to fluctuate. As a result, there is a high demand for suitable alternatives in lipsticks and lip balms [16,17]. The alkenones may offer a more reliable supply source for formulators.



Today, microalgae are considered sustainable natural sources for the production of a wide range of molecules with varying application fields. Lipids obtained from microalgae have received increasing interest during the last decade and have been widely studied for biodiesel production [18,19], potential pharmaceutical application [20,21], as animal food [22], and nutraceuticals [23]. However, the application of alkenones has not yet been explored in cosmetic and personal care products.



In this study, alkenones sourced from commercially available Isochrysis biomass were evaluated for their potential application in lipsticks, lip balms and skin creams.




2. Materials and Methods


2.1. Materials


The marine microalgae Isochrysis was purchased from Necton S.A. (Olhão, Portugal). Alkenones were isolated and purified from the Isochrysis biomass as previously described [8]. Microcrystalline wax, ozokerite, castor oil, triglyceride, isoeicosane, meadowfoam seed oil, lanolin alcohol, candelilla wax, carnauba wax, Red 7, mica pearl white, tocopherol, petrolatum, jojoba oil, almond oil, avocado butter, and xanthan gum were purchased from Making Cosmetics (Snoqualmie, WA, USA). The following ingredients were received as gifts: hexamethyldisiloxane (Dow Corning, Midland, MI, USA); isohexadecane (Presperse, Somerset, NJ, USA); isopropyl stearate (Lubrizol, Wickliffe, OH, USA); C12-15 alkyl benzoate (Phoenix Chemical, Calhoun, GA, USA); ethylhexyl methoxycinnamate and Germaben II (INCI: Propylene glycol, diazolidinyl urea, methylparaben, and propylparaben; Ashland, Covington, KY, USA); propanediol (DuPont Tate & Lyle Bio Products, Loudon, TN, USA); sorbitan oleate, polysorbate 80, and cetyl alcohol (Croda, Edison, NJ, USA), stearic acid (Acme Hardesty, Blue Bell, PA, USA), and glyceryl monostearate (Corbion, Lenexa, KS, USA). All ingredients were of cosmetic grade.




2.2. Methods


2.2.1. Determination of Solubility


Formulating for EfficacyTM (ACT Solutions Corp, Kirkwood, DE, USA), hereinafter referred to as ‘FFE’, is an in silico modeling software used in the cosmetic and personal care and the pharmaceutical industry in formulation design. In this project, FFE was utilized to predict the solubility of alkenones based on Hansen Solubility Parameters (HSPs) in a variety of solvents. Solubility was necessary information for later steps of this study. In order to add ingredients to FFE, we created their simplified molecular-input line-entry system (SMILES), as this information was not available in the published literature or chemical databases (e.g., PubChem). ChemDraw (Release 15.0, CambridgeSoft, Waltham, MA, USA), a molecule editing software, was used to create the SMILES.




2.2.2. Melting Point Determination


Melting point was determined using differential scanning calorimetry (DSC) analysis. Using a Mettler MT 5 microbalance (Mettler Toledo, Columbus, OH, USA), a 6-mg sample was sealed in an aluminum crucible. A pinhole was created on the lid of the crucible to vent gas buildup. DSC was performed at a 10 °C/min ramp from 0–400 °C using a DSC 822e instrument (Mettler Toledo, Columbus, OH, USA) attached to a F25-ME refrigerated/heating circulator (Julabo, Allentown, PA, USA). Nitrogen gas was purged at a rate of 10 mL/min. TA Universal analysis software was used to obtain the scans.




2.2.3. Thickening Capability Test


This test was used to determine how alkenones thicken emollients commonly used in personal care and makeup product formulations.



In order to select comparators for alkenones, a literature search was done on the melting point of various, commonly used waxes. The ones with melting points close to that of the alkenones were tested with the above-mentioned DSC method to confirm the melting range. Two waxes with similar melting ranges, microcrystalline wax and ozokerite, were identified as good comparators. The melting point peak was 69 °C for microcrystalline wax, and 74 °C for ozokerite.



Solvents identified by FFE were used in this test. To evaluate the thickening of the waxes, 9.0 g of solvent was weighed on an analytical balance with an accuracy of 0.001 g into a 25-mL glass beaker. The solvent, while covered with aluminum foil to avoid evaporation, was heated approximately 5 °C above the melting point of the particular wax. When the solvent reached the desired temperature, it was removed from the heat, and 1.0 g of the wax was added to the solvent. Mixing continued until room temperature was reached. The mixture was then reweighed and the evaporated solvent was replaced. The beaker was left covered with a piece of aluminum foil overnight. The stability of the mixture was checked the following day, and if it remained stable, viscosity was measured. Stability was qualitatively assessed based on signs of separation and any visible change in color.



A Brookfield viscometer DV-I (Brookfield Engineering Laboratories, Middleboro, MA, USA) was used with a concentric cylinder spindle (#21) and a small sample adapter to determine the viscosity of the different wax-solvent mixtures. The tests were performed at 21 °C. The spindle was rotated from 0–100 rpm. All measurements were done in triplicate.




2.2.4. Lipstick and Lip Balm Formulation


Based on the melting-point determination, microcrystalline wax and ozokerite were selected to be used as comparators for the alkenones. A lipstick formula (Table 1) and a lip balm formula (Table 2) containing both microcrystalline wax and ozokerite were selected with the purpose that the alkenones would be tested as an alternative for either microcrystalline wax or ozokerite. This way, both the compatibility of the various waxes and the suitability of the alkenones in a lipstick/lip balm formula could be tested.



For the lipstick, phase A was added to a glass beaker and heated to 80 °C to melt the waxes. The pigment dispersion in Phase B was prepared using an EXACT three-roll mill (EXACT Technologies, Inc, Oklahoma City, OK, USA). Ingredients of Phase B were added to melted phase A one-by-one and mixed until the color was uniform. Then the mixture was removed from heat. Phase C was added to phase A/B, and the mixture was poured into a metal lipstick mold while still hot. When settled, the sticks were topped off. The mold then was put into the refrigerator for 15 min. The lipsticks were then removed from the mold and inserted into plastic lipstick cases.



For the lip balm, phase A was heated to 80 °C while mixing until all ingredients were melted. Then the mixture was removed from the heat and phase B was added with mixing until a homogenous mixture was obtained. The mixture was then poured into lip balm tubes.




2.2.5. Cream Formulation


Four oil-in-water (O/W) emulsions were formulated. One contained the alkenones, while the other three were formulated with commonly used waxes as comparators for the alkenones. The comparator waxes were cetyl alcohol, stearic acid, and glyceryl monostearate. The waxes acted as thickeners in the oil phase. The composition of the creams can be found in Table 3.



All four creams were formulated identically. First, water was heated to 80 °C. Xanthan gum was mixed with propanediol to form a slurry. This slurry was added to the water. The oil phase (i.e., phase B) was combined in a separate beaker and heated to 80 °C. When both phases reached the same temperature, the oil phase was added to the water phase with propeller mixing. The emulsion was briefly homogenized, then it was removed from the heat. The emulsion was allowed to cool with continuous propeller stirring, and phase C was added when the emulsion reached 45 °C. The emulsion was allowed to cool to room temperature under continuous mixing. Water loss was checked by weighing the creams and evaporated water was replaced. The emulsion was mixed again and was then homogenized for 10 s. Then, each cream was stored in plastic jars.




2.2.6. Viscosity, Thixotropy, and Rheology


Rheological properties and viscosity of the emulsions were evaluated using a Discovery hybrid rheometer DHR-3 (TA Instruments, New Castle, DE, USA). A 40 mm 2° cone and plate geometry at 25.0 ± 0.1 °C was used to test samples of ~0.8 mL. The shear rates ranged from 0.1–100 s−1 in steady state flow for viscosity and thixotropy measurements. Dynamic viscoelasticity was measured as a function of frequency in the linear viscoelastic region (LVE).



First, the LVE range was determined with an amplitude sweep [24]. The amplitude sweep helps establish the extent of the material’s linearity. Below the critical stress level, the structure is intact, and G’ (storage modulus) and G” (loss modulus) remain constant. Increasing the stress above the critical stress level disrupts the network structure. Above the critical stress, the material’s behavior is non-linear and G’ usually declines. After the LVE was defined, a frequency sweep at an oscillation stress below the critical value was performed. The frequency sweep provides more information about the effect of colloidal forces, type of network structure in the cream and the interactions among droplets [24,25].




2.2.7. Liquid Crystalline Structure


Oleosomes are liquid crystal regions that form around the oil drops in an emulsion [26]. These are multilayers of lamellar liquid crystals surrounding the oil droplets that become randomly distributed as they progress into the continuous phase. The rest of the liquid crystals produce the “gel” phase that is viscoelastic [27].



The creams were observed with a polarized light microscope (Accu-Scope® 3000 LED, Accu-Scope, Commack, NY, USA). For the microscopic evaluation, a small amount of each emulsion was placed on a microscopic slide and quickly covered with a cover slip. The sample was finger pressed to spread and create a cream layer as thin as possible. A 40× objective lens was used with cross polarizers in a bright field to detect birefringence. Detecting optical linear birefringence has been a standard tool in studying the anisotropic properties of materials for nearly two centuries [28]. Birefringence can be detected using a polarized light microscope. The sample is placed between two polarizers oriented with their planes of vibration being mutually perpendicular. When an isotropic sample is placed between crossed polars, the state of the polarization of light is unchanged and in theory, no light is transmitted through the optical system. The light can only be transmitted if the state of polarization is changed, i.e., the sample is birefringent [28]. Oleosomes appear under optical microscopy as “Maltese crosses” [29].




2.2.8. Stability Testing


Stability of the lipsticks, lip balms and creams were monitored at two temperatures, room temperature (25 °C) and an elevated temperature (45 °C) in stability cabinets for 10 weeks. Samples were checked visually at weeks 1, 2, 4, 6, 8, and 10.



Lipsticks and lip balms were assessed in their final containers.



Samples of creams were placed into 1.5-mL centrifuge tubes, and those tubes were placed into stability cabinets.






3. Results and Discussions


3.1. Determination of Solubility and Thickening Capability Test


The three individual alkenones and a mixture of them described by O’Neil et al. [9] were entered into FFE to generate HSPs based on the SMILES. Additionally, FFE was used to calculate the molar volume (MVol), Ingredient-Skin Gap value (ISG), Solubility in Skin (SolS), and LogK. The individual components and the overall alkenones blend had a high MVol (Table 4), which is expected considering the composition of the alkenones (ref. Figure 1). The Ingredient-Skin Gap (ISG) refers to the compatibility of the ingredient with the stratum corneum (i.e., the outer layer of the epidermis). The smaller the ISG is, the more compatible the ingredient is with the stratum corneum and the greater the likelihood the ingredient can penetrate the skin (the MVol also plays an essential role in determining skin penetration) [30]. All three individual alkenones and the mixture are on the higher end of the scale (certain ingredients have an ISG as low as 2). SolS refers to the solubility in the skin, which is estimated from the HSP distance. The alkenones have a low SolS value. A proper formulation strategy can be put together with either lower or higher SolS. LogK refers to the octanol/water partitioning coefficient of an ingredient. LogK is not used in further FFE calculations.



The solubility of alkenones was predicted by FFE in the 53 solvents found in FFE. Solubility predictions were based on the HSPs. Out of solvents deemed “good” by FFE for alkenones, five were selected for the thickening capability test. These five solvents were: hexamethyldisiloxane, isohexadecane, isopropyl isostearate, C12-15 alkyl benzoate, and ethylhexyl methoxycinnamal. Figure S1 shows the Hansen Space of the alkenones, the five emollients, and the skin. All five emollients are located close to the alkenones in the Hansen Space indicating that they are good solvents for the alkenones. The main groups of emollients commonly used in personal care and makeup applications include silicones, hydrocarbons, and esters. We selected a silicone, a hydrocarbon, a light ester and a heavier ester in terms of skin feel. The fifth ingredient selected was a liquid sunscreen (ethylhexyl methoxycinnamal). We selected a sunscreen as a solvent because we wanted to explore the thickening capability of the alkenones in a liquid organic sunscreen.



The alkenones were incompatible with the liquid silicone (hexamethyldisiloxane) and the hydrocarbon (isohexadecane), these solvent-wax mixtures separated into two layers overnight. The alkenones were compatible with the rest of the solvents, and no signs of separation were observed at room temperature within 24 h. Incompatibility may result from a more complex interaction between solvents and waxes. The selected solvents are very different in structure; therefore, it would be predicted that the different waxes interacted differently with the different solvents. We cannot expect to see a general pattern in solvent-wax compatibility due to the possible interactions.



All mixtures had a shear thinning behavior. This is characteristic of microcrystalline wax and ozokerite; therefore, this type of behavior was expected from the alkenones as well. The majority of cosmetic and personal care products are shear thinning; therefore, a wax providing such a behavior is desireable. Viscosity data is shown in Figure 2. When analyzing the viscosity data, a single shear rate (s−1) was selected where we had a reliable reading for all three waxes, and the viscosity was compared at this shear rate in order to put viscosity into perspective.



Again, with the possible interactions between the components, we cannot expect to see a clear pattern for the viscosity values. The alkenones thickened the three solvents in a similar fashion as the other two waxes, and viscosities were comparable. The fact that the alkenones remained stable with the liquid sunscreen, and also that it could thicken the liquid sunscreen effectively is very promising. It has been reported that having a thick and even layer of sunscreen on the skin is essential to provide the claimed SPF [31,32]. The viscosity data indicate that the alkenones were highly effective in thickening the liquid sunscreen (ethylhexyl methoxycinnamate).




3.2. Melting Point Determination


The melting point of the alkenones was within the range of 71.1–77.4 °C. The DSC thermogram exhibited a sharp characteristic endothermic melting peak at 73.8 °C. Examples of waxes commonly used in cosmetic and personal care products include beeswax, candelilla wax, carnauba wax, castor wax, lanolin alcohol, sunflower wax, ozokerite and microcrystalline wax. The melting point of these waxes ranged from 61–89 °C. The alkenones’ melting point range falls into this range, making them a viable candidate as a cosmetic wax.




3.3. Lipstick and Lip Balm Stability


The surface of the lipsticks and lip balms formulated with the alkenones (i.e., Lipsticks 2 and 3, and Lip Balms 2 and 3) was more matte than that of the lipstick and lip balm made without the alkenones (i.e., Lipstick 1 and Lip Balm 1). The matte finish was probably the result of an interaction between the emollients and the wax. If a shiny finish is desired for a lipstick or lip balm, the emollients could be substituted with other types of emollients. In this study, we were not optimizing the formula to a shiny or matte finish; we chose a relatively simple starting formula that contained all the waxes of interest and formulated the products.



The color was uniform for all lipsticks. The various waxes were compatible with one another. The alkenones were compatible with the rest of the ingredients as well, and no visible changes were observed during the course of the stability study.



The lipsticks showed no signs of change at room temperature during the 10 weeks (Table S1). The first sign of instability was observed at Week 4 at an elevated temperature when Lipstick 1 and 2 had signs of sweating. Sweating is a quality problem when oil droplets appear on the surface of the stick. The cause of the problem may be an incompatibility between individual ingredients in the formulation, imbalanced composition such as high oil content, or inferior oil-blending capacity of the wax composition [33,34]. At Week 10, at high temperature, Lipsticks 1 and 2 were considered unstable as they had signs of severe sweating. Lipstick 3 showed no signs of sweating, even at Week 10 at elevated temperature, making it the most resistant formulation to high temperature.



For the lip balms, the first signs of a slight change were observed at Week 2. Lip Balm 2 (i.e., made with microcrystalline wax and the alkenones) was softer than the other two balms at 25 °C and was extremely soft, especially at the center of the balm, at 45 °C. This softness was considered a sign of instability. A lip balm that cannot hold its shape at room temperature and higher temperature is unlikely to pass quality testing. When twisting the lip balm upwards, as one would do to apply the lip balm to the lips, the balm did not hold its shape; it was a semi-solid greasy mass. Lip balms are expected to have a certain hardness and resistance to higher temperature in case they are left at elevated temperature, e.g., in the car in the summertime. This behavior of Lip Balm 2 can be explained with the melting point of the waxes. The melting point peak is 68.8 °C for microcrystalline wax, 73.8 °C for the alkenones, and 74.2 °C for ozokerite (measured in-house with the above-described DSC method). The combination of the two lower melting point waxes resulted in a softer product. The difference between the melting point peak of ozokerite and alkenones may be viewed as not significant, as it is less than 1 °C, but the change in product hardness is noticeable. When looking at product hardness, not only the waxes but the interaction among all ingredients should be taken into account, as an interaction may modify product softness [35]. At elevated temperature, all lip balms were softer starting at Week 1. Higher temperature softens the consistency of the waxes and butters used in the lip balms, making the lip balms softer. These lip balms would probably regain their original hardness if taken out of the stability cabinet and allowed to cool to room temperature.



Overall, the stability of the lipsticks and lip balms made with the alkenones was comparable to that of the lipstick and lip balm made without the alkenones. During formulation and stability testing, the sticks and balms were identical and had similar qualities.




3.4. Viscosity, Thixotropy and Rheology


All four creams were opaque/white. The viscosity of each sample is reported at two shear rates (s−1) in Table 5. The two selected shear rates were 1 and 100 s−1, they represent a low shear and a high shear application, respectively, i.e., when a cream is applied to the skin. The viscosity varied more than 10-fold. All four creams contained the same emulsifier system, a combination of polysorbate 80, a nonionic emulsifier with a high HLB value (HLB: 15.0), and sorbitan oleate, a nonionic emulsifier with a low HLB value (HLB: 4.3). As both emulsifiers were liquid ingredients, they did not thicken the emulsions. Differences in flow and viscosity between different creams were due to the different waxes and their ability to thicken the emulsions.



All four creams were shear-thinning, as is expected for a cosmetic lotion/cream (Figure 3a). A Power Law model (Viscosity = k × shear raten) fits well for all four creams (using viscosity measurements with increasing shear rate, which is discussed below). Cream 1 had the lowest viscosity, Cream 2 and Cream 3 had very similar viscosities, and Cream 4 had the highest viscosity, which agrees with the k parameter of the Power Law model (Table 5). The shear thinning index, n, varied from 0.14–0.26, which is similar to other personal care products [36,37,38].



Certain creams were thixotropic as well. Thixotropic materials lose structure during shear, which may rebuild upon standing [39]. This behavior is a key factor in the ability of a cosmetic cream to be easily applied to a surface (through structure breakdown in spreading) and then rebuild its structure and viscosity, preventing it from dripping and running after application. To determine whether any of the samples were thixotropic, viscosity was plotted for increasing and decreasing shear rate (Figure 3b). Differences between the up and down curves indicates the extent of the thixotropy. Cream 1—made with the alkenones—was shear-thinning without being thixotropic. The area between the two curves increased in the following order: Cream 2 < Cream 3 < Cream 4. The largest difference in viscosity at 1 s−1 was measured for Cream 4 as 11,500 cP or 60% decrease. Thixotropy was related to the wax. The alkenones did not provide any thixotropic property to Cream 1; however, when combined with another wax, thixotropy could be built into the product, if desired.



During the viscoelastic measurements, the sample is not rotated, but an oscillation shear flow is applied. Oscillatory flow may be considered a non-destructive test. G’ describes the elastic behavior of a sample, while G” represents the viscous portion. If G’ is above G”, samples show more elastic or gel-like behavior. In the case of all four creams, G’ > G”, indicating that the formulations were more elastic than viscous, i.e., the creams were gel-like. Cream 4 had the highest G’. Creams exhibiting G’ greater than G’’ may be more stable than formulations with G’’ values higher than G’ since they can recover their structure faster and more efficiently and are less susceptible to gravitational forces that can lead to phase separation of emulsions [40].



An almost constant value of G’ and G” was observed over the entire frequency range with the value of G’ exceeding that of G”. Frequency independence of G’ and G” indicates gel-like behavior for the creams. Overall, both viscosity and G’ increased in the same order: Cream 1 < Cream 2 < Cream 3 < Cream 4 (Table 5).




3.5. Liquid Crystalline Structure


The formation of the liquid crystal structure is the result of an ordered arrangement of the emulsifier, oil and wax molecules at the oil-water interface. The stability of cosmetic emulsions can be increased by forming liquid crystals in the continuous phase.



Birefringence was detected in Creams 2–4. No birefringence was observed for Cream 1, suggesting that the alkenones did not produce any liquid crystal structure at the water-oil interface. Fatty acids such as cetyl alcohol and stearic acid are known to form liquid crystalline structures [41]. The alkenones most likely stayed in the oil phase, unlike the other waxes, which migrated to the water-oil interface.




3.6. Cream Stability


The stability of the samples was evaluated for ten weeks or until any irreversible change was noticed. All samples remained stable at room temperature without any physical signs of instability for ten weeks. At the higher temperature, Cream 1 started to show signs of a reversible separation (creaming) very early in the stability test. Cream 2 started showing signs of creaming at Week 2. Creams 3 and 4 showed irreversible separation at the higher temperature at Week 2, and were therefore considered unstable.





4. Conclusions


To evaluate how alkenones compared to commonly used waxes, this bio-derived wax was physically characterized and tested for cosmetic and a personal care applications.



Our results indicate that the alkenones are promising ingredients for lip products. The melting point of the alkenones is similar to that of commonly used waxes for lip balms and lipsticks. Lipsticks and lip balms prepared with the alkenones remained stable at room temperature for 10 weeks, and at the elevated temperature, they showed similar signs of instability as the lipsticks made without the alkenones. Lip products formulated with the alkenones were more matte than the products formulated without the alkenones. The final product’s finish could be changed by selecting other emollients. Our goal was to evaluate whether a lipstick and lip balm could be successfully formulated with the alkenones. Product optimization was not pursued. We believe that the lip makeup application area should be further investigated more objectively than in the current, qualitative study. Performing stick hardness and breaking strength studies could confirm the great potential of the alkenones for this area with quantitative results.



The alkenones had an acceptable performance in emulsions. They did not thicken the emulsions to the same extent as the comparator waxes (i.e., cetyl alcohol, stearic acid and glyceryl monostearate). In terms of viscoelastic behavior, Cream 1 made with the alkenones had a similar rheology as Creams 2–4 (made without the alkenones). A very important characteristic of a successful formulation is product stability. All creams were stable at room temperature for ten weeks, while at elevated temperature Cream 1 was more stable than Creams 3–4.



As a future study, we suggest that the alkenones are studied in more detail for sunscreen applications. Waxes are commonly used in sunscreens to thicken products. The alkenones formed a stable mix with the liquid organic sunscreen and thickened the sunscreen quite well.



In summary, our results suggest that the alkenones can be a great green choice as a structuring agent for lip products and also for creams, when combined with other waxes.
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Figure 1. (a) Structures of a common alkenone, i.e., 37:2 methyl alkenone, produced by Isochyrsis sp., and a common fatty acid, i.e., 18:2 linoleic acid. Nomenclature for both is # of carbons:# of double bonds; however, note that the configuration and separation of double bonds are different. (b) Alkenones wax. 
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Figure 2. Viscosity of wax-emollient mixtures 24 h after formulation (average ± SD). Viscosities are compared at 9.3 s−1 for emollients 1–4, and at 0.93 s−1 for emollient 5. MW: microcrystalline wax, O: ozokerite, A: alkenones. 
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Figure 3. (a) Viscosity-shear rate data and power law model fitting for the four creams. (b) Viscosity-shear rate data showing the extent of thixotropy in the four creams. 
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Table 1. Lipstick formulas.
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	INCI Name
	Lipstick 1

% (w/w)
	Lipstick 2

% (w/w)
	Lipstick 3

% (w/w)





	Phase A
	
	
	



	Castor oil
	25.8
	25.8
	25.8



	Triglyceride
	16.0
	16.0
	16.0



	Isoeicosane
	17.0
	17.0
	17.0



	Meadowfoam seed oil
	5.0
	5.0
	5.0



	Lanolin alcohol
	5.0
	5.0
	5.0



	Microcrystalline wax
	2.0
	2.0
	-



	Ozokerite wax
	5.0
	-
	5.0



	Alkenone wax
	-
	5.0
	2.0



	Candelilla wax
	7.0
	7.0
	7.0



	Carnauba wax
	3.0
	3.0
	3.0



	Phase B
	
	
	



	Red 7 (and) castor oil
	2.0
	2.0
	2.0



	Mica pearl white
	11.0
	11.0
	11.0



	Phase C
	
	
	



	Tocopherol
	0.2
	0.2
	0.2



	Propylene glycol (and) diazolidinyl urea (and) methylparaben (and) propylparaben
	1.0
	1.0
	1.0










[image: Table] 





Table 2. Lip balm formulas.
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	INCI Name
	Lip Balm 1

% (w/w)
	Lip Balm 2

% (w/w)
	Lip Balm 3

% (w/w)





	Phase A
	
	
	



	Petrolatum
	45.5
	45.5
	45.5



	Jojoba oil
	22.0
	22.0
	22.0



	Almond oil
	13.0
	13.0
	13.0



	Microcrystalline wax
	8.0
	8.0
	-



	Ozokerite
	8.0
	-
	8.0



	Alkenones
	-
	8.0
	8.0



	Avocado butter
	3.0
	3.0
	3.0



	Phase B
	
	
	



	Tocopherol
	0.5
	0.5
	0.5
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Table 3. Cream formulas.
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	INCI Name
	Cream 1

% (w/w)
	Cream 2

% (w/w)
	Cream 3

% (w/w)
	Cream 4

% (w/w)





	Phase A
	
	
	
	



	Water
	68.8
	68.8
	68.8
	68.8



	Propanediol
	5
	5
	5
	5



	Xanthan gum
	0.2
	0.2
	0.2
	0.2



	Phase B
	
	
	
	



	Isopropyl isostearate
	15
	15
	15
	15



	Alkenones
	5
	-
	-
	-



	Cetyl alcohol
	-
	5
	-
	-



	Stearic acid
	-
	-
	5
	-



	Glyceryl monostearate
	-
	-
	-
	5



	Sorbitan oleate
	1.5
	1.5
	1.5
	1.5



	Polysorbate 80
	3.5
	3.5
	3.5
	3.5



	Phase C
	
	
	
	



	Propylene glycol (and) Diazolidinyl urea (and) Methyl paraben (and) Propyl paraben
	1
	1
	1
	1
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Table 4. Parameters calculated by Formulating for EfficacyTM.
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	Ingredient
	δD
	δP
	δH
	MVol
	ISG
	SolS
	LogK





	37:3 methyl alkenone
	16.3
	0.6
	2.5
	613
	57.2
	0.3
	16.81



	37:2 methyl alkenone
	16.2
	0.7
	2.2
	621
	58.8
	0.3
	15.83



	38:2 ethyl alkenone
	16.1
	0.8
	2.2
	638
	60.1
	0.3
	16.27



	Mixture combined according to [9]
	16.2
	0.7
	2.3
	622
	58.5
	0.3
	-
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Table 5. Viscosity and storage modulus (average ± SD) of the creams at room temperature.
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	Sample
	Viscosity at 1 s−1 (cP)
	Viscosity at 100 s−1 (cP)
	G’ at 10 rad/s (Pa)





	Cream 1
	1470 ± 10
	54 ± 1
	11 ± 1



	Cream 2
	6950 ± 110
	147 ± 1
	45 ± 10



	Cream 3
	8460 ± 570
	169 ± 1
	1560 ± 1100



	Cream 4
	19,400 ± 2500
	400 ± 10
	4710 ± 4300











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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