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Abstract

:

Liposomes are self-assembled spherical systems composed of amphiphilic phospholipids. They can be used as carriers of both hydrophobic and hydrophilic substances, such as the anti-aging and wound-healing copper-binding peptide, GHK-Cu (glycyl-L-histidyl-L-lysine). Anionic (AL) and cationic (CL) hydrogenated lecithin-based liposomes were obtained as GHK-Cu skin delivery systems using the thin-film hydration method combined with freeze–thaw cycles and the extrusion process. The influence of total lipid content, lipid composition and GHK-Cu concentration on the physicochemical properties of liposomes was studied. The lipid bilayer fluidity and the peptide encapsulation efficiency (EE) were also determined. Moreover, in vitro assays of tyrosinase and elastase inhibition were performed. Stable GHK-Cu-loaded liposome systems of small sizes (approx. 100 nm) were obtained. The bilayer fluidity was higher in the case of cationic liposomes. As the best carriers, 25 mg/cm3 CL and AL hydrated with 0.5 mg/cm3 GHK-Cu were selected with EE of 31.7 ± 0.9% and 20.0 ± 2.8%, respectively. The obtained results confirmed that the liposomes can be used as carriers for biomimetic peptides such as copper-binding peptide and that the GHK-Cu did not significantly affect the tyrosinase activity but led to 48.90 ± 2.50% elastase inhibition, thus reducing the rate of elastin degeneration and supporting the structural integrity of the skin.
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1. Introduction


Biomimetic peptides are a group of very effective biocompatible raw materials, consisting of short chain amino acid sequences. They may be of synthetic or natural origin and can even be isolated from venomous animals [1]. According to the mechanism of the activity of the peptides, they can be divided into several groups: signal peptides—stimulating cellular processes of collagen production increase; carrier peptides—delivering trace elements, such as copper or manganese, involved in enzymatic reactions; and neurotransmitter-affecting peptides—reduce wrinkles via their Botox-like muscular relaxation [2,3,4,5]. One of the most popular peptides, currently widely used in skin and hair products is copper-binding tripeptide (GHK-Cu) [6,7]. It is a highly hydrophilic peptide that consists of three amino acids: glycine, histidine and lysine (Gly-His-Lys or GHK), with copper cations binding ability. GHK tripeptide has been found in human serum and plasma [8,9]. The amount of copper found ex vivo in human stratum corneum and the epidermis itself has been considered to be significant [10]. Copper tripeptide is capable of skin penetration and acting as a delivery system for metal cations, and it can be used in patch technology for anti-inflammatory therapy. GHK peptide as a complexing agent for copper ions increases the permeation rates of Cu2+, presumably accelerating the migration of copper ions through lipophilic stratum corneum [11]. GHK-Cu is known for lowering the healing time of damaged skin; it is capable of modulating matrix metalloproteinases expressions that are crucial for the healing process [12]. Moreover, the tripeptide increases collagen, elastin and glycosaminoglycan synthesis and supports the function of dermal fibroblasts [13]. The collagen IV synthesis may also be increased through the use of the GHK-Cu and hyaluronic acid (HA) combination [14].



Since peptides are hydrophilic molecules; they have difficulty crossing through the external skin layer (stratum corneum) [15]. In order to improve the permeability of molecules and thereby increase the therapeutic effect of the cooper binding tripeptide, as well as other hydrophilic peptides, various techniques can be used [16,17]. The modification of the GHK peptide behaviour by changing its polarity is achieved through the addition of hydrophobic acyl moieties, e.g., hexanoyl, myristoyl or decanoyl [18]. The palmitoyl form of GHK is frequently used in anti-aging cosmetics [19]. Moreover, to improve permeability of the active ingredients, their encapsulation in delivery systems such nanoemulsions, solid lipid nanoparticles, nanostructured lipid carriers and nanocapsules is used [20]. Currently, one of the most popular skin-delivery systems are liposomes, which are spherical carriers consisting of an aqueous core surrounded by a phospholipid bilayer. Liposomes are biocompatible, biodegradable, non-toxic and non-immunogenic carriers, and they are both hydrophilic and hydrophobic by nature [21,22,23,24,25]. An additional advantage of these phospholipid vesicles is the possibility of the structural modification of their membranes using sterols [26], polymers [27], proteins [28] or sugars [29]. The liposomal systems can be prepared by various methods, including thin-film hydration [30], microfluidics [31], reverse phase evaporation [32] and ethanol injection [33].



In the case of GHK-Cu, only two studies deal with the encapsulation of the tripeptide in liposomes [34,35]. S. Erdem et al. [34] studied the properties of GHK-Cu-loaded liposomes. They applied a thin-film hydration (TFH) method with subsequent sonication to obtain the lipid carriers based on dipalmitoylphosphatidylcholine (DPPC) or soybean lecithin. X. Wang et al. also used the lipid film hydration method, supported by ultrasonic homogenization and extrusion to prepare liposomes [35]. However, their research showed that the peptide encapsulation efficiency was not high, and the role of various factors on the efficiency of peptide encapsulation was not sufficiently explained.



In our work, the potential use of both cationic and anionic hydrogenated lecithin-based liposomes as carriers of GHK-Cu tripeptide was studied. The influence of the qualitative and quantitative composition of lipids and GHK-Cu concentration on the liposome properties were investigated. The liposomes were prepared using the thin-film hydration method but were combined with freeze–thaw cycles and the extrusion process.




2. Materials and Methods


2.1. Materials


The copper tripeptide (SpecPed-GCu11P, Spec-Chem Industry Inc., Nanjing, China) was of cosmetic grade and was kindly supplied by Alfa Sagittarius (Kraków, Poland). Hydrogenated lecithin (Emulmetik 950, Lucas Meyer Cosmetics, Massy, France) was kindly supplied by Naturallia Sp. z o.o. (Brzeg, Poland). Dicetyl phosphate, N-Succinyl-Ala-Ala-Ala-p-nitroanilide, elastase from porcine pancreas, mushroom tyrosinase and L-DOPA were all purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Stearylamine (97%) and cholesterol (95%) were purchased from Alfa Aesar (Thermo Fisher (Kandel) GmbH, Kandel, Germany). From Pol-Aura (Zawroty, Poland), 0.1 M Tris-HCl buffer was purchased. All other chemicals, such as potassium dihydrogen phosphate (POCh, Gliwice, Poland), sodium hydrogen phosphate (POCh), methanol (Chempur, Piekary Śląskie, Poland) and acetonitrile (Chempur), were of analytical grade. Spectra/Por 1 regenerated cellulose membrane with a 6–8 kDa molecular weight cut-off (MWCO), which was used in the microdialysis tests, was purchased from Spectrum Laboratories Inc., (DG Breda, The Netherlands). The deionized water used in all formulations was additionally filtered through a Milli-Q system.




2.2. Preparation of Empty and GHK-Cu-Loaded Liposomes


Liposomes were prepared using the thin-film hydration method. Appropriate amounts of lipids (lecithin, cholesterol and dicetyl phosphate (DCP) or stearylamine (SA) for anionic and cationic carriers, respectively) were dissolved in chloroform. The solvent was then removed using a rotary evaporator under reduced pressure at 45 °C and at 60 RPM for 20 min. The resulting lipid film was hydrated with a phosphate buffer solution (PBS) at pH = 6.00 for empty liposomes or with a GHK-Cu solution in the PBS at various concentrations (1 mg/cm3, 5 mg/cm3 or 10 mg/cm3) for peptide-loaded liposomes. The total amount of the hydrating solution was added to the lipid film, and the process was carried out for 5 min at 260 RPM in a water bath (70 °C). The total lipid concentration in the prepared formulations was 10, 25 or 50 mg/cm3. Cholesterol was used to potentially reduce the solutes’ permeability through the lipid bilayer. The lecithin-to-cholesterol weight ratio was kept constant at 14:1 for all samples in order to obtain high stability of the liposomes [36]. The obtained crude liposomes were subjected to five freeze–thaw cycles in liquid nitrogen and then extruded six times (twelve passes) through a polycarbonate membrane with 100-nm pore diameter using a hand-held Avanti mini extruder (Avanti Polar Lipids Inc. Alabaster, AL, USA). The liposomes were then stored at room temperature. The compositions of the prepared anionic (AL) and cationic (CL) formulations are shown in Table 1.




2.3. The Physicochemical Properties of Liposomes


2.3.1. Size Analysis of Prepared Liposomes


The hydrodynamic diameter and size distribution, expressed as the polydispersity index (PDI) of the prepared vesicles, was measured using the dynamic light scattering (DLS) method by Malvern Zetasizer Nano ZS apparatus (Malvern Panalytical Ltd., Malvern, UK). The Helmholtz–Smoluchowski equation was used for the calculation of the zeta potential. The measurements were performed at 25 °C and repeated three times for each sample. All of these parameters were tested over a period of four weeks every seven days to determine the stability of the liposomes. During the stability tests, liposomes were stored at room temperature (20–25 °C). The temperature conditions were chosen due to the potential cosmetic application of liposomes, which requires their stability at room temperature [37].




2.3.2. Transmission Electron Microscopy (TEM) Imaging of Liposomes


TEM analysis of the liposomes was conducted in order to confirm their size and shape. A volume of 5 µL of the liposome dispersion was applied on Formvar film-coated copper grids. Measurements were performed using a JEOL JEM 2100 HT (Jeol Ltd., Tokyo, Japan) transmission electron microscope under the accelerating voltage of 80 kV. Images of liposomes were taken using a 4 k × 4 k camera (TVIPS) equipped with EMMENU software ver. 4.0.9.87 (TVIPS GmbH, Gauting, Germany).




2.3.3. The Fluidity of the Vesicle Bilayer


Fluorescence anisotropy assay using 1,6-diphenyl-1,3,5-hexatriene (DPH) as a probe was applied in order to characterize and compare the fluidity of the lipid bilayer of the anionic and cationic liposomes [38]. DPH in a methanol:chloroform (1:1, v/v) solution was introduced into the mixture of lipids dissolved in chloroform and liposomes were then prepared according to the previously described procedure. The samples were excited with vertically polarized light (λ = 350 nm) in order to measure the intensity of the light emitted perpendicular and parallel to the excitation beam at 428 nm. Measurements were performed using a Hitachi F-7100 spectrofluorometer. The following equation (Equation (1)) was used to calculate the fluorescence anisotropy (r):


  r =     I   V V   −   G I   V H       I   V V   +   2 G I   V H     ,  



(1)




where G is the correction factor (G = IHV/IHH); and IHV and IHH are the fluorescence intensities measured in the horizontal (H) or vertical (V) orientation of the emission beam polarizer in relation to the horizontally oriented polarizer of the excitation beam.




2.3.4. Encapsulation Efficiency (EE) of GHK-Cu in Liposomes


The peptide encapsulation efficiency in liposomes was determined using the microdialysis method [39,40,41,42,43,44]. In order to separate the liposomes from the solution containing non-encapsulated actives, a regenerated cellulose membrane with a MWCO of 6–8 kDa (Spectra/Por) was used. The membrane was rinsed three times with distilled water and then immersed in a phosphate buffer (PBS) of pH = 6.00 for one hour to allow it to fully hydrate with the target medium. The samples of liposome dispersion (1 cm3) were poured into a dialysis bag and placed in a thermostatic dialysis chamber containing the PBS (100 cm3) for four hours at room temperature. The amount of unencapsulated GHK-Cu which diffused into the solution was determined via HPLC (Agilent 1100, Agilent Technologies, Inc., Santa Clara, CA, USA) using a UV-Vis detector at a wavelength of 220 nm using a 0.2% trifluoroacetic acid solution (TFA) and the ODS C18 column (Keystone Scientific, Inc. New Orleans, LA, USA). As a reference, a 0.5 mg/cm3 peptide solution in PBS was dialyzed to analyze the amount of GHK-Cu which could be transported across the membrane using the same conditions as for the liposome samples. EE was calculated using the following Equation (2):


  E E =   T D − U D   T D   × 100 %  



(2)




where TD—total peptide concentration; UD—unencapsulated peptide concentration.




2.3.5. Release Kinetics of GHK-Cu Tripeptide from Liposomal Dispersions


The release study of GHK-Cu tripeptide was performed via the dialysis method according to our previous work [45]. An appropriate amount of liposome dispersions was placed in the dialysis bags which were sealed and put in the thermostated chambers filled with receptor solution (PBS, pH = 7.4) at 32 ± 0.5 °C. Sink conditions were provided during the dialysis. The samples were collected and analyzed for 24 h. The concentration of the released tripeptide in the receptor medium was analyzed using HPLC (details of the chromatographic analysis are described in Section 2.3.4). The amount of the released actives from the formulations was expressed as the ratio of the quantity of the released substance to the total amount of the incorporated compound as a function of time. Three mathematical models were used to analyze the obtained results: zero order [46], Higuchi [47,48] and Korsmeyer–Peppas [49,50].





2.4. Tyrosinase Inhibition Assay


To determine the influence of GHK-Cu on tyrosinase activity, the following protocol [51] was used. A solution containing 100 mM sodium phosphate of pH = 6.5, 2 mM L-DOPA and 0.5 mg/cm3 of aqueous GHK-Cu solution or water was used for the analysis for the peptide sample or reference sample, respectively. The concentration of the peptide solution was identical to that used in the liposomes. The reaction was started by adding 0.2 mg/cm3 of tyrosinase solution. The mushroom tyrosinase was used in the study. Changes in the absorbance associated with the formation of dopachrome were measured at 475 nm using a spectrophotometer (Nanocolor UV/Vis, MACHEREY-NAGEL GmbH & Co. KG, Dueren, Germany). The final result was calculated as an average of three measurements. Tyrosinase inhibition (IT) is expressed via the following Equation (3):


    I   T   =   A R − A S   A R   × 100 % ,  



(3)




where AR—absorbance of the reference sample: AS—absorbance of the peptide-containing sample.




2.5. Elastase Inhibition Assay


In order to determine the effect of the GHK-Cu peptide on the inhibition of the elastin degradation process, activity tests against pancreatic porcine elastase were performed. Elastase from porcine pancreas was dissolved in a 0.1 M Tris-HCl buffer (pH = 8.00) to provide a working solution of 10 μg/mL. In a similar manner, a 1 mM solution of N-succinyl-Ala-Ala-Ala-p-nitroanilide (substrate) was obtained. Additionally, 25 μL of a 0.1 M Tris-HCl buffer, 25 μL of an elastase solution and 25 μL of a peptide or Tris-HCl solution (for reference assay) were added to each well of the plate. The mixture was incubated in the dark at 25 °C for 15 min. Then, 100 μL of substrate solution or 100 μL of Tris-HCl buffer was added. The samples were incubated for fifteen minutes at 37 °C. Measurements were made after thirty minutes using the Infinite F/M 200 Pro Nanoquant plate reader, measuring the absorbance at 405 nm. The peptide concentration was 0.5 mg/cm3.



The percentage elastase inhibition was determined using the following Equation (4):


    I   E   =     A R − A B   − ( A S − A B S )   A R − A B   × 100 % ,  



(4)




where AR—absorbance of the reference sample; AB—absorbance of the blank; AS—absorbance of the peptide-containing sample; ABS—absorbance of the blank sample.




2.6. The Cytotoxicity Study


In order to evaluate the potential cytotoxicity of copper tripeptide in the “free” form and encapsulated in anionic liposomes, evaluation of cell viability was determined using an EpiDerm-200-reconstructed human epidermis model (RHE) [52]. The applied procedure was described in detail by Malinowska et al. [53]. Sodium dodecyl sulfate and phosphate buffer solution were used as a positive and negative control, respectively. The relative cells viability was calculated using the following Equation (5):


  R V =     A   T S       A   N C     × 100 % ,  



(5)




where ATS—absorbance of the tested sample; ANC—absorbance of the negative control.





3. Results and Discussion


3.1. The Physicochemical Properties and Stability of Liposomes


In this work, liposomes based on hydrogenated lecithin as a source of phospholipids were prepared using a phosphate buffer of pH = 6.00 as the hydrating medium. This slightly acidic value was chosen in order to ensure the greater stability of the carriers in the formulation due to subsequent purpose of the liposome dispersion in cosmetic formulation with a pH suitable for human skin [54].



In order to determine the best lipid composition of the carriers for further testing, samples of cationic liposomes containing stearylamine as the charge-introducing agent at concentrations of 7%, 10% and 15% wt. and anionic liposomes containing dicetyl phosphate at concentrations of 5%, 7%, 10% and 15% wt. were prepared. The effects of SA and DCP concentrations on the properties of liposomes are presented in Table 2.



Large unilamellar vesicles (LUV) were obtained. The data presented in Table 2 show that all prepared liposomes were characterized by their sizes on the nanometric scale (oscillating around 100 nm) and very low polydispersity. The small size of the liposomes is advantageous in terms of improving transport across the epidermis and delivering the peptide to the deeper layers of the skin [55]. There was no important effect of SA and DCP concentration on the diameter of the liposomes; however, the cationic liposomes were slightly larger than the anionic liposomes (by around 30 nm). This phenomenon was also observed by Z. Németh et al. [56]. X. Wang et al. described GHK-Cu liposomes prepared using a similar procedure resulting in 117.2 nm vesicles and high homogeneity [35]. The size of the liposomes affects their ability to transport the active ingredient into the skin [57]. The use of the extrusion method through a 100-nm membrane allowed us to obtain a dispersion with small particle sizes [34].



The TEM imaging (Figure 1) of the prepared carriers showed that they represent the shape of nanospheres with dimensions corresponding to DLS measurements (Table 2). There is no significant difference between the liposomes obtained through the two techniques. A set of homogeneous particles can be observed in the case of the application of both methods. Moreover, it can be seen that the morphology of cationic and anionic liposomes is congenial.



The obtained results confirm that the introduction of a charge onto the surface of the liposomes, which causes electrostatic repulsion, increases the stability of the system and prevents the aggregation of the dispersed particles. The results of measuring the liposome zeta potential prove their stability (the value of ±30 mV is considered sufficient to ensure the dispersion stability [58,59]). As shown in Table 2, the zeta potential decreased from −25.3 ± 0.5 mV for 5% DCP to −40.5 ± 2.1 mV for 15% DCP with increasing DCP concentration. In the case of the cationic liposomes, the increase in SA concentration caused only a slight decrease in the value of the zeta potential from 48.8 ± 1.9 mV to 42.3 ± 1.8 mV for 7 and 15% SA, respectively. The samples with the highest absolute zeta potential values (with highest stability), i.e., those containing 15% DCP for anionic liposomes and 7% SA for cationic carriers, were selected for further tests.



Amino acids and peptides, due to their amphoteric nature, can influence the physicochemical parameters of the carriers in which they are encapsulated, thus changing their stability [60]. Table 3 shows the effect of the tripeptide concentration on the properties of the liposomes. The concentration of GHK-Cu in the PBS used for lipid film hydration was 1, 5 and 10 mg/cm3. It was observed that with the increase in the peptide concentration, the absolute value of the zeta potential decreased for both anionic and cationic liposomes, but no significant influence of the concentration of the active substance on the size of the liposomes was noted. It is probably caused by the extrusion process. The pore size of the membrane used was 100 nm. The best samples in terms of the appropriate (greater than ±30 mV) zeta potential value were obtained in the case of the lipid film hydration with a solution containing 5 mg/cm3 of GHK-Cu for both types of liposomes. The use of a higher concentration of the active compound may shift the equilibrium state of the encapsulation process and increase its total amount inside the carriers; however, further tests of liposomes hydrated with a peptide solution of a higher concentration (10 mg/cm3) were abandoned due to their low zeta potential value (−28.4 ± 1.2 mV).



The stability of the copper tripeptide-loaded and unloaded carriers was evaluated by monitoring the size and zeta potential over the course of four weeks. Low values of polydispersity index (PDI) and high absolute values of zeta potential suggest that the liposomes are stable and do not undergo aggregation (Table 3). It was observed that during storage time, in the cases of both anionic and cationic vesicles, there were no significant differences in the average vesicle sizes; only in the case of the AL-DCP-15-GHK-10 was there a gradual, steady increase in liposomes diameter, which was probably an effect of the aggregation (Figure 2). In this case, the value of the zeta potential (−28.4 ± 1.2 mV) also indicates the low stability of the sample.



The fluidity of the lipid bilayer is an important parameter of liposomes, which affects the release of active substances from the phospholipid systems and the ability to retain them inside the carrier as well as the skin permeation [61,62]. The steady-state fluorescence anisotropy measurements results, using DPH as the fluorescent probe, are presented in Table 4.



It is evident that anionic liposomes (AL-DCP-15) were characterized by an almost three times higher value of fluorescence anisotropy (0.165) than in the case of the cationic liposomes (0.059). This indicates greater stiffness of the lipid bilayer of anionic liposomes [63,64,65]. This may be due to the stronger effect of increasing the phase transition temperature in the case of DCP than in SA [66,67].




3.2. Encapsulation Efficiency of GHK-Cu in Liposomes


Due to their unique structure, liposomes are potential carriers for peptides; however, achieving very high EE is difficult. Both liposome concentration and the affinity of the peptide to the core of the carriers influence the efficiency of the encapsulation. In the study, different lipid compositions and concentration levels were used to achieve the highest GHK-Cu encapsulation. Additionally, to increase copper tripeptide EE in the liposome systems, five freeze–thaw cycles in liquid nitrogen were used as a step in the TFH/extrusion preparation method. This technique allows the actives to diffuse into the liposome structure by destroying the phospholipid bilayer [68,69,70,71,72,73].



The results of the study of GHK-Cu encapsulation efficiency in the prepared liposome systems are presented in Table 5. The data show the effect of the total lipid composition and the cooper tripeptide concentration in the hydrating solution on the EE.



In the case of anionic liposomes, for the peptide concentration of 0.5 mg/cm3, an almost twofold increase was observed in the encapsulation efficiency from 17.3% to 31.7% with an increase in the lipid concentration from 10 to 25 mg/cm3. This corresponds with the number of liposomes formed and thus the space available for entrapment of the active ingredient. This aspect is dominant; the encapsulation volume of the liposomes is practically identical in all samples because of their size homogeneity. However, further increasing the lipid concentration to 50 mg/cm3 did not bring the expected increases in EE, which is observed as a plateau. These results are in agreement with the results of X. Xu et al. [71]. At a high concentration of lipids, the liposome dispersion became a highly viscous jelly-like form preventing the peptide solution from flowing into the interior of the carrier. In the case of cationic liposomes, with a lipid concentration of 25 mg/cm3, an EE of 20.0 ± 2.8% was obtained. This is a significant, approx. 1.6-fold reduction in the EE value in relation to the anionic liposomes. The observed phenomenon can be explained by the different strength of interaction between the oppositely charged types of carriers and the active substance under the given conditions. The isoelectric point value (pI) is an important parameter for amphoteric substances (like peptides). The value of pI for GHK-Cu (10.06) was calculated using the online calculator developed by Kozlowski [74]. At pH = 6.00, the peptide is in the cationic form and is probably more attracted to liposomes of an anionic nature, thus increasing the EE. The higher EE value may therefore also be the result of the additional adsorption of the peptide on the surface of the nanoparticle and not only its presence in the liposome core [75]. This also explains the lower EE values for the cationic liposomes. Due to this effect, it is also possible to obtain higher concentrations of the peptide inside the electrically charged carrier than in the case of neutral liposomes, where there would be no interaction favoring encapsulation [76,77,78]. S. Erdem et al. [34] using DPPC or soy lecithin and cholesterol, obtained similar efficiencies of copper tripeptide encapsulation in liposomes at levels of 27% and 33%, respectively. However, the ratio of total lipid concentration (10 mg/cm3) to peptide concentration (0.06 mg/cm3) is approximately 3.3 times higher than that of our liposomes, meaning they are less efficient at encapsulating the same amount of active ingredient than the carriers obtained in this work. The reason for this may be an additional freeze–thaw step, increasing EE and the use of extrusion, as well as the uniformity of vesicle sizes.



Increasing the concentration of the tripeptide in the hydrating medium from 0.5 to 5 mg/cm3 resulted in a significant 1.8- and 2.9-fold decrease in the encapsulation efficiency for anionic and cationic liposomes, respectively. This may be explained by the equilibrium between the peptide concentration inside and outside of the liposomes. However, at the same time, the absolute amount of GHK-Cu in a unit volume of the liposomal dispersion is about 5.5 and 3.5 times higher for anionic and cationic carriers, respectively, which is the result of an unequal EE change in response to the total peptide concentration. An example of this is the fact that for anionic liposomes, a 10-fold increase in the peptide concentration causes only about a 1.8-fold decrease in EE. Thus, in order to ensure the highest efficiency of a peptide in a cosmetic formulation, using carriers with a lipid concentration of 25 mg/cm3 hydrated with 0.5 mg/cm3 GHK-Cu solution is preferred. According to research [79], the increase in the production of collagen and elastin is achieved using significantly lower GHK-Cu concentrations (0.01–100 nM), which means that an encapsulation efficiency of approximately 32% should be sufficient to obtain the desired effect. Higher concentrations of the peptide, despite the greater absolute amount encapsulated inside the carriers, may not be economically justified because of significant amounts simultaneously remaining outside the liposomes, and thus potentially not penetrating the hydrophobic epidermis. However, lower (10 mg/cm3) concentrations of lipids do not give satisfactory EE values, and higher concentrations (50 mg/cm3) do not lead to beneficial changes.



Taking into account the incomplete diffusion of the GHK-Cu peptide (93.40 ± 0.96%) through the cellulose membrane, the obtained EE results were corrected by this factor. A proportion of the peptide is likely to be absorbed into the surface or channels of the cellulose membrane because of its affinity for hydrophilic film. A similar phenomenon has already been reported [80,81,82,83].




3.3. Release Kinetics of GHK-Cu Tripeptide from Liposomal Dispersions


The study of active substances’ release kinetics allows us to better understand their efficacy, which is important, especially in the case of cosmetic or pharmaceutical products. Figure 3 shows the release profiles of the GHK-Cu peptide from anionic (AL-DCP15-GHK-0.5) and cationic (CL-SA7-GHK-0.5) liposome dispersions and from the PBS solution (GHK-0.5).



The obtained results show that after about 4 h, almost 100% of GHK-Cu was released from the reference sample (tripeptide PBS solution), and the diffusion itself was characterized by a rapid shape, reaching a value of 99.9 ± 0.8% after 24 h. The release amount of the peptide form liposomes was lower: 84.9 ± 0.1% and 64.7 ± 1.7% for cationic and anionic phospholipid carriers, respectively. The higher value of the cooper tripeptide release from cationic liposomes is probably related to the higher fluidity of the lipid bilayer, which may affect the migration of the active substance [84].



The selection of a suitable kinetic model for fitting the GHK-Cu release data helps in determining the release characteristics. There are a number of kinetic models, which describe the overall release of the drug from the carrier. The release of cooper peptide was investigated using three mathematical models: zero order model (Equation (6)), Higuchi model (Equation (7)) and Korsmeyer–Peppas (Equation (8)).


    M     M   0     =   K   0   × t  



(6)






    M     M   0     =   K   H   ×   t   0.5    



(7)






    M     M   0     =   K   K P   ×   t   n    



(8)




where M/M0—mass fraction of the substance released; t—time; K0, KH, KKP—zero order, Higuchi and Korsmeyer–Peppas rate constant; n—diffusional exponent.



The results of kinetic analysis are shown in Table 6.



It can be observed that none of the formulations had good agreement with the zero-order kinetics model, which indicates that the concentration of the permeating ingredient is not uniform over time, yet rather shows an increased release rate at the beginning of dialysis. Since the peptide solution in PBS does not contain any carriers, it cannot be described in terms of release according to the Korsmeyer–Peppas (K-P) model, and the diffusion itself is probably limited by the viscosity of the medium.



In the case of liposomes, the K-P model showed the best fit for both samples (R2 of 0.943 and 0.973 for AL and CL, respectively). The characteristic parameter n, appearing in the equation, allows us to determine the type of diffusion. For AL-DCP15-GHK-0.5, it reached a value of 0.511, which indicates an anomalous, non-Fickian transport [50]. The diffusion of the tripeptide from CL-SA7-GHK-0.5 was based on the Fickian release mechanism [85].




3.4. Enzyme Inhibition Assays


In order to further investigate the potential cosmetic applications of the GHK-Cu peptide as a whitening and anti-aging agent, mushroom tyrosinase and elastase activity tests were conducted. Tyrosinase is the enzyme responsible for the formation of melanin in the skin, enclosing two copper atoms surrounded by protein histidine units in the active centre [86]. For this reason, the GHK-Cu tripeptide containing histidine in its structure, and additionally complexing copper ions could be suspected of causing tyrosinase inhibition. Elastase is one of the enzymes found in the skin and is responsible for the degradation of elastin. It is a structural protein with high flexibility, responsible for, among other effects, the ability of the skin to return to its original state after applying pressure. An increase in elastase activity may result in a decrease in skin elasticity and the formation of wrinkles [87].



The results of tyrosinase and elastase activity assay is shown in Table 7.



Despite there being a fairly high concentration of the active ingredient, the degree of tyrosinase inhibition (10.23 ± 3.03%) by the peptide was negligible. It can therefore be concluded that GHK-Cu is not an effective tyrosinase inhibitor. Nevertheless, the GHK-Cu peptide can be used as a supporting substance in whitening products. It shows an ability to protect the skin against oxidative stress and cells against UV radiation as well as reducing inflammation, including modifying the expression of metalloproteinases [6,7]. However, GHK-Cu used at a concentration identical to that in liposomes (0.5 mg/cm3) deactivated elastase by almost 50% (Table 7), thus displaying good enzyme inhibitory properties [88]. This may be attributed to an increase in skin elasticity by inhibiting the activity of the enzyme which breaks down elastin, opening new paths for using the ingredient in dermocosmetics. Additionally, the copper contained in the peptide can also modify the activity of lysyl oxidase, which is necessary for increasing the synthesis of collagen and elastin and structurally supports the skin and reduces wrinkles [89,90].




3.5. Study of GHK-Cu Cytotoxicity


Cosmetic raw materials should be safe and cannot show any cytotoxic potential to the skin cells. In order to assess the safety of GHK-Cu tripeptide, both in PBS solution and encapsulated in anionic liposomes, the EpiDerm-200-reconstructed human epidermis cells model were used. Table 8 presents the obtained results for 0.5 mg/cm3 GHK-Cu, used as a reference sample, AL-DCP15-GHK-0.5 and for the positive (PC) and negative (NC) controls.



As anionic liposomes show a lower tendency to cytotoxicity than cationic carriers [91,92], only anionic samples were tested. The obtained data confirmed that the prepared anionic carriers are safe and do not exhibit toxic properties on the cells (96.6% cells viability) yet showed that the GHK-Cu-loaded liposomes do not increase the human cells proliferation (values lower than NC). In comparison to liposomes, the peptide solution shows slightly lower cell viability values (93.1%), which indicates that the peptide encapsulation in liposomes can be also beneficial in terms of increasing the GHK-Cu peptide bioavailability.





4. Conclusions


The stable anionic and cationic GHK-Cu-loaded (0.5 mg/cm3) liposome systems of small sizes (approx. 100 nm) were obtained using the thin-film hydration method combined with freeze–thaw and extrusion techniques. Stearylamine (SA) and dicetyl phosphate (DCP) were selected as the charge introducing agents. The obtained results proved that the lipid composition (quality and quantity) influences both the liposomes properties and their stability. The addition of SA or DCP into the liposome lipid bilayer affects vesicle flexibility and preserves their integrity. Fluorescence anisotropy tests indicated that bilayer fluidity was higher in the case of cationic liposomes (CL-SA-7). On the other hand, anionic liposomes (AL-DCP-15) were characterized by lower lipid bilayer fluidity, which may be the effect of higher phase transition temperatures of dicetyl phosphate than stearylamine. Moreover, the charge modification of the liposome surface influences the encapsulation efficiency of the GHK-Cu. The anionic liposomes showed higher encapsulation efficiency of the cooper tripeptide than the cationic liposomes, which is probably due to the additional electrostatic interaction between the positively charged peptide and the negatively charged surface of the carrier. The obtained results also indicated that a lipid concentration of up to 25 mg/cm3 influences the increase in the peptide EE, which corresponds with the number of available vesicles. The release studies proved that the mechanism of the peptide release from liposomes followed the Fickian diffusion for cationic and anomalous, non-Fickian mechanism for anionic carriers. Moreover, anionic liposomes, selected as the best sample, were characterized by compatibility with the peptide and were not cytotoxic towards RHE cells.



The results of the inhibition of elastase and tyrosinase tests conducted in order to predict GHK-Cu activity and further application in cosmetic formulations show that a peptide in concentration of 0.5 mg/cm3 insignificantly affects the mushroom tyrosinase but leads to high elastase inhibition (48.90 ± 2.50%), thus reducing the rate of elastin degeneration and supporting the structural integrity of the skin.



To summarize, the charged liposomes can be applied as carriers for biomimetic peptides such as copper-binding peptide and used as potential active ingredients in anti-aging cosmetics. Nevertheless, taking into account the liposomes’ safety of use, the anionic ones have greater application potential.







Author Contributions


Conceptualization, M.D., K.O., K.H.-W. and E.S.; methodology, M.D. and K.O.; formal analysis, M.D. and K.O.; investigation, M.D. and K.O.; resources, K.H.-W. and E.S.; data curation, M.D. and E.S.; writing—original draft preparation, M.D.; writing—review and editing, E.S.; visualization, M.D.; supervision, E.S. and K.H.-W.; project administration, M.D. and E.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pennington, M.W.; Czerwinski, A.; Norton, R.S. Peptide Therapeutics from Venom: Current Status and Potential. Bioorg. Med. Chem. 2018, 26, 2738–2758. [Google Scholar] [CrossRef] [PubMed]

	



Lupo, M.P.; Cole, A.L. Cosmeceutical Peptides. Dermatol. Ther. 2007, 20, 343–349. [Google Scholar] [CrossRef] [PubMed]

	



Kamoun, A.; Landeau, J.M.; Godeau, G.; Wallach, J.; Duchesnay, A.; Pellat, B.; Hornebeck, W. Growth Stimulation of Human Skin Fibroblasts by Elastin-Derived Peptides. Cell Commun. Adhes. 1995, 3, 273–281. [Google Scholar] [CrossRef] [PubMed]

	



Njieha, F.K.; Morikawa, T.; Tuderman, L.; Prockop, D.J. Partial Purification of a Procollagen C-Proteinase. Inhibition by Synthetic Peptides and Sequential Cleavage of Type I Procollagen. Biochemistry 1982, 21, 757–764. [Google Scholar] [CrossRef]

	



Yamauchi, P.S.; Lowe, N.J. Botulinum Toxin Types A and B: Comparison of Efficacy, Duration, and Dose-Ranging Studies for the Treatment of Facial Rhytides and Hyperhidrosis. Clin. Dermatol. 2004, 22, 34–39. [Google Scholar] [CrossRef] [PubMed]

	



Pickart, L.; Margolina, A. Regenerative and Protective Actions of the GHK-Cu Peptide in the Light of the New Gene Data. Int. J. Mol. Sci. 2018, 19, 1987. [Google Scholar] [CrossRef]

	



Pickart, L.; Vasquez-Soltero, J.M.; Margolina, A. GHK-Cu May Prevent Oxidative Stress in Skin by Regulating Copper and Modifying Expression of Numerous Antioxidant Genes. Cosmetics 2015, 2, 236–247. [Google Scholar] [CrossRef]

	



Schlesinger, D.H.; Pickart, L.; Thaler, M.M. Growth-Modulating Serum Tripeptide Is Glycyl-Histidyl-Lysine. Experientia 1977, 33, 324–325. [Google Scholar] [CrossRef]

	



Alshammari, N.; Platts, J.A. Theoretical Study of Copper Binding to GHK Peptide. Comput. Biol. Chem. 2020, 86, 107265. [Google Scholar] [CrossRef]

	



Hostynek, J.J.; Dreher, F.; Maibach, H.I. Human Skin Retention and Penetration of a Copper Tripeptide In Vitro as Function of Skin Layer towards Anti-Inflammatory Therapy. Inflamm. Res. 2010, 59, 983–988. [Google Scholar] [CrossRef]

	



Mazurowska, L.; Mojski, M. Biological Activities of Selected Peptides: Skin Penetration Ability of Copper Complexes with Peptides. J. Cosmet. Sci. 2008, 59, 59–69. [Google Scholar]

	



Siméon, A.; Monier, F.; Emonard, H.; Gillery, P.; Birembaut, P.; Hornebeck, W.; Maquart, F.X. Expression and Activation of Matrix Metalloproteinases in Wounds: Modulation by the Tripeptide-Copper Complex Glycyl-L-Histidyl-L-Lysine-Cu2+. J. Investig. Dermatol. 1999, 112, 957–964. [Google Scholar] [CrossRef]

	



Pešáková, V.; Novotná, J.; Milan, A. Effect of the Tripeptide Glycyl-l-Histidyl-l-Lysine on the Proliferation and Synthetic Activity of Chick Embryo Chondrocytes. Biomaterials 1995, 16, 911–915. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, F.; Wu, Y.; Liu, Z.; Hong, M.; Huang, Y. Synergy of GHK-Cu and Hyaluronic Acid on Collagen IV Upregulation via Fibroblast and Ex-Vivo Skin Tests. J. Cosmet. Dermatol. 2023, 22, 2598–2604. [Google Scholar] [CrossRef] [PubMed]

	



Lane, M.E. Skin Penetration Enhancers. Int. J. Pharm. 2013, 447, 12–21. [Google Scholar] [CrossRef] [PubMed]

	



Mortazavi, S.M.; Moghimi, H.R. Skin Permeability, a Dismissed Necessity for Anti-wrinkle Peptide Performance. Int. J. Cosmet. Sci. 2022, 44, 232–248. [Google Scholar] [CrossRef]

	



Chen, J.; Bian, J.; Hantash, B.M.; Albakr, L.; Hibbs, D.E.; Xiang, X.; Xie, P.; Wu, C.; Kang, L. Enhanced Skin Retention and Permeation of a Novel Peptide via Structural Modification, Chemical Enhancement, and Microneedles. Int. J. Pharm. 2021, 606, 120868. [Google Scholar] [CrossRef]

	



Almiñana, N.; Alsina, M.A.; Reig, F. New GHK Hydrophobic Derivatives: Interaction with Phospholipid Bilayers. Colloids Surf. B Biointerfaces 2007, 57, 243–249. [Google Scholar] [CrossRef]

	



Chirita, R.I.; Chaimbault, P.; Archambault, J.C.; Robert, I.; Elfakir, C. Development of a LC-MS/MS Method to Monitor Palmitoyl Peptides Content in Anti-Wrinkle Cosmetics. Anal. Chim. Acta 2009, 641, 95–100. [Google Scholar] [CrossRef]

	



Oliveira, C.; Coelho, C.; Teixeira, J.A.; Ferreira-Santos, P.; Botelho, C.M. Nanocarriers as Active Ingredients Enhancers in the Cosmetic Industry—The European and North America Regulation Challenges. Molecules 2022, 27, 1669. [Google Scholar] [CrossRef]

	



Akbarzadeh, A.; Rezaei-Sadabady, R.; Davaran, S.; Joo, S.W.; Zarghami, N.; Hanifehpour, Y.; Samiei, M.; Kouhi, M.; Nejati-Koshki, K. Liposome: Classification, Preparation, and Applications. Nanoscale Res. Lett. 2013, 8, 102. [Google Scholar] [CrossRef]

	



Maja, L.; Željko, K.; Mateja, P. Sustainable Technologies for Liposome Preparation. J. Supercrit. Fluids 2020, 165, 104984. [Google Scholar] [CrossRef]

	



Shade, C.W. Liposomes as Advanced Delivery Systems for Nutraceuticals. Integr. Med. 2016, 15, 33–36. [Google Scholar]

	



Eloy, J.O.; Claro de Souza, M.; Petrilli, R.; Barcellos, J.P.A.; Lee, R.J.; Marchetti, J.M. Liposomes as Carriers of Hydrophilic Small Molecule Drugs: Strategies to Enhance Encapsulation and Delivery. Colloids Surf. B Biointerfaces 2014, 123, 345–363. [Google Scholar] [CrossRef] [PubMed]

	



Dymek, M.; Sikora, E. Liposomes as Biocompatible and Smart Delivery Systems—The Current State. Adv. Colloid Interface Sci. 2022, 309, 102757. [Google Scholar] [CrossRef]

	



Song, F.; Chen, J.; Zheng, A.; Tian, S. Effect of Sterols on Liposomes: Membrane Characteristics and Physicochemical Changes during Storage. LWT 2022, 164, 113558. [Google Scholar] [CrossRef]

	



De Leo, V.; Milano, F.; Agostiano, A.; Catucci, L. Recent Advancements in Polymer/Liposome Assembly for Drug Delivery: From Surface Modifications to Hybrid Vesicles. Polymers 2021, 13, 1027. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Cong, H.; Wang, S.; Yu, B.; Shen, Y. Liposomes Modified with Bio-Substances for Cancer Treatment. Biomater. Sci. 2020, 8, 6442–6468. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Chen, Z.; Li, W.; Liu, X.; Tang, S.; Jiang, L.; Li, M.; Peng, H.; Lian, M. Influences of Different Sugar Ligands on Targeted Delivery of Liposomes. J. Drug Target. 2020, 28, 789–801. [Google Scholar] [CrossRef]

	



Maione-Silva, L.; de Castro, E.G.; Nascimento, T.L.; Cintra, E.R.; Moreira, L.C.; Cintra, B.A.S.; Valadares, M.C.; Lima, E.M. Ascorbic Acid Encapsulated into Negatively Charged Liposomes Exhibits Increased Skin Permeation, Retention and Enhances Collagen Synthesis by Fibroblasts. Sci. Rep. 2019, 9, 522. [Google Scholar] [CrossRef]

	



Shah, V.M.; Nguyen, D.X.; Patel, P.; Cote, B.; Al-Fatease, A.; Pham, Y.; Huynh, M.G.; Woo, Y.; Alani, A.W. Liposomes Produced by Microfluidics and Extrusion: A Comparison for Scale-up Purposes. Nanomed. Nanotechnol. Biol. Med. 2019, 18, 146–156. [Google Scholar] [CrossRef]

	



Hofmann, C.; Kaiser, B.; Maerkl, S.; Duerkop, A.; Baeumner, A.J. Cationic Liposomes for Generic Signal Amplification Strategies in Bioassays. Anal. Bioanal. Chem. 2020, 412, 3383–3393. [Google Scholar] [CrossRef]

	



Toniazzo, T.; Peres, M.S.; Ramos, A.P.; Pinho, S.C. Encapsulation of Quercetin in Liposomes by Ethanol Injection and Physicochemical Characterization of Dispersions and Lyophilized Vesicles. Food Biosci. 2017, 19, 17–25. [Google Scholar] [CrossRef]

	



Erdem, S.; Türkoǧlu, M. Glycyl-l-Histidyl-l-Liysine-Cu2+ Loaded Liposome Formulations. Marmara Pharm. J. 2010, 14, 91–97. [Google Scholar] [CrossRef]

	



Wang, X.; Liu, B.; Xu, Q.; Sun, H.; Shi, M.; Wang, D.; Guo, M.; Yu, J.; Zhao, C.; Feng, B. GHK-Cu-Liposomes Accelerate Scald Wound Healing in Mice by Promoting Cell Proliferation and Angiogenesis. Wound Repair Regen. 2017, 25, 270–278. [Google Scholar] [CrossRef] [PubMed]

	



Zaru, M.; Sinico, C.; De Logu, A.; Caddeo, C.; Lai, F.; Manca, M.L.; Fadda, A.M. Rifampicin-Loaded Liposomes for the Passive Targeting to Alveolar Macrophages: In Vitro and In Vivo Evaluation. J. Liposome Res. 2009, 19, 68–76. [Google Scholar] [CrossRef]

	



Kapoor, M.S.; D’Souza, A.; Aibani, N.; Nair, S.S.; Sandbhor, P.; Kumari, D.; Banerjee, R. Stable Liposome in Cosmetic Platforms for Transdermal Folic Acid Delivery for Fortification and Treatment of Micronutrient Deficiencies. Sci. Rep. 2018, 8, 16122. [Google Scholar] [CrossRef]

	



Lentz, B.R. Membrane “Fluidity” as Detected by Diphenylhexatriene Probes. Chem. Phys. Lipids 1989, 50, 171–190. [Google Scholar] [CrossRef]

	



Manconi, M.; Manca, M.L.; Escribano-Ferrer, E.; Coma-Cros, E.M.; Biosca, A.; Lantero, E.; Fernàndez-Busquets, X.; Fadda, A.M.; Caddeo, C. Nanoformulation of Curcumin-Loaded Eudragit-Nutriosomes to Counteract Malaria Infection by a Dual Strategy: Improving Antioxidant Intestinal Activity and Systemic Efficacy. Int. J. Pharm. 2019, 556, 82–88. [Google Scholar] [CrossRef] [PubMed]

	



Manca, M.L.; Ferraro, M.; Pace, E.; Di Vincenzo, S.; Valenti, D.; Fernàndez-Busquets, X.; Peptu, C.A.; Manconi, M. Loading of Beclomethasone in Liposomes and Hyalurosomes Improved with Mucin as Effective Approach to Counteract the Oxidative Stress Generated by Cigarette Smoke Extract. Nanomaterials 2021, 11, 850. [Google Scholar] [CrossRef]

	



Ghanbarzadeh, S.; Valizadeh, H.; Zakeri-Milani, P. Application of Response Surface Methodology in Development of Sirolimus Liposomes Prepared by Thin Film Hydration Technique. BioImpacts 2013, 3, 75–81. [Google Scholar] [CrossRef] [PubMed]

	



Liang, W.; Levchenko, T.S.; Torchilin, V.P. Encapsulation of ATP into Liposomes by Different Methods: Optimization of the Procedure. J. Microencapsul. 2004, 21, 251–261. [Google Scholar] [CrossRef] [PubMed]

	



Mura, P.; Maestrelli, F.; González-Rodríguez, M.L.; Michelacci, I.; Ghelardini, C.; Rabasco, A.M. Development, Characterization and In Vivo Evaluation of Benzocaine-Loaded Liposomes. Eur. J. Pharm. Biopharm. 2007, 67, 86–95. [Google Scholar] [CrossRef]

	



Moyá, M.L.; López-López, M.; Lebrón, J.A.; Ostos, F.J.; Pérez, D.; Camacho, V.; Beck, I.; Merino-Bohórquez, V.; Camean, M.; Madinabeitia, N.; et al. Preparation and Characterization of New Liposomes. Bactericidal Activity of Cefepime Encapsulated into Cationic Liposomes. Pharmaceutics 2019, 11, 69. [Google Scholar] [CrossRef] [PubMed]

	



Dymek, M.; Sikora, E. Emulsions as Vehicles for the Controlled Release of Astaxanthin in Topical Application. Chem. Process Eng. 2021, 42, 439–450. [Google Scholar] [CrossRef]

	



Costa, P.; Sousa Lobo, J.M. Modeling and Comparison of Dissolution Profiles. Eur. J. Pharm. Sci. 2001, 13, 123–133. [Google Scholar] [CrossRef]

	



Higuchi, T. Mechanism of Sustained-action Medication. Theoretical Analysis of Rate of Release of Solid Drugs Dispersed in Solid Matrices. J. Pharm. Sci. 1963, 52, 1145–1149. [Google Scholar] [CrossRef]

	



Higuchi, T. Rate of Release of Medicaments from Ointment Bases Containing Drugs in Suspension. J. Pharm. Sci. 1961, 50, 874–875. [Google Scholar] [CrossRef]

	



Peppas, N.A.; Sahlin, J.J. A Simple Equation for the Description of Solute Release. III. Coupling of Diffusion and Relaxation. Int. J. Pharm. 1989, 57, 169–172. [Google Scholar] [CrossRef]

	



Ritger, P.L.; Peppas, N.A. A Simple Equation for Description of Solute Release I. Fickian and Non-Fickian Release from Non-Swellable Devices in the Form of Slabs, Spheres, Cylinders or Discs. J. Control. Release 1987, 5, 23–36. [Google Scholar] [CrossRef]

	



Neeley, E.; Fritch, G.; Fuller, A.; Wolfe, J.; Wright, J.; Flurkey, W. Variations in IC50 Values with Purity of Mushroom Tyrosinase. Int. J. Mol. Sci. 2009, 10, 3811–3823. [Google Scholar] [CrossRef]

	



Kandárová, H.; Hayden, P.; Klausner, M.; Kubilus, J.; Sheasgreen, J. An in Vitro Skin Irritation Test (SIT) Using the EpiDerm Reconstructed Human Epidermal (RHE) Model. J. Vis. Exp. 2009, 29, e1366. [Google Scholar] [CrossRef]

	



Malinowska, M.; Miroslaw, B.; Sikora, E.; Ogonowski, J.; Wojtkiewicz, A.M.; Szaleniec, M.; Pasikowska-Piwko, M.; Eris, I. New Lupeol Esters as Active Substances in the Treatment of Skin Damage. PLoS ONE 2019, 14, e0214216. [Google Scholar] [CrossRef]

	



Boer, M.; Duchnik, E.; Maleszka, R.; Marchlewicz, M. Structural and Biophysical Characteristics of Human Skin in Maintaining Proper Epidermal Barrier Function. Postep. Dermatologii Alergol. 2016, 33, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Fresta, M.; Puglisi, G. Corticosteroid Dermal Delivery with Skin-Lipid Liposomes. J. Control. Release 1997, 44, 141–151. [Google Scholar] [CrossRef]

	



Németh, Z.; Csóka, I.; Semnani Jazani, R.; Sipos, B.; Haspel, H.; Kozma, G.; Kónya, Z.; Dobó, D.G. Quality by Design-Driven Zeta Potential Optimisation Study of Liposomes with Charge Imparting Membrane Additives. Pharmaceutics 2022, 14, 1798. [Google Scholar] [CrossRef] [PubMed]

	



Verma, D.D.; Verma, S.; Blume, G.; Fahr, A. Particle Size of Liposomes Influences Dermal Delivery of Substances into Skin. Int. J. Pharm. 2003, 258, 141–151. [Google Scholar] [CrossRef]

	



Sepúlveda, C.T.; Alemán, A.; Zapata, J.E.; Montero, M.P.; Gómez-Guillén, M.C. Characterization and Storage Stability of Spray Dried Soy-Rapeseed Lecithin/Trehalose Liposomes Loaded with a Tilapia Viscera Hydrolysate. Innov. Food Sci. Emerg. Technol. 2021, 71, 102708. [Google Scholar] [CrossRef]

	



Chaves, M.A.; Pinho, S.C. Unpurified Soybean Lecithins Impact on the Chemistry of Proliposomes and Liposome Dispersions Encapsulating Vitamin D3. Food Biosci. 2020, 37, 100700. [Google Scholar] [CrossRef]

	



Mohan, A.; Rajendran, S.R.C.K.; Thibodeau, J.; Bazinet, L.; Udenigwe, C.C. Liposome Encapsulation of Anionic and Cationic Whey Peptides: Influence of Peptide Net Charge on Properties of the Nanovesicles. LWT 2018, 87, 40–46. [Google Scholar] [CrossRef]

	



Knudsen, N.Ø.; Jorgensen, L.; Hansen, J.; Vermehren, C.; Frokjaer, S.; Foged, C. Targeting of Liposome-Associated Calcipotriol to the Skin: Effect of Liposomal Membrane Fluidity and Skin Barrier Integrity. Int. J. Pharm. 2011, 416, 478–485. [Google Scholar] [CrossRef]

	



Subongkot, T.; Ngawhirunpat, T. Effect of Liposomal Fluidity on Skin Permeation of Sodium Fluorescein Entrapped in Liposomes. Int. J. Nanomed. 2015, 10, 4581–4592. [Google Scholar] [CrossRef]

	



Park, S.H.; Oh, S.G.; Mun, J.Y.; Han, S.S. Loading of Gold Nanoparticles inside the DPPC Bilayers of Liposome and Their Effects on Membrane Fluidities. Colloids Surf. B Biointerfaces 2006, 48, 112–118. [Google Scholar] [CrossRef] [PubMed]

	



Połeć, K.; Olechowska, K.; Klejdysz, A.; Dymek, M.; Rachwalik, R.; Sikora, E.; Hąc-Wydro, K. The Influence of Ergosterol on the Action of the Hop Oil and Its Major Terpenes on Model Fungi Membranes. Towards Understanding the Mechanism of Action of Phytocompounds for Food and Plant Protection. Chem. Phys. Lipids 2021, 238, 105092. [Google Scholar] [CrossRef] [PubMed]

	



Połeć, K.; Barnaś, B.; Kowalska, M.; Dymek, M.; Rachwalik, R.; Sikora, E.; Biela, A.; Kobiałka, M.; Wójcik, K.; Hąc-Wydro, K. The Influence of the Essential Oil Extracted from Hops on Monolayers and Bilayers Imitating Plant Pathogen Bacteria Membranes. Colloids Surf. B Biointerfaces 2019, 173, 672–680. [Google Scholar] [CrossRef]

	



Biruss, B.; Valenta, C. Comparative Characterization of the Physicochemical Behavior and Skin Permeation of Extruded DPPC Liposomes Modified by Selected Additives. J. Pharm. Sci. 2007, 96, 2171–2176. [Google Scholar] [CrossRef]

	



Manosroi, A.; Kongkaneramit, L.; Manosroi, J. Characterization of Amphotericin B Liposome Formulations. Drug Dev. Ind. Pharm. 2004, 30, 535–543. [Google Scholar] [CrossRef]

	



Costa, A.P.; Xu, X.; Burgess, D.J. Freeze-Anneal-Thaw Cycling of Unilamellar Liposomes: Effect on Encapsulation Efficiency. Pharm. Res. 2014, 31, 97–103. [Google Scholar] [CrossRef]

	



Llu, L.; Yonetani, T. Preparation and Characterization of Liposome-Encapsulated Haemoglobin by a Freeze-Thaw Method. J. Microencapsul. 1994, 11, 409–421. [Google Scholar] [CrossRef]

	



Colletier, J.P.; Chaize, B.; Winterhalter, M.; Fournier, D. Protein Encapsulation in Liposomes: Efficiency Depends on Interactions between Protein and Phospholipid Bilayer. BMC Biotechnol. 2002, 2, 9. [Google Scholar] [CrossRef]

	



Xu, X.; Costa, A.; Burgess, D.J. Protein Encapsulation in Unilamellar Liposomes: High Encapsulation Efficiency and a Novel Technique to Assess Lipid-Protein Interaction. Pharm. Res. 2012, 29, 1919–1931. [Google Scholar] [CrossRef] [PubMed]

	



Chaize, B.; Colletier, J.P.; Winterhalter, M.; Fournier, D. Encapsulation of Enzymes in Liposomes: High Encapsulation Efficiency and Control of Substrate Permeability. Artif. Cells Blood Substit. Immobil. Biotechnol. 2004, 32, 67–75. [Google Scholar] [CrossRef] [PubMed]

	



Ohsawa, T.; Miura, H.; Harada, K. Improvement of Encapsulation Efficiency of Water-Soluble Drugs in Liposomes Formed by the Freeze-Thawing Method. Chem. Pharm. Bull. 1985, 33, 3945–3952. [Google Scholar] [CrossRef] [PubMed]

	



Kozlowski, L.P. IPC—Isoelectric Point Calculator. Biol. Direct 2016, 11, 1–16. [Google Scholar] [CrossRef]

	



Heuts, J.; Varypataki, E.M.; van der Maaden, K.; Romeijn, S.; Drijfhout, J.W.; van Scheltinga, A.T.; Ossendorp, F.; Jiskoot, W. Cationic Liposomes: A Flexible Vaccine Delivery System for Physicochemically Diverse Antigenic Peptides. Pharm. Res. 2018, 35, 207. [Google Scholar] [CrossRef]

	



Popov, M.; Abu Hammad, I.; Bachar, T.; Grinberg, S.; Linder, C.; Stepensky, D.; Heldman, E. Delivery of Analgesic Peptides to the Brain by Nano-Sized Bolaamphiphilic Vesicles Made of Monolayer Membranes. Eur. J. Pharm. Biopharm. 2013, 85, 381–389. [Google Scholar] [CrossRef] [PubMed]

	



Shimizu, T.; Mori, T.; Tomita, M.; Tsumoto, K. PH Switching That Crosses over the Isoelectric Point (PI) Can Improve the Entrapment of Proteins within Giant Liposomes by Enhancing Protein-Membrane Interaction. Langmuir 2014, 30, 554–563. [Google Scholar] [CrossRef] [PubMed]

	



Suleiman, E.; Damm, D.; Batzoni, M.; Temchura, V.; Wagner, A.; Überla, K.; Vorauer-Uhl, K. Electrostatically Driven Encapsulation of Hydrophilic, Non-Conformational Peptide Epitopes into Liposomes. Pharmaceutics 2019, 11, 619. [Google Scholar] [CrossRef] [PubMed]

	



Badenhorst, T.; Svirskis, D.; Merrilees, M. Effects of GHK-Cu on MMP and TIMP Expression, Collagen and Elastin Production, and Facial Wrinkle Parameters. J. Aging Sci. 2016, 4, 166. [Google Scholar] [CrossRef]

	



Loffredo, E.; Traversa, A.; Senesi, N. Biodecontamination of Water from Bisphenol a Using Ligninolytic Fungi and the Modulation Role of Humic Acids. Ecotoxicol. Environ. Saf. 2012, 79, 288–293. [Google Scholar] [CrossRef]

	



Risbud, M.V.; Bhonde, R.R. Suitability of Cellulose Molecular Dialysis Membrane for Bioartificial Pancreas: In Vitro Biocompatibility Studies. J. Biomed. Mater. Res. 2001, 54, 436–444. [Google Scholar] [CrossRef]

	



Leypoldt, J.K.; Gilson, J.F.; Blindauer, K.M.; Cheung, A.K. Macromolecule Adsorption to Hemodialysis Membranes Depends on Molecular Size. Blood Purif. 1992, 10, 53–60. [Google Scholar] [CrossRef]

	



Lee, M.Y.; Hong, K.J.; Kajiuchi, T.; Yang, J.W. Synthesis of Chitosan-Based Polymeric Surfactants and Their Adsorption Properties for Heavy Metals and Fatty Acids. Int. J. Biol. Macromol. 2005, 36, 152–158. [Google Scholar] [CrossRef] [PubMed]

	



Kaddah, S.; Khreich, N.; Kaddah, F.; Charcosset, C.; Greige-Gerges, H. Cholesterol Modulates the Liposome Membrane Fluidity and Permeability for a Hydrophilic Molecule. Food Chem. Toxicol. 2018, 113, 40–48. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, J.; Nian, S.; Huang, Q. Assembly of Kafirin/Carboxymethyl Chitosan Nanoparticles to Enhance the Cellular Uptake of Curcumin. Food Hydrocoll. 2015, 51, 166–175. [Google Scholar] [CrossRef]

	



Polatoğlu, İ.; Karataş, D. Modeling of Molecular Interaction between Catechol and Tyrosinase by DFT. J. Mol. Struct. 2020, 1202, 127192. [Google Scholar] [CrossRef]

	



Jiratchayamaethasakul, C.; Ding, Y.; Hwang, O.; Im, S.T.; Jang, Y.; Myung, S.W.; Lee, J.M.; Kim, H.S.; Ko, S.C.; Lee, S.H. In Vitro Screening of Elastase, Collagenase, Hyaluronidase, and Tyrosinase Inhibitory and Antioxidant Activities of 22 Halophyte Plant Extracts for Novel Cosmeceuticals. Fish. Aquat. Sci. 2020, 23, 6. [Google Scholar] [CrossRef]

	



Thring, T.S.A.; Hili, P.; Naughton, D.P. Anti-Collagenase, Anti-Elastase and Anti-Oxidant Activities of Extracts from 21 Plants. BMC Complement. Altern. Med. 2009, 9, 27. [Google Scholar] [CrossRef]

	



Kim, M.S.; Chun, K.E.; Lee, D.K.; Song, S.H. Evaluation of the Efficacy of an Elastin-Inducing Composition Containing Amino Acids, Copper, and Hyaluronic Acid: Results of an Open Single-Center Clinical Trial Study. Cosmetics 2022, 9, 51. [Google Scholar] [CrossRef]

	



Rucker, R.B.; Kosonen, T.; Clegg, M.S.; Mitchell, A.E.; Rucker, B.R.; Uriu-Hare, J.Y.; Keen, C.L. Copper, Lysyl Oxidase, and Extracellular Matrix Protein Cross-Linking. Am. J. Clin. Nutr. 1998, 67, 996S–1002S. [Google Scholar] [CrossRef]

	



Tseu, G.Y.W.; Kamaruzaman, K.A. A Review of Different Types of Liposomes and Their Advancements as a Form of Gene Therapy Treatment for Breast Cancer. Molecules 2023, 28, 1498. [Google Scholar] [CrossRef] [PubMed]

	



Cui, S.; Wang, Y.; Gong, Y.; Lin, X.; Zhao, Y.; Zhi, D.; Zhou, Q.; Zhang, S. Correlation of the Cytotoxic Effects of Cationic Lipids with Their Headgroups. Toxicol. Res. 2018, 7, 473–479. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 15 02485 g001] 





Figure 1. TEM images of anionic (A) and cationic (B) liposomes. The bar represents 200 nm. 
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Figure 2. The stability of the prepared liposomes over four weeks expressed as the change of their mean diameter ± SD, n = 3. 
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Figure 3. The release profiles of GHK-Cu from different carriers, expressed as cumulative peptide release [%] ± SD, n = 3. 
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Table 1. Anionic and cationic liposome compositions. The lecithin to cholesterol weight ratio was 14:1 in all samples.






Table 1. Anionic and cationic liposome compositions. The lecithin to cholesterol weight ratio was 14:1 in all samples.





	
Sample

	
Concentration [% wt.]




	
DCP

	
SA






	
AL-DCP-5

	
5

	
-




	
AL-DCP-7

	
7

	
-




	
AL-DCP-10

	
10

	
-




	
AL-DCP-15

	
15

	
-




	
CL-SA-7

	
-

	
7




	
CL-SA-10

	
-

	
10




	
CL-SA-15

	
-

	
15











 





Table 2. The effects of SA and DCP concentrations on the properties of liposomes (n = 3).
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	Sample
	DCP [% wt.]
	SA

[% wt.]
	Mean Diameter ± SD [nm]
	Zeta Potential ± SD [mV]
	PDI ± SD





	AL-DCP-5
	5
	-
	92 ± 0
	−25.3 ± 0.5
	0.038 ± 0.012



	AL-DCP-7
	7
	-
	96 ± 0
	−31.5 ± 1.5
	0.041 ± 0.005



	AL-DCP-10
	10
	-
	102 ± 1
	−34.8 ± 1.1
	0.060 ± 0.015



	AL-DCP-15
	15
	-
	87 ± 0
	−40.5 ± 2.1
	0.080 ± 0.011



	CL-SA-7
	-
	7
	128 ± 1
	48.8 ± 1.9
	0.139 ± 0.014



	CL-SA-10
	-
	10
	131 ± 0
	45.5 ± 2.8
	0.056 ± 0.006



	CL-SA-15
	-
	15
	120 ± 1
	42.3 ± 1.8
	0.111 ± 0.014










 





Table 3. The effect of GHK-Cu tripeptide concentration on the properties of liposomes (n = 3).






Table 3. The effect of GHK-Cu tripeptide concentration on the properties of liposomes (n = 3).





	Sample
	GHK-Cu Concentration [mg/cm3]
	Mean Diameter

± SD [nm]
	Zeta Potential

± SD [mV]
	PDI

± SD





	AL-DCP-15
	-
	87 ± 0
	−40.5 ± 2.1
	0.08 ± 0.011



	AL-DCP-15-GHK-1
	1
	89 ± 1
	−37.9 ± 1.4
	0.087 ± 0.014



	AL-DCP-15-GHK-5
	5
	109 ± 0
	−38.1 ± 4.7
	0.075 ± 0.017



	AL-DCP-15-GHK-10
	10
	91 ± 0
	−28.4 ± 1.2
	0.084 ± 0.009



	CL-SA-7
	-
	128 ± 1
	48.8 ± 1.9
	0.139 ± 0.014



	CL-SA-7-GHK-5
	5
	107 ± 1
	36.9 ± 0.7
	0.082 ± 0.027










 





Table 4. Fluorescence anisotropy test results for unloaded anionic and cationic liposomes (G = 1.350).
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	Sample
	Fluorescence Anisotropy





	AL-DCP-15
	0.165



	CL-SA-7
	0.059










 





Table 5. Encapsulation efficiency results for anionic (AL) and cationic (CL) liposomes with different lipid and peptide concentrations.
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Sample

	
GHK-Cu Concentration [mg/cm3]

	
Encapsulation Efficiency ± SD [%]




	
Total Lipid Concentration




	
10 mg/cm3

	
25 mg/cm3

	
50 mg/cm3






	
AL-DCP15-GHK-0.5

	
0.5

	
17.3 ± 0.6

	
31.7 ± 0.9

	
33.4 ± 0.9




	
AL-DCP15-GHK-5

	
5

	
-

	
17.5 ± 1.3

	
-




	
CL-SA7-GHK-0.5

	
0.5

	
15.7 ± 0.7

	
20.0 ± 2.8

	
-




	
CL-SA7-GHK-5

	
5

	
-

	
6.9 ± 1.1

	
-











 





Table 6. The parameters of selected kinetic models for tested samples.
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Kinetic Model

	
Parameter

	
Sample




	
AL-DCP15-GHK-0.5

	
CL-SA7-GHK-0.5

	
GHK-0.5






	
Zero-order

	
R2

	
0.513

	
0.490

	
0




	
K0·101 [h−1]

	
1.46

	
1.79

	
2.21




	
Higuchi

	
R2

	
0.938

	
0.934

	
0.718




	
KH·101 [h−0.5]

	
3.17

	
3.88

	
4.90




	
Korsmeyer–Peppas

	
R2

	
0.943

	
0.973

	
0.823




	
KKP·101 [h−n]

	
2.84

	
13.2

	
7.18




	
n

	
0.511

	
0.190

	
0.318











 





Table 7. Inhibitory activity of the GHK-Cu peptide against the enzymes used in the assay—tyrosinase and elastase.
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Degree of Inhibition [%] ± SD




	
Tyrosinase

	
Elastase






	
10.23 ± 3.03

	
48.90 ± 2.50











 





Table 8. Viability assay of the RHE cells after exposure to tested samples.
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	Sample
	Viability [%] ± SD





	GHK-Cu-0.5
	93.1 ± 11.0



	AL-DCP15-GHK-0.5
	96.6 ± 6.1



	NC
	100.0 ± 0.8



	PC
	6.2 ± 0.6
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