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Abstract

:

This work explores the association of a pegylated lipid (DSPE-PEG) with different anionic and zwitterionic surfactants (pseudo-binary and pseudo-ternary polymer+ surfactant mixtures), and the adsorption of the polymer + surfactant aggregates onto negatively charged surfaces, with a surface charge density similar to that existing on the damaged hair epicuticle. Dynamic light scattering and zeta potential measurements shows that, in solution, the polymer + surfactant association results from an intricate balance between electrostatic and hydrophobic interactions, which leads to the formation of at least two different types of micellar-like polymer + surfactant aggregates. The structure and physicochemical properties of such aggregates were found strongly dependent on the specific nature and concentration of the surfactant. The adsorption of the polymer + surfactant aggregates onto negatively charged surface was studied using a set of surface-sensitive techniques (quartz crystal microbalance with dissipation monitoring, ellipsometry and Atomic Force Microscopy), which allows obtaining information about the adsorbed amount, the water content of the layers and the topography of the obtained films. Ion-dipole interactions between the negative charges of the surface and the oxyethylene groups of the polymer + surfactant aggregates appear as the main driving force of the deposition process. This is strongly dependent on the surfactant nature and its concentration, with the impact of the latter on the adsorption being especially critical when anionic surfactant are incorporated within the aggregates. This study opens important perspectives for modulating the deposition of a poorly interacting polymer onto negatively charged surfaces, which can impact in the fabrication on different aspects with technological and industrial interest.
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1. Introduction


Polyelectrolyte mixtures with surfactants bearing opposite charges self-associate to form complexes. Their structure, size and surface charge density usually depend on the protocol followed for mixing the two components, therefore, the mixtures usually are kinetically arrested non-equilibrium systems [1,2,3,4,5,6,7,8,9]. Despite of the above problem, this type of mixtures has a big impact on many industrial applications: cosmetics, pharmacy, food science, coagulation agents, etc. [10]. This is because these multicomponent complex fluids allow controlling the interfacial properties, phase behavior and gelling properties of the formulations [11,12]. In most of the mixtures reported in the literature polycations have been used, whose replacement is a requirement for future cosmetic formulations [13,14]. Moreover, the use of biocompatible and biodegradable polymers is also a goal for the future.



Most of the polycations used so far have no surfactant character, although they usually present a synergic effect with the surfactants leading to a strong decrease of the surface tension, γ, with respect to the pure surfactant [1,3,5]. This is important because it allows one to reduce the amount of surfactant needed for reaching the same value of γ, which is important for detergency and foaming performances [15].



Even though a theoretical model has been presented that predicts reasonably well the dynamic and equilibrium surface tensions of protein + surfactant mixtures adsorbed at water/vapor interfaces, its ability to predict the interfacial dilational elasticity of the adsorbed layers is only qualitative [16,17]. Moreover, rigorously it cannot be applied to mixtures of polyelectrolyte + surfactant mixtures, in which both components bear opposite charges, because they contain a higher number of components: free polymer, polyelectrolyte + surfactant complexes, and in some cases free surfactant at the interface. Furthermore, polymer + surfactant aggregates can be out of equilibrium systems and therefore their interfacial behavior cannot be described in terms of conventional thermodynamic model defined by a set of parameters associated with the interactions occurring within the system and the area occupied by each specie at the interface [18,19,20,21,22,23,24,25,26,27,28]. It must be stressed that the situation is even worse in the case of the adsorption of this type of mixtures on the solid/liquid interface because only extensive experimental, theoretical and computational studies exist for polyelectrolyte solutions, and the studies dealing with the theoretical description of polymer + surfactant mixtures adsorbed onto solid surfaces are scarce yet [29,30,31,32,33,34,35]. This is because a rigorous description of these systems requires consider one the polydispersity of size and surface charge, the non-equilibrium character of the mixtures and the existence of several components [36,37,38,39].



In previous works, we have studied polyelectrolyte + surfactant mixtures, pointing towards their performance in capillary cosmetics applications [36,37,39]. One option that has been frequently study is the use of polyethylene glycol, PEG, mixtures with surfactants because PEG is neutral and biocompatible, although it is not obtained from natural sources nor it is biodegradable. An example is the mixture PEG + sodium dodecyl sulfate, SDS [40,41,42,43,44]. The interactions of the PEG chains, polyethers, with anionic and neutral surfactants are relatively well understood, whereas they are still controversial aspect when the study of the interaction with cationic surfactant is concerned [43]. In the present work, we simplify the system in order to decrease the importance of the problems arising from the formation of very large complexes. We have chosen a low molecular weight polymer (5 kDa molecular weight) and relatively monodisperse polymer on a poly(ethyleneglycol) chain linked to a phospholipid: sodium salt of N-carbonyl methoxy(polyethyleneglycol)-1,2-disteroyl-sn-glycero-3-phosphoethanolamine, hereinafter called DSPE-PEG. This polymer has formerly been used for building liposomes for drug delivery, as emulsifier and as foam stabilizer. Moreover, it is biocompatible and biodegradable, which makes it useful in the pharmaceutical and cosmetic areas. [45,46,47,48]. Finally, it is expected that it will not form very large complexes with most of the surfactants previously studied because of its anionic character. Three different surfactants have been studied: sodium laureth sulfate (SLES), sodium methylisetionate (SLMI), and coco betaine (CB). SLES and SLMI are anionic surfactants while CB is zwitterionic, and all of them are less irritant for skin than sodium dodecylsulfate, SDS, which is important in cosmetics [49]. It must be noted that SLMI is obtained from coconut oil.



We have evaluated the adsorption of the binary polymer-surfactant mixtures and of a ternary mixture formed by DSPE-PEG + (SLES + CB) at the solid/liquid, S/L, interface. Also information of the bulk properties, and the polymer + surfactant association process, have been obtained using dynamic light scattering, DLS and zeta potential, ζ, measurements.




2. Materials and Methods


DSPE-PEG was purchased from the NOF Corporation, Ltd. (Tokyo, Japan) and was used as received without further purification. SLES with 2 oxyethylene groups, was purchased from Kao Chemical Europe S.L. (Barcelona, Spain) and was purified by lyophilization followed for recrystallization of the obtained powder using acetone for HPLC (Acros Organics, Geel, Belgium). CB and SLMI were supplied by Clariant International Ltd. and were also purified by lyophilization, and then recrystallized in anhydrous ethanol (Waltham, MA, USA) and anhydrous methanol (Sigma-Aldrich, Saint Louis, MO, USA), respectively. In all the cases, we have checked that for the pure compounds the surface tension vs. concentration curves do not present any minimum near the critical micelle concentration, c.m.c. Figure 1 shows the molecular structures of the DSPE-PEG and the three surfactants.



Ultrapure deionized water used for cleaning and solution preparation was obtained by a multicartridge purification system AquaMAXTM-Ultra 370 Series. (Young Lin Instrument Co., Ltd., Gyeonggi-do, Korea), presenting a resistivity higher than 18 MΩ∙cm, and a total organic content lower than 6 ppm.



The polymer + surfactant solutions studied in this work containing a fixed DSPE-PEG concentration of 5 g/L, and different surfactant concentrations in the 2 × 10−6–4 mM range. The pseudo-ternary mixtures containing DSPE-PEG, SLES and CB were prepared maintaining the concentration ratio between the anionic SLES and the zwitterionic CB in 3:2. All polymer + surfactant solutions were prepared by weighting following the procedure described in our previous publication [50]. Polymer + surfactant solutions contain a KCl (purity > 99%, Sigma-Aldrich, MO, USA) concentration of 40 mM, and a pH ~ 5.6 fixed with glacial acetic acid (purity > 99%, Sigma-Aldrich, MO, USA).



The association process between DSPE-PEG and the surfactant was studied by following the changes in ζ potential obtained by laser Doppler electrophoresis, and average apparent diffusion coefficient (Dapp) of the polymer-surfactant aggregates, related to the average apparent radius of the aggregates by the Stokes–Einstein relationship, by Dynamic Light Scattering (DLS) using a Nanosizer ZS (Malvern instruments, Malvern, UK). Further experimental details can be found elsewhere [36,38,39,51,52,53].



Surface tensions measurements were performed for determining the critical micelle concentration (cmc) of the surfactant in solutions. For this purpose, the surface tension of the water/vapor interface was measured until a steady state was reached, i.e., changes of surface tension smaller than 0.1 mN m−1 during 30 min using a surface force tensiometer from Krüss K10 (Hamburg, Germany) fitted with a Pt Wilhelmy plate. Further experimental details can be found in our previous publication [50].



The adsorption of the polymer + surfactant solutions onto negatively charged surfaces was followed using two complementary techniques: quartz crystal microbalance with dissipation monitoring (QCM-D, QCM Z500 from KSV, Espoo, Finland) and ellipsometry (EP3 from Nanofilm, Göttingen, Germany). A detailed description of the physicochemical details of both techniques can be found in our previous publications [36,38,39,54], and here it has been only included the most relevant experimental aspects.



A QCM-D fitted with gold-coated AT-cut quartz crystals was used. These crystals were cleaned with piranha solution (70% sulfuric acid/30% hydrogen peroxide) over 30 min, and then thoroughly rinsed with pure water. Negatively charged thiol-decorated gold substrates, obtained by the deposition and covalent reaction of a self-assembled monolayer of the sodium salt of 3-mercapto-1-propanesulfonic acid (hereafter thiol) onto the electrode surface, were used as surfaces for studying the adsorption polymer + surfactant mixtures with surfactants in QCM-D experiments. These surfaces are known to be a good representation of the negatively charged cysteinate-rich surface of weathered, damaged human hair [55,56]. QCM-D measures the impedance spectra of a quartz crystal for the fundamental frequency (f = 5 MHz) and for the odd overtones up to the 11th. The impedance spectra were analyzed using a single layer model following the procedure described by Voinova et al. [57,58], which allows one to relate the changes in the resonant frequency Δf and dissipation factor ΔD of the different overtones (note that fundamental frequency is not considered for data analysis due to the noisy character of its signal) to the effective acoustic thickness, hac, and the shear viscoelastic modulus of the adsorbed layers G* = G′ + iG″, with G′ and G″ being related to the storage (elastic modulus) and dissipation (viscous modulus) of energy during the oscillation, respectively.



An imaging null-ellipsometer was also used to determine the amount of material adsorbed onto the solid surfaces as the optical thickness, hop. Ellipsometry experiments were carried out using a solid–liquid cell at a fixed angle of 60° using silica plates as substrate (Siltronix, Archamps, France). These substrates were treated with piranha solution for 30 min to create a surface with similar charge and water contact angle to those of the thiol-decorated gold surfaces, which allows the performing of a quantitative comparison between the results obtained by QCM-D and ellipsometry. The validity of this approach was proven in our previous work, where the adsorption of charged polyelectrolytes onto thiol-decorated gold electrodes, and electrodes coated with a silica layer similar to that of the plates used in ellipsometry, was found to be similar [59]. The thickness and the refractive index of the layers are obtained as the pair of values that minimize the differences between the experimental values of the ellipsometric angles, Δ and Ψ, and those obtained solving the Fresnel’s equation using a suitable layer model [60,61,62].



It is worth noting that both hac and hop should be considered as effective thicknesses due to the heterogeneity of most of the polyelectrolyte layers, thus they provide different information about the adsorbed amount within the layer due to their different sensitivities to the water associated with the adsorbed layer [38]. QCM-D gives information regarding the mass of the adsorbed layer which includes the amount polymer, surfactant and water included within the adsorbed layer, whereas ellipsometry, which is based in the differences between the refractive indexes of the layer and the medium, only gives information of the amount of polymer and surfactant included within the adsorbed layer. Therefore, hop ≤ hac, and the comparison of experiments performed using both techniques gives an estimate of the water content of the layers xw as [63,64]


   x w  =    h  a c   −  h  o p      h  a c      



(1)







Topographical images in air of dry adsorbed layers onto modified silica plates were obtained by Atomic Force Microscopy (AFM) in tapping mode using a Nanoscope III (Bruker, Billerica, MA, USA) fitted with a silicon tip, model RTESP (Veeco Instrument Inc, Plainview, NY, USA). It is worth mentioning that even though it would be probable the emergence of some morphological changes in the layers as result of the drying, it is expected that the general conclusions obtained from the analysis of wet and dry samples should not be significantly different as was discussed in our previous publications [37,39].




3. Results and Discussion


3.1. Polymer-Surfactant Association in Aqueous Solutions


The DLS results allow obtaining information about the possible association between DSPE-PEG and the surfactants. DSPE-PEG is an amphiphilic polymer, thus it can form micelles at concentrations high enough as the ones used in this work. Indeed, Arleth et al. [45] reported the existence of micelles of hydrodynamic radius Rh ~ 12 nm. However, Figure 2a shows that under our experimental conditions the formation of micelles is almost hindered. Notice that for solutions of DSPE-PEG at pH = 5.6, the appearance of a second population on the hydrodynamic radius distribution with dimensions comparable to the polymer micelles was observed. However, this contribution may be considered negligible considering that the scattered intensity increase by a factor 106 with the size of the scatters, and hence it is possible to disregard the formation of micelles for the pure polymers under the conditions used in this work. A main difference with respect to the work of Arleth et al. [45] is that we have worked at pH = 5.6 whereas they worked at pH = 7.4. Figure 2 shows that the here studied sample also forms micelles with Rh = 13.4 ± 0.7 nm at the same pH used by Arleth et al. [45]. Also the increase of ionic strength at constant pH favors the formation of micellar aggregates, which is reasonable considering the charge screening effects. All our measurements have been done at [KCl] = 0.3 wt%, that is equivalent to an ionic strength I ≈ 40 mM, whereas Arleth et al. [45] worked at I = 150 mM.



Figure 2b shows that the apparent hydrodynamic radius, Rh, for the polymer + surfactant mixtures is almost independent of the surfactant nature and its concentration, and very close to the values obtained by Arleth et al. [45] at pH = 7.4 for micelles of DSPE-PEG. One can speculate about two contributions for the formation of aggregates: (i) the formation of polymer + surfactant complexes, and (ii) the change of the ionic strength associated with the addition of surfactant. In any case, it is expected that the effect of the change of ionic strength associated with the surfactant will be very small, or even negligible, due to the relatively high value of inert salt concentration used. However, since the aggregates are already observed for a surfactant concentration as low as 2 × 10−6 mM one can easily discard the increase of ionic strength as the driving force for the aggregate formation (about three orders of magnitude less than that corresponding to the change of pH from 7.4 to 5.6), and the addition of surfactant induces the formation of micellar-like aggregates from the lowest surfactant concentrations. The slight decrease of the hydrodynamic radius as the surfactant concentration is approached to the highest surfactant concentrations may be the result of a transition on the conformation of the polymer + surfactant micellar-like aggregates.



Further details on the polymer + surfactant association can be obtained from the measurement of the ζ potential (in the following ζ). Figure 3 shows the values of ζ obtained for all the mixtures studied as function of the surfactant concentration, cs. The value of ζ for DSPE-PEG appears close to zero. This seems to be reasonable considering that the main component of this pegylated lipid is a neutral chain of PEG, with the negative charge provided by the phosphate group being negligible on the average behavior of the molecules, and hence the net charge of the DSPE-PEG molecules remains close to the electroneutrality. On the other side, for all the mixtures the values of ζ are much lower than the value obtained for the pure polymer, which suggests the formation of polymer + surfactant aggregates. This may be possible considering two different interactions: (i) hydrophobic interactions between the PEG backbone and the hydrophobic tail of the surfactant molecules; and (ii) ion–dipole interactions between the negatively charged head group of the surfactant molecules and the partially positive oxygens of the PEG chains [65]. Furthermore, ζ remains almost independent of the surfactant concentration until the highest surfactant concentrations at which increases. It should be noted that it was impossible to get closer to the electroneutrality point because the mixtures undergo a sedimentation process.



Taking into consideration the polymer + surfactant association, it is not strange that for the mixtures containing SLES the zeta potential becomes more negative than for the pure polymer because the anionic character of this surfactant, the same is true for mixtures containing SLMI as surfactant. At the lowest surfactant concentrations, the association of the surfactant molecules and polymer chains is driven through hydrophobic interactions, which results in polymer-surfactant aggregates in which surfactant molecules bound through hydrophobic interactions to the external PEG layer of DSPE-PEG micellar-like aggregates. This leads to a situation in which the hydrophilic charged head groups of the surfactant appear exposed to the aqueous phase, which may be considered similar to that what happens for the interaction of the cationic polymer poly(diallyl-dimethylammonium chloride), PDADMAC, and a neutral alkyl polyglucoside. This agrees with the findings by Heydari et al. [66] for the interaction of PEG and SDS. At the highest surfactant concentrations, the micellization of the surfactant can be expected, which probably resulst in the formation of mixed DSPE-PEG + surfactant micelles with the PEG chains protruding to the solution. This leads to a decrease of the negatively charged groups exposed to the aqueous solutions, driving the system close to the isoelectric point. This is in agreement with the precipitation found for the polymer-surfactant aggregates when the surfactant concentration overcomes a value about 5 mM. This conformational transition in DSPE-PEG + surfactant aggregates may be correlated to transition from an association controlled by hydrophobic interactions at low surfactant concentration to an association controlled by ion–dipole interactions at the highest surfactant concentrations reported by Dai and Tam [67] in mixtures of PEG and SDS. Thus, the modification on the DSPE-PEG + surfactant interactions is translated in a transition from a conformation in which DSPE-PEG micellar-like aggregates decorated with surfactant molecules are formed to a second one in which surfactant micelles with inclusions of DSPE-PEG chains are formed [68]. It should be noted that the zeta potential of mixtures containing SLMI is slightly higher than that of mixtures containing SLES. This may be explained considering that the oxyethylene groups existing in the hydrophobic tail of SLES favors the association between SLES and the PEG chains contained in the DSPE-PEG.



It seems to be reasonable that for DSPE-PEG + CB mixtures the values of ζ appear higher than for mixtures containing anionic surfactant. Furthermore, mixtures belonging to the high concentration region the values of ζ are closer to the isoelectric point than for the two other pseudo-binary mixtures. This may be explained considering the zwitterionic character of CB, which results in a smaller negative net charge of the micellar-like aggregates, and consequently ζ assumes values closer to that of the pure polymer. This seems to favor the transition between the two association regimes. For the pseudo-ternary mixture, the zeta potential is close to those for DSPE-PEG + CB mixture at very low surfactant concentrations, whereas at high surfactant concentrations the values are closer to those of the DSPE-PEG + SLES system. Similar behavior was reported for the interaction of the SLES+CB mixtures with PDADMAC [37,38]. The formation of different types of micellar-like aggregates provides a justification to the invariability of the apparent hydrodynamic diameter of the polymer + surfactant aggregates [69]. It is worth mentioning that the transition from an association in which surfactant molecules (SDS) are bound to aggregates of a amphiphilic copolymers of the Pluronic family (triblock copolymers of poly(ethylene oxide) and poly(propylene oxide)) to a situation in which micellar aggregates of the surfactant interacts with the copolymer molecules was reported by Kancharla et al. [70]. They found that the threshold concentration for the transition between the two conformations was smaller than the corresponding to the critical micellar concentration (cmc) of the pure surfactant. This picture combined with the values of the cmc of the surfactants obtained by surface tension measurements (see Table 1), allows confirming the lift-off point of the dependences of the ζ on the surfactant concentration (see Figure 3) as the threshold concentration where the transition between the two types of micellar-like aggregates occurs.



Figure 4 shows a sketch of the two most probable configurations of the DSPE-PEG + surfactant aggregates in the different surfactant concentration regime. The existence of two types of micellar-like aggregates was suggested by Bernazzani et al. [71] for mixtures of PEG and SDS. A qualitative similar picture was obtained from the self-consistent mean field calculations performed by Banerjee et al. [72] for mixtures of DSPE-PEG and SLES. It is worth mentioning that even though the association process of DSPE-PEG with the surfactants follows a cooperative pathway; this cooperativity presents a different origin to that found in the association of oppositely charged polyelectrolyte-surfactant systems. In the latter, the increase of the surfactant binding to the polymer chains leads to the formation of micelles associated with the polymer, commonly forming a pearl-necklace structure, for surfactant concentrations well below the cmc [73,74]. However, for DSPE-PEG mixtures the presence of the polymer results in a micellization from the initial stages of the association, leading to the formation of core–shell structures at the highest surfactant concentrations [67,71].




3.2. Adsorption onto Negatvely Charged Surfaces


The study of the adsorption process of polymer + surfactant aggregates onto negatively charged surfaces with similar surface properties (charge density and wetting properties) that the the damaged hair epicuticle were performed using two complementary techniques: QCM-D and ellipsometry, whereas the topography of the deposited layers was analyzed by AFM. QCM-D provides the total amount of material adsorbed, i.e., polymer + surfactant + hydration water and the complex viscoelastic shear modulus of the adsorbed film. On the other hand, ellipsometry measures only the amount of polymer + surfactant adsorbed. The combination of both techniques have allowed us to calculate the amount of hydration water adsorbed within the film using the Equation (1) [63,75]. In this work, the adsorbed amount will be discussed in terms of the thickness of the film, hac and hop for the results obtained using QCM-D and ellipsometry, respectively. Figure 5 shows the dependences of both thicknesses on the surfactant concentration for all the three pseudo-binary and the pseudo-ternary mixtures studied. It has to be underlined that both the polymer + surfactant aggregates and the substrate are negatively charged. Despite adsorption in this situation might be counter intuitive, this behavior has been known for many years [11], and in the present case can be explained through an acid-base reaction between the oxygen of the oxyethylene groups of the DSPE-PEG and the negatively charged groups along the surface [76]. Nevertheless, the adsorption of the polymer is relatively small (hac = 2.8 nm and hop = 0.1 nm), which give indication that the layer is highly hydrated (xw = 0.95). This suggests that the adsorption of DSPE-PEG results in the formation of a very heterogeneous layer attached to the surface by a very limited number of segments and with many segments protruding to the aqueous environment.



The results show that the addition of surfactant enhances the deposition of DSPE-PEG onto the solid surface, with hac > hop. Furthermore, hac remains close to 5 nm independently of the chemical nature of the surfactant and the surfactant concentration. This suggests that polymer + surfactant aggregates upon adsorption does not retain their bulk conformation, and undergo some reorganization once they interact with the surface. On the other side, hop appears dependent on the specific characteristics of the surfactant mixed with the polymer. This may explained considering the differences on the sensitivity of QCM-D and ellipsometry to the water associated with the adsorbed layers. Furthermore, the differences between hac and hop evidence that the reorganization of the aggregates should be different depending on the nature of the surfactant. Focusing the interest on the mass of polymer + surfactant deposited onto the negatively charged surface (hop, see Figure 5b), the adsorption of pseudo-binary DSPE-PEG + surfactant mixtures containing anionic surfactants decrease with the surfactant concentration. This may be understood considering that at the lowest surfactant concentration assuming that the conformation of the polymer + surfactant aggregates may favor both the interaction of the ion–dipole interactions between the oxyethylene groups of PEG chains and the surface, and the interaction of the oxyethylene of the SLES tails or the ether group of the SLMI tails. It is expected that this type of interactions can be favored in SLES in relation to that occurring in SLMI because its higher number of available interacting group (two oxyethylene groups in SLES vs. one ether group in SLMI). This may result in an enhancement of the deposition of the aggregates containing anionic surfactant within the lowest surfactant concentration. This type of interactions are hindered with the increase of the surfactant concentration due to the change on the conformation of the complexes. This reduces the number of points of the aggregates which can interact with the surface, and consequently hinders the adsorption. The differences on the deposition with the surfactant concentration in mixtures of DSPE-PEG with SLES or SLMI are evidenced from the AFM images shown in Figure 6.



The AFM images show that independently on the surfactant concentration, the obtained layers for mixtures of DSPE-PEG with anionic surfactant are rather inhomogeneous. This may be explained considering the important contribution of the lateral repulsions between the adsorbed negatively charged surfactant molecules. Furthermore, the increase of the surfactant concentration leads to the reduction of the coverage of the surface as result of the deposition of the polymer + surfactant aggregates as is expected from the adsorption results. This is clear from the formation of isolated islands of deposited material randomly distributed along the surface. Therefore, the decrease of the surface coverage with the increase of the surfactant concentration, and consequently, the increase of the heterogeneity of the layers results from two effects which may be associated with the changes in the conformation of the micellar-like aggregates: (i) the decrease of the number of PEG chains in the aggregates reduce the possibility of their deposition onto the surface through ion–dipole interactions, and (ii) the increase of the number of surfactant molecules in the aggregates increase the lateral repulsions between the aggregates, and between them and the surface, which hinders the adsorption and results on the formation of heterogeneous layers. It is should be expected that the heterogeneity of the deposited impact on the water content of the layers reported in Figure 7. In the case of mixtures of DSPE-PEG+SLES, the deposit shows a dendritic structure whose motives decrease in size as the surfactant concentration increases, as well as the size of the deposits. It is worth mentioning that the driving force for the formation of dendritic or leaf-like structures upon the adsorption of polymer + surfactant mixtures onto solid surface is unclear. However, it is possible that the formation of this type of patterns may be is associated with the existence of weak interactions between the polymer + surfactant aggregates and the solid surface [77].



The water content of the layers obtained upon deposition of the mixtures of DSPE-PEG with the anionic surfactants increases from values about 0.2 and 0.4 at the lowest surfactant concentrations for mixtures with SLES and SLMI, respectively, up to values close to the 0.9. This agrees with the increase of the heterogeneity of the layers reported above. Furthermore, the lower values of the water content of the layers containing SLES at the lowest surfactant concentrations seem to confirm the role of the chemical nature of the surfactant and their interactions with the surface on the deposition and structure of the obtained layers.



The adsorption of the pseudo-binary mixture of DSPE-PEG with CB (see Figure 5) is poorer than that found for mixtures containing anionic surfactants, remaining almost unchanged with the surfactant concentration. This suggests that together with the surfactant concentration, the role of the surfactant nature in the deposition of the complexes is very important. This is confirmed on the heterogeneity of the AFM images obtained for layers of DSPE-PEG+CB mixtures (see Figure 8a) and the high water content (see Figure 6), around 0.9, found for such layers from the lowest surfactant concentrations. The AFM images show clearly that the layers of DSPE-PEG+CB are formed, independently of the surfactant concentration, by isolated aggregates distributed within the entire surface. The adsorption of the pseudo-ternary DSPE-PEG + (SLES + CB) mixture results in a behavior intermediate between those of the pseudo-binary mixtures containing SLES and CB, with the behavior being closer to the mixtures containing CB for the lowest surfactant concentration whereas the behavior becomes closer to the mixtures DSPE-PEG + SLES for the highest surfactant concentrations. This results in the formation of heterogeneous DSPE-PEG + (SLES + CB) layers (see Figure 8b for AFM images), with a high water content (see Figure 6), within the entire surfactant concentration range. It should be noted that the situation found for mixtures DSPE-PEG with different surfactants is very different to that found for the adsorption of mixtures of the polycation PDADMAC and similar surfactants [36,38]. The deposition of the latter mixtures is enhanced as the surfactant concentration increases, resulting in the formation of more homogeneous films with a lower hydration. Therefore, it should be expected that the deposition and structure of the adsorbed layers can be easily controlled by tuning the nature and strength of the aggregate-surface interactions, which on the basis of the obtained results requires to control the composition of the polymer + surfactant mixture and the chemical nature of both polymer and surfactant.



As already mentioned the QCM-D allows one to estimate the complex shear modulus of the adsorbed film. Figure 9 shows that the real and imaginary components, G′ and G″, for the DSPE-PEG + LESS mixture are equal within the experimental uncertainty, that is the typical situation for gels [78]. The values for the other mixtures are qualitatively and quantitatively the same within the experimental uncertainty. The values already reported for layers of PEG, PDADMAC or mixtures of PDADMAC with sodium lauroyl methyl taurate and SDS have led to the same conclusion, i.e., the adsorbed films had a gel-like character [36,59,79].



Since the tribological behavior of the adsorbed film is a key variable for applications such as hair conditioning, the similar values of G′ and G″ of the systems with DSPE-PEG and those with PDADMAC is a good indication that the new polymer could be a reasonably good substitute of PDADMAC, which is the polycation most frequently used in hair cosmetics. However, the remarkably heterogeneity of the layers obtained upon deposition of mixtures of DSPE-PEG and different surfactant is detrimental for the tribological properties of the films, and consequently a careful examination of the composition of the mixtures and adsorption conditions should be required before trying a substitution of the PDADMAC for DSPE-PEG. It is reasonable to expect that the increase of the molecular weight of the PEG chain grafted to the phospholipid might increase the adsorption on the model surface [66].





4. Conclusions


This work was focused on the study of the interaction in bulk of a pegylated lipid (DSPE-PEG) with three different surfactants, two anionic (SLES and SLMI) and one zwitterionic (CB), and the adsorption of such pseudo-binary mixtures onto a negatively charged. Furthermore, the association occurring in bulk and the adsorption of the pseudo-ternary mixture obtained by mixing DSPE-PEG with SLES and CB was also explored. The results showed the formation of micellar-like DSPE-PEG + surfactant aggregates independently of the chemical nature of the surfactant. However, the aggregation pathway was found to be strongly dependent on the composition of the mixtures, with the formation of different types of aggregates as result of the complex interplay of hydrophobic and electrostatic interactions occurring in the polymer + surfactant association. The adsorption of DSPE-PEG + surfactant aggregates onto negatively charged surfaces (thiol-decorated gold surfaces and silicon wafers) with a surface charge density similar to the damaged hair epicuticle, even counter-intuitive, was found to be possible through the ion–dipole interactions occurring between the oxyethylene groups of the PEG chains, and when it was possible of the surfactant molecules, and the negative charges of the surface. Thus, the adsorption of the complexes onto the negatively charged surface was found to be strongly dependent on the specific nature of the surfactant associated with the DSPE-PEG molecules, with those surfactants interacting with the surface through the ion–dipole interactions allowing an enhancement of the deposition. Furthermore, a decrease of the adsorbed amount was found as the surfactant concentration decreases, which may be the result of the conformational change of the micellar-like aggregates existing in solution from a conformation in which many oxyethylene groups can interact with the solid surface to a conformation in which the possibility of effective interactions with the surface is reduced. This shows that the adsorption process mirrors the association process between the polymer chains and the surfactant molecules occurring in solution. It should be noted that the deposition process results in heterogeneous gel-like film with a high level hydration, which is expected to provide non-suitable tribological properties of the obtained layers. Therefore, even though pegylated lipids appear to be a promising alternative to replace conventional polyelectrolytes from consumer products, e.g., shampoos or conditioners, further studies are required for optimizing its deposition onto solid surfaces.







Author Contributions


Conceptualization, E.G. and R.G.R.; methodology, S.L. and E.G.; software, S.L. and E.G.; validation, E.G and R.G.R.; formal analysis, S.L. and E.G.; investigation, S.L., E.G., F.O. and R.G.R.; resources, F.O. and R.G.R.; data curation, S.L. and E.G.; writing—original draft preparation, E.G. and R.G.R.; writing—review and editing, S.L., E.G., F.O. and R.G.R.; visualization, E.G.; supervision, E.G., F.O. and R.G.R.; project administration, R.G.R.; funding acquisition, E.G., F.O. and R.G.R. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by MINECO (Spain) under grants CTQ2016-78895-R and PID2019-106557GB-C21, by Banco Santander-Universidad Complutense grant PR87/19-22513 (Spain) and by E.U. on the framework of the European Innovative Training Network-Marie Sklodowska-Curie Action NanoPaint (grant agreement 955612).




Acknowledgments


The Centro de Espectroscopia y Correlación of the Universidad Complutense de Madrid and the Centro Nacional de Microscopía are acknowledged for their availability in the use of its facilities. Figure 4b was created with Biorender.com.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Varga, I.; Campbell, R.A. General Physical Description of the Behavior of Oppositely Charged Polyelectrolyte/Surfactant Mixtures at the Air/Water Interface. Langmuir 2017, 33, 5915–5924. [Google Scholar] [CrossRef]

	



Braun, L.; Uhlig, M.; von Klitzing, R.; Campbell, R.A. Polymers and surfactants at fluid interfaces studied with specular neutron reflectometry. Adv. Colloid Interface Sci. 2017, 247, 130–148. [Google Scholar] [CrossRef]

	



Penfold, J.; Thomas, R.K. Counterion Condensation, the Gibbs Equation, and Surfactant Binding: An Integrated Description of the Behavior of Polyelectrolytes and Their Mixtures with Surfactants at the Air–Water Interface. J. Phys. Chem. B 2020, 124, 6074–6094. [Google Scholar] [CrossRef]

	



Li, P.; Penfold, J.; Thomas, R.K.; Xu, H. Multilayers formed by polyelectrolyte-surfactant and related mixtures at the air-water interface. Adv. Colloid Interface Sci. 2019, 269, 43–86. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, R.K.; Penfold, J. Thermodynamics of the Air–Water Interface of Mixtures of Surfactants with Polyelectrolytes, Oligoelectrolytes, and Multivalent Metal Electrolytes. J. Phys. Chem. B 2018, 122, 12411–12427. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Peña, L.; Abelenda-Nuñez, I.; Hernández-Rivas, M.; Ortega, F.; Rubio, R.G.; Guzmán, E. Impact of the bulk aggregation on the adsorption of oppositely charged polyelectrolyte-surfactant mixtures onto solid surfaces. Adv. Colloid Interface Sci. 2020, 282, 102203. [Google Scholar] [CrossRef] [PubMed]

	



Guzmán, E.; Fernández-Peña, L.; Ortega, F.; Rubio, R.G. Equilibrium and kinetically trapped aggregates in polyelectrolyte–oppositely charged surfactant mixtures. Curr. Opin. Colloid Interface Sci. 2020, 48, 91–108. [Google Scholar] [CrossRef]

	



Guzmán, E.; Llamas, S.; Maestro, A.; Fernández-Peña, L.; Akanno, A.; Miller, R.; Ortega, F.; Rubio, R.G. Polymer–surfactant systems in bulk and at fluid interfaces. Adv. Colloid Interface Sci. 2016, 233, 38–64. [Google Scholar] [CrossRef] [PubMed]

	



Llamas, S.; Guzmán, E.; Ortega, F.; Baghdadli, N.; Cazeneuve, C.; Rubio, R.G.; Luengo, G.S. Adsorption of polyelectrolytes and polyelectrolytes-surfactant mixtures at surfaces: A physico-chemical approach to a cosmetic challenge. Adv. Colloid Interface Sci. 2015, 222, 461–487. [Google Scholar] [CrossRef]

	



Lindman, B.; Antunes, F.; Aidarova, S.; Miguel, M.; Nylander, T. Polyelectrolyte-surfactant association—from fundamentals to applications. Colloid J. 2014, 76, 585–594. [Google Scholar] [CrossRef]

	



Holmberg, K.; Jönsson, B.; Kronberg, B.; Lindman, B. Surfactants and Polymers in Aqueous Solution; John Wiley and Sons, Ltd.: Chirchester, UK, 2003. [Google Scholar]

	



Piculell, L. Understanding and exploiting the phase behavior of mixtures of oppositely charged polymers and surfactants in water. Langmuir 2013, 29, 10313–10329. [Google Scholar] [CrossRef] [PubMed]

	



Rinaldi, A. Healing beauty? More biotechnology cosmetic products that claim drug-like properties reach the market. EMBO Rep. 2008, 9, 1073–1077. [Google Scholar] [CrossRef] [PubMed]

	



Steiling, W.; Almeida, J.F.; Assaf Vandecasteele, H.; Gilpin, S.; Kawamoto, T.; O’Keeffe, L.; Pappa, G.; Rettinger, K.; Rothe, H.; Bowden, A.M. Principles for the safety evaluation of cosmetic powders. Toxicol. Lett. 2018, 297, 8–18. [Google Scholar] [CrossRef] [PubMed]

	



Guzmán, E.; Fernández-Peña, L.; Akanno, A.; Llamas, S.; Ortega, F.; Rubio, R.G. Two Different Scenarios for the Equilibration of Polycation—Anionic Solutions at Water–Vapor Interfaces. Coatings 2019, 9, 438. [Google Scholar] [CrossRef]

	



Miller, R.; Fainerman, V.B.; Makievski, A.V.; Kragel, J.; Grigoriev, D.O.; Kazakov, V.N.; Sinyachenko, O.V. Dynamics of protein and mixed proteinr/surfactant adsorption layers at the water/fluid interface. Adv. Colloid Interface Sci. 2000, 86, 39–82. [Google Scholar] [CrossRef]

	



Kotsmar, C.; Pradines, V.; Alahverdjieva, V.S.; Aksenenko, E.V.; Fainerman, V.B.; Kovalchuk, V.I.; Krägel, J.; Leser, M.E.; Noskov, B.A.; Miller, R. Thermodynamics, adsorption kinetics and rheology of mixed protein–surfactant interfacial layers. Adv. Colloid Interface Sci. 2009, 150, 41–54. [Google Scholar] [CrossRef]

	



Llamas, S.; Guzmán, E.; Akanno, A.; Fernández-Peña, L.; Ortega, F.; Campbell, R.A.; Miller, R.; Rubio, R.G. Study of the Liquid/Vapor Interfacial Properties of Concentrated Polyelectrolyte–Surfactant Mixtures Using Surface Tensiometry and Neutron Reflectometry: Equilibrium, Adsorption Kinetics, and Dilational Rheology. J. Phys. Chem. C 2018, 122, 4419–4427. [Google Scholar] [CrossRef]

	



Akanno, A.; Guzmán, E.; Fernández-Peña, L.; Llamas, S.; Ortega, F.; Rubio, R.G. Equilibration of a Polycation–Anionic Surfactant Mixture at the Water/Vapor Interface. Langmuir 2018, 34, 7455–7464. [Google Scholar] [CrossRef]

	



Tonigold, K.; Varga, I.; Nylander, T.; Campbell, R.A. Effects of Aggregates on Mixed Adsorption Layers of Poly(ethylene imine) and Sodium Dodecyl Sulfate at the Air/Liquid Interface. Langmuir 2009, 25, 4036–4046. [Google Scholar] [CrossRef]

	



Angus-Smyth, A.; Bain, C.D.; Varga, I.; Campbell, R.A. Effects of bulk aggregation on PEI–SDS monolayers at the dynamic air–liquid interface: Depletion due to precipitation versus enrichment by a convection/spreading mechanism. Soft Matter 2013, 9, 6103–6117. [Google Scholar] [CrossRef]

	



Campbell, R.A.; Yanez Arteta, M.; Angus-Smyth, A.; Nylander, T.; Noskov, B.A.; Varga, I. Direct Impact of Nonequilibrium Aggregates on the Structure and Morphology of Pdadmac/SDS Layers at the Air/Water Interface. Langmuir 2014, 30, 8664–8674. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, R.A.; Tummino, A.; Noskov, B.A.; Varga, I. Polyelectrolyte/surfactant films spread from neutral aggregates. Soft Matter 2016, 12, 5304–5312. [Google Scholar] [CrossRef] [PubMed]

	



Tummino, A.; Toscano, J.; Sebastiani, F.; Noskov, B.A.; Varga, I.; Campbell, R.A. Effects of Aggregate Charge and Subphase Ionic Strength on the Properties of Spread Polyelectrolyte/Surfactant Films at the Air/Water Interface under Static and Dynamic Conditions. Langmuir 2018, 34, 2312–2323. [Google Scholar] [CrossRef] [PubMed]

	



Uhlig, M.; Lohmann, O.; Ruiz, S.V.; Varga, I.; von Klitzing, R.; Campbell, R.A. New structural approach to rationalize the foam film stability of oppositely charged polyelectrolyte/surfactant mixtures. Chem. Commun. 2020, 56, 952–955. [Google Scholar] [CrossRef]

	



Bodnár, K.; Szarka, K.; Nagy, M.; Mészáros, R. Effect of the Charge Regulation Behavior of Polyelectrolytes on Their Nonequilibrium Complexation with Oppositely Charged Surfactants. J. Phys. Chem. B 2016, 120, 12720–12729. [Google Scholar] [CrossRef]

	



Bali, K.; Varga, Z.; Kardos, A.; Varga, I.; Gilányi, T.; Domján, A.; Wacha, A.; Bóta, A.; Mihály, J.; Mészáros, R. Effect of Dilution on the Nonequilibrium Polyelectrolyte/Surfactant Association. Langmuir 2018, 34, 14652–14660. [Google Scholar] [CrossRef]

	



Bali, K.; Varga, Z.; Kardos, A.; Meszaros, R. Impact of local inhomogeneities on the complexation between poly (diallyldimethylammoniumchloride) and sodium dodecyl sulfate. Colloids Surf. A 2019, 574, 21–28. [Google Scholar] [CrossRef]

	



Terada, E.; Samoshina, Y.; Nylander, T.; Lindman, B. Adsorption of Cationic Cellulose Derivatives/Anionic Surfactant Complexes onto Solid Surfaces. I. Silica Surfaces. Langmuir 2004, 20, 1753–1762. [Google Scholar] [CrossRef]

	



Terada, E.; Samoshina, Y.; Nylander, T.; Lindman, B. Adsorption of Cationic Cellulose Derivative/Anionic Surfactant Complexes onto Solid Surfaces. II. Hydrophobized Silica Surfaces. Langmuir 2004, 20, 6692–6701. [Google Scholar] [CrossRef]

	



Nylander, T.; Samoshin, Y.; Lindman, B. Formation of polyelectrolyte–surfactant complexes on surfaces. Adv. Colloid Interface Sci. 2006, 123–126, 105–123. [Google Scholar] [CrossRef]

	



Svensson, A.V.; Huang, L.; Johnson, E.S.; Nylander, T.; Piculell, L. Surface Deposition and Phase Behavior of Oppositely Charged Polyion/Surfactant Ion Complexes. 1. Cationic Guar versus Cationic Hydroxyethylcellulose in Mixtures with Anionic Surfactants. ACS Appl. Mat. Interfaces 2009, 1, 2431–2442. [Google Scholar] [CrossRef] [PubMed]

	



Svensson, A.V.; Johnson, E.S.; Nylander, T.; Piculell, L. Surface Deposition and Phase Behavior of Oppositely Charged Polyion-Surfactant Ion Complexes. 2. A Means to Deliver Silicone Oil to Hydrophilic Surfaces. ACS Appl. Mat. Interfaces 2010, 2, 143–156. [Google Scholar] [CrossRef]

	



Santos, O.; Johnson, E.S.; Nylander, T.; Panandiker, R.K.; Sivik, M.R.; Piculel, L. Surface Adsorption and Phase Separation of Oppositely Charged Polyion-Surfactant Ion Complexes: 3. Effects of Polyion Hydrophobicity. Langmuir 2010, 26, 9357–9367. [Google Scholar] [CrossRef]

	



Clauzel, M.; Johnson, E.S.; Nylander, T.; Panandiker, R.K.; Sivik, M.R.; Piculell, L. Surface Deposition and Phase Behavior of Oppositely Charged Polyion-Surfactant Ion Complexes. Delivery of Silicone Oil Emulsions to Hydrophobic and Hydrophilic Surfaces. ACS Appl. Mat. Interfaces 2011, 3, 2451–2462. [Google Scholar] [CrossRef]

	



Llamas, S.; Guzmán, E.; Baghdadli, N.; Ortega, F.; Cazeneuve, C.; Rubio, R.G.; Luengo, G.S. Adsorption of poly(diallyldimethylammonium chloride)—Sodium methyl-cocoyl-taurate complexes onto solid surfaces. Colloids Surf. A 2016, 505, 150–157. [Google Scholar] [CrossRef]

	



Guzmán, E.; Fernández-Peña, L.; Luengo, G.S.; Rubio, A.M.; Rey, A.; Léonforte, F. Self-Consistent Mean Field Calculations of Polyelectrolyte-Surfactant Mixtures in Solution and upon Adsorption onto Negatively Charged Surfaces. Polymers 2020, 12, 624. [Google Scholar] [CrossRef] [PubMed]

	



Guzmán, E.; Llamas, S.; Fernández-Peña, L.; Léonforte, F.; Baghdadli, N.; Cazeneuve, C.; Ortega, F.; Rubio, R.G.; Luengo, G.S. Effect of a natural amphoteric surfactant in the bulk and adsorption behavior of polyelectrolyte-surfactant mixtures. Colloids Surf. A 2020, 585, 124178. [Google Scholar] [CrossRef]

	



Hernández-Rivas, M.; Guzmán, E.; Fernández-Peña, L.; Akanno, A.; Greaves, A.; Léonforte, F.; Ortega, F.; Rubio, R.G.; Luengo, G.S. Deposition of Synthetic and Bio-Based Polycations onto Negatively Charged Solid Surfaces: Effect of the Polymer Cationicity, Ionic Strength, and the Addition of an Anionic Surfactant. Colloids Interfaces 2020, 4, 33. [Google Scholar] [CrossRef]

	



Zanette, D.; Frescura, V.L.A. Ideal Mixing of Polymer-Surfactant Complexes of Polyethylene Oxide and Sodium Dodecyl Sulfate Plus Sodium Dodecanoate. J. Colloid Interface Sci. 1999, 213, 379–385. [Google Scholar] [CrossRef]

	



Rizzatti, I.M.; Zanette, D.R.; Zanette, D. Construction of surfactant-membrane electrodes selective for sodium dodecyl sulfate in poly(ethylene oxide)-surfactant mixtures. J. Braz. Chem. Soc. 2004, 15, 491–495. [Google Scholar] [CrossRef]

	



Olofsson, G.; Wang, G. Interactions between surfactants and uncharged polymers in aqueous solution studied by microcalorimetry. Pure Appl. Chem. 1994, 66, 527–532. [Google Scholar] [CrossRef]

	



Shang, B.Z.; Wang, Z.; Larson, R.G. Molecular Dynamics Simulation of Interactions between a Sodium Dodecyl Sulfate Micelle and a Poly(Ethylene Oxide) Polymer. J. Phys. Chem. B 2008, 112, 2888–2900. [Google Scholar] [CrossRef]

	



Brown, W.; Fundin, J.; Miguel, M.d.G. Poly(ethylene oxide)-sodium dodecyl sulfate interactions studied using static and dynamic light scattering. Macromolecules 1992, 25, 7192–7198. [Google Scholar] [CrossRef]

	



Arleth, L.; Ashok, B.; Onyuksel, H.; Thiyagarajan, P.; Jacob, J.; Hjelm, R.P. Detailed Structure of Hairy Mixed Micelles Formed by Phosphatidylcholine and PEGylated Phospholipids in Aqueous Media. Langmuir 2005, 21, 3279–3290. [Google Scholar] [CrossRef] [PubMed]

	



Takayama, R.; Inoue, Y.; Murata, I.; Kanamoto, I. Characterization of Nanoparticles Using DSPE-PEG2000 and Soluplus. Colloids Interfaces 2020, 4, 28. [Google Scholar] [CrossRef]

	



Ishida, O.; Maruyama, K.; Tanahashi, H.; Iwatsuru, M.; Sasaki, K.; Eriguchi, M.; Yanagie, H. Liposomes Bearing Polyethyleneglycol-Coupled Transferrin with Intracellular Targeting Property to the Solid Tumors In Vivo. Pharm. Res. 2001, 18, 1042–1048. [Google Scholar] [CrossRef] [PubMed]

	



Grad, P.; Gedda, L.; Edwards, K. Effect of gangliosides on structure and integrity of polyethylene glycol (PEG)-stabilized liposomes. J. Colloid Interface Sci. 2020, 578, 281–289. [Google Scholar] [CrossRef]

	



Mehling, A.; Kleber, M.; Hensen, H. Comparative studies on the ocular and dermal irritation potential of surfactants. Food Chem. Toxicol. 2007, 45, 747–758. [Google Scholar] [CrossRef]

	



Llamas, S.; Fernández-Peña, L.; Akanno, A.; Guzmán, E.; Ortega, V.; Ortega, F.; Csaky, A.G.; Campbell, R.A.; Rubio, R.G. Towards understanding the behavior of polyelectrolyte–surfactant mixtures at the water/vapor interface closer to technologically-relevant conditions. Phys. Chem. Chem. Phys. 2018, 20, 1395–1407. [Google Scholar] [CrossRef]

	



Mateos, H.; Valentini, A.; Robles, E.; Brooker, A.; Cioffi, N.; Palazzo, G. Measurement of the zeta-potential of solid surfaces through Laser Doppler Electrophoresis of colloid tracer in a dip-cell: Survey of the effect of ionic strength, pH, tracer chemical nature and size. Colloids Surf. A 2019, 576, 82–90. [Google Scholar] [CrossRef]

	



Mateos, H.; Valentini, A.; Lopez, F.; Palazzo, G. Surfactant Interactions with Protein-Coated Surfaces: Comparison between Colloidal and Macroscopically Flat Surfaces. Biomimetics 2020, 5, 31. [Google Scholar] [CrossRef]

	



Mateos, H.; Valentini, A.; Colafemmina, G.; Murgia, S.; Robles, E.; Brooker, A.; Palazzo, G. Binding isotherms of surfactants used in detergent formulations to bovine serum albumin. Colloids Surf. A 2020, 598, 124801. [Google Scholar] [CrossRef]

	



Fernández-Peña, L.; Guzmán, E.; Leonforte, F.; Serrano-Pueyo, A.; Regulski, K.; Tournier-Couturier, L.; Ortega, F.; Rubio, R.G.; Luengo, G.S. Effect of molecular structure of eco-friendly glycolipid biosurfactants on the adsorption of hair-care conditioning polymers. Colloids Surf. B 2020, 185, 110578. [Google Scholar] [CrossRef]

	



Kageyama, M.; Yahiro, Y.; Karube, S.; Shiraku, T.; Kato, T.; Kato, N.; Kashiwai, T.; Nomura, M.; Nishida, Y.; Tagaki, N.; et al. Adsorption of dimethyl silicone onto hair-surface models prepared with micro-phase separated monolayers. J. Oleo Sci. 2014, 63, 355–363. [Google Scholar] [CrossRef]

	



Tokunaga, S.; Tanamachi, H.; Ishikawa, K. Degradation of Hair Surface: Importance of 18-MEA and Epicuticle. Cosmetics 2019, 6, 31. [Google Scholar] [CrossRef]

	



Voinova, M.V.; Rodahl, M.; Jonson, M.; Kasemo, B. Viscoelastic Acoustic Response of Layered Polymer Films at Fluid-Solid Interfaces: Continuum Mechanics Approach. Phy. Script 1999, 59, 391–396. [Google Scholar] [CrossRef]

	



Voinova, M.V.; Jonson, M.; Kasemo, B. ‘Missing mass’ effect in biosensor’s QCM applications. Biosens. Bioelectron. 2002, 17, 835–841. [Google Scholar] [CrossRef]

	



Guzmán, E.; Ortega, F.; Baghdadli, N.; Cazeneuve, C.; Luengo, G.S.; Rubio, R.G. Adsorption of Conditioning Polymers on Solid Substrates with Different Charge Density. ACS Appl. Mat. Interfaces 2011, 3, 3181–3188. [Google Scholar] [CrossRef]

	



Azzam, R.M.A.; Bashara, N.M. Ellipsometry and Polarized Light; North-Holland Pub. Co.: Amsterdam, The Netherlands, 1977. [Google Scholar]

	



Palik, E.D. Handbook of Optical Constant of Solid; Academic Press, Inc.: New York, NY, USA, 1985. [Google Scholar]

	



Nestler, P.; Helm, C.A. Determination of refractive index and layer thickness of nm-thin films via ellipsometry. Opt. Express 2017, 25, 27077–27085. [Google Scholar] [CrossRef] [PubMed]

	



Vörös, J. The Density and Refractive Index of Adsorbing Protein Layers. Biophys. J. 2004, 87, 553–561. [Google Scholar] [CrossRef] [PubMed]

	



Halthur, T.J.; Elofsson, U.M. Multilayers of Charged Polypeptides As Studied by in Situ Ellipsometry and Quartz Crystal Microbalance with Dissipation. Langmuir 2004, 20, 1739–1745. [Google Scholar] [CrossRef]

	



Schwuger, M.J. Mechanism of interaction between ionic surfactants and polyglycol ethers in water. J. Colloid Interface Sci. 1973, 43, 491–498. [Google Scholar] [CrossRef]

	



Heydari, N.; Asgari, M.; Shojai Kaveh, N.; Fakhroueian, Z. Novel application of PEG/SDS interaction as a wettability modifier of hydrophobic carbonate surfaces. Pet. Sci. 2019, 16, 318–327. [Google Scholar] [CrossRef]

	



Dai, S.; Tam, K.C. Isothermal Titration Calorimetry Studies of Binding Interactions between Polyethylene Glycol and Ionic Surfactants. J. Phys. Chem. B 2001, 105, 10759–10763. [Google Scholar] [CrossRef]

	



Dey, J.; Sultana, N.; Kumar, S.; Aswal, V.K.; Choudhury, S.; Ismail, K. Controlling the aggregation of sodium dodecylsulphate in aqueous poly(ethylene glycol) solutions. RSC Adv. 2015, 5, 74744–74752. [Google Scholar] [CrossRef]

	



Vuorte, M.; Määttä, J.; Sammalkorpi, M. Simulations Study of Single-Component and Mixed n-Alkyl-PEG Micelles. J. Phys. Chem. B 2018, 122, 4851–4860. [Google Scholar] [CrossRef] [PubMed]

	



Kancharla, S.; Zoyhofski, N.A.; Bufalini, L.; Chatelais, B.F.; Alexandridis, P. Association between Nonionic Amphiphilic Polymer and Ionic Surfactant in Aqueous Solutions: Effect of Polymer Hydrophobicity and Micellization. Polymers 2020, 12, 1831. [Google Scholar] [CrossRef] [PubMed]

	



Bernazzani, L.; Borsacchi, S.; Catalano, D.; Gianni, P.; Mollica, V.; Vitelli, M.; Asaro, F.; Feruglio, L. On the Interaction of Sodium Dodecyl Sulfate with Oligomers of Poly(Ethylene Glycol) in Aqueous Solution. J. Phys. Chem. B 2004, 108, 8960–8969. [Google Scholar] [CrossRef]

	



Banerjee, S.; Cazeneuve, C.; Baghdadli, N.; Ringeissen, S.; Leermakers, F.A.M.; Luengo, G.S. Surfactant–polymer interactions: Molecular architecture does matter. Soft Matter 2015, 11, 2504–2511. [Google Scholar] [CrossRef] [PubMed]

	



Hoffmann, I.; Simon, M.; Farago, B.; Schweins, R.; Falus, P.; Holderer, O.; Gradzielski, M. Structure and dynamics of polyelectrolyte surfactant mixtures under conditions of surfactant excess. J. Chem. Phys. 2016, 145, 124901. [Google Scholar] [CrossRef]

	



Chiappisi, L.; Hoffmann, I.; Gradzielski, M. Complexes of oppositely charged polyelectrolytes and surfactants – recent developments in the field of biologically derived polyelectrolytes. Soft Matter 2013, 9, 3896–3909. [Google Scholar] [CrossRef]

	



Guzman, E.; San Miguel, V.; Peinado, C.; Ortega, F.; Rubio, R.G. Polyelectrolyte Multilayers Containing Triblock Copolymers of Different Charge Ratio. Langmuir 2010, 26, 11494–11502. [Google Scholar] [CrossRef] [PubMed]

	



Mathur, S.; Moudgil, B.M. Adsorption Mechanism(s) of Poly(Ethylene Oxide) on Oxide Surfaces. J. Colloid Interface Sci. 1997, 196, 92–98. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, F.; Du, Y.-K.; Xu, J.-K. Dendritic-Shaped, Fractal Hybrid Nanogold Aggregates Mediated by Polymer/Surfactant Complexes on Mica Surfaces through the Salt-Induced Self-Assembly. Colloid J. 2009, 71, 63–68. [Google Scholar] [CrossRef]

	



Riande, E.; Diaz-Calleja, R.; Prolongo, M.G.; Masegosa, R.M.; Salom, C. Polymer Viscoelasticity: Stress and Strain in Practice; CRC Press: Boca Raton, FL, USA, 1999. [Google Scholar]

	



Dhopatkar, N.; Park, J.H.; Chari, K.; Dhinojwala, A. Adsorption and Viscoelastic Analysis of Polyelectrolyte–Surfactant Complexes on Charged Hydrophilic Surfaces. Langmuir 2015, 31, 1026–1037. [Google Scholar] [CrossRef] [PubMed]








[image: Colloids 04 00047 g001 550] 





Figure 1. Molecular structures of the DSPE-PEG and the three surfactants. 
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Figure 2. (a) Hydrodynamic radius distribution determined as the scattered intensity by DSPE-PEG for polymer solutions with a concentration of 0.5 wt% and KCl concentration of 0.3 wt% measured at two different pH values: (―) 7.4 and (―) 5.6. (b) Dependence of Rh on the surfactant concentration, cs, for the different DSPE-PEG+surfactant mixtures studied in this work: (■) SLES, (●) CB, (▲) SLES+CB (molar ratio 3:2) and (▼) SLMI. All the mixtures contain a fixed DSPE-PEG concentration of 5 g/L, and their ionic strength and pH were fixed a 40 mM (KCl) and 5.6, respectively. 
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Figure 3. Dependence of the ζ potential on the surfactant concentration, cs, for the different polymer + surfactant mixtures studied in this work: (a) ζ values for pseudo-binary and pseudo-ternary mixtures of DSPE-PEG containing SLES and/or CB. (■) SLES, (●) CB and (▲) SLES+CB (molar ratio 3:2); (b) ζ values for pseudo-binary of DSPE-PEG containing SLES or SLMI. (■) SLES and (▼) SLMI. All the mixtures contain a fixed DSPE-PEG concentration of 5 g/L, and their ionic strength and pH were fixed a 40 mM (KCl) and 5.6, respectively. The dashed line corresponds to the value of ζ for a DSPE-PEG aqueous solution with concentration 5 g/L and the same ionic strength and pH than the mixtures. 
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Figure 4. Sketch of the different types of aggregates obtained as function of the surfactant concentration. 
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Figure 5. Dependence of hac (a) and hop (b) on the surfactant concentration, cs, for the different DSPE-PEG+surfactant mixtures studied in this work: (■, □) SLES, (●, ○) CB, (▲, Δ) SLES+CB (molar ratio 3:2) and (▼, ∇) SLMI. All the mixtures contain a fixed DSPE-PEG concentration of 5 g/L, and their ionic strength and pH were fixed a 40 mM (KCl) and 5.6, respectively. The dashed lines correspond to the values of acoustical and optical thicknesses for the adsorption of a DSPE-PEG layer from a solution with concentration 5 g/L and the same ionic strength and pH than the mixtures. 
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Figure 6. AFM images (tapping mode, 10 × 10 µm2) obtained for layers obtained for the deposition of DSPE-PEG+surfactant mixtures containing different surfactant and solution concentration: (a) SLES and (b) SLMI. All the mixtures contain a fixed DSPE-PEG concentration of 5 g/L, and their ionic strength and pH were fixed a 40 mM (KCl) and 5.6, respectively. 
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Figure 7. Dependence of water content, xw, on the surfactant concentration, cs, for the different DSPE-PEG+surfactant mixtures studied in this work: (■) SLES, (●) CB, (▲) SLES+CB (molar ratio 3:2) and (▼) SLMI. All the mixtures contain a fixed DSPE-PEG concentration of 5 g/L, and their ionic strength and pH were fixed a 40 mM (KCl) and 5.6, respectively. The dashed lines correspond to the values of acoustical and optical thicknesses for the adsorption of a DSPE-PEG layer from a solution with concentration 5 g/L and the same ionic strength and pH than the mixtures. 
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Figure 8. AFM images (tapping mode, 10 × 10 µm2) obtained for layers obtained for the deposition of DSPE-PEG+surfactant mixtures containing different surfactant and solution concentration: (a) CB and (b) SLES + CB (molar ratio 3:2). All the mixtures contain a fixed DSPE-PEG concentration of 5 g/L, and their ionic strength and pH were fixed a 40 mM (KCl) and 5.6, respectively. 
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Figure 9. Dependence of G′ (solid symbols) and G″ (open symbols) on the surfactant concentration, cs, for the different DSPE-PEG+surfactant mixtures studied in this work: (a) DSPE-PEG + SLES, (b) DSPE-PEG + CB, (c) DSPE-PEG + (SLES + CB) (molar ratio 3:2) and (d) DSPE-PEG + SLMI. All the mixtures contain a fixed DSPE-PEG concentration of 5 g/L, and their ionic strength and pH were fixed a 40 mM (KCl) and 5.6, respectively. 
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Table 1. Critical micellar concentration values obtained from surface tension measurements.






Table 1. Critical micellar concentration values obtained from surface tension measurements.





	Surfactant
	cs (mM)



	SLES
	0.14



	SLMI
	5.0



	CB
	1.00



	SLES + CB
	0.29







The mixture of SLES+CB presents a molar ratio 3:3.
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