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In this article, we used the numerical self-consistent field method of Scheutjens-Fleer to study the micellization of hybrid molecules consisting of one polylysine dendron with charged end groups and several linear hydrophobic tails attached to its root. The main attention was paid to spherical micelles and the determination of the range of parameters at which they can appear. A relationship has been established between the size and internal structure of the resulting spherical micelles and the length and number of hydrophobic tails, as well as the number of dendron generations. It is shown that the splitting of the same number of hydrophobic monomers from one long tail into several short tails leads to a decrease in the aggregation number and, accordingly, the number of terminal charges in micelles. At the same time, it was shown that the surface area per dendron does not depend on the number of hydrophobic monomers or tails in the hybrid molecule. The relationship between the structure of hybrid molecules and the electrostatic properties of the resulting micelles has also been studied. It is found that the charge distribution in the corona depends on the number of dendron generations G in the hybrid molecule. For a small number of generations (up to G = 3), a standard double electric layer is observed. For a larger number of generations (G = 4), the charges of dendrons in the corona are divided into two populations: in the first population, the charges are in the spherical layer near the boundary between the micelle core and shell, and in the second population, the charges are near the periphery of the spherical shell. As a result, a part of the counterions is localized in the wide region between them. These results are of potential interest for the use of spherical dendromicelles as nanocontainers for drug delivery.

Introduction

The self-assembly of molecules consisting of hydrophobic and hydrophilic parts in water solution is a well-known effect attracting the attention of researchers for many years. The variation of the architecture and chemical structure of both parts produces a large number of aggregates of different sizes and morphologies (spherical, cylindrical, or lamellar).

Self-organizing structures composed of amphiphilic molecules are important because they exist in all living organisms. Their structures are also widely used in many industrial applications, such as, lubrication, wetting, cleaning, formulation sciences, and nanotechnology [START_REF] Nace | Nonionic Surfactants: Polyoxyalkylene Block Copolymers[END_REF][START_REF] Alexandridis | Amphiphilic Block Copolymers. Self-Assembly and Applications[END_REF][START_REF] Hamley | Developments in Block Copolymer Science and Technology[END_REF]. Micelles consisting of linear amphiphilic diblock copolymers were used for a very long time as nanocontainers in drug and gene delivery. Dendromicelles consisting of hybrid molecules containing hydrophilic dendron block and hydrophobic linear blocks are a perfect candidate for use in this area [START_REF] Frechet | Dendrimers and Other Dendritic Polymer[END_REF][START_REF] Cheng | Dendrimer-Based Drug Delivery Systems: From Theory to Practice[END_REF][START_REF] Klajnert | Dendrimers in Biomedical Applications[END_REF][START_REF] Narain | Polymers and Nanomaterials for Gene Therapy[END_REF]. The large number of hydrophilic or charged terminal groups of dendron on surface of micelle expands the scope of possible applications of such systems. However, not all dendromicelles are suitable for biomedical applications because they should have low toxicity and high biocompatibility. From this point of view, peptide, and in particular lysine dendrons, are among the most suitable candidates for use in this area. Lysine dendrons were synthesized in the early 80s [START_REF] Denkewalter | Macromolecular Highly Branched Homogeneous Compound Based on Lysine Units[END_REF]. Despite a large number of works devoted to the applications of lysine dendrimers, the relationship between the structure of these hybrid molecules and the characteristics of the resulting dendromicelles remains insufficiently studied. Several papers describe the synthesis of such molecules consisting of one lysine dendron with one [START_REF] Mirsharghi | Preparation and self-assembly of amphiphilic polylysine dendrons[END_REF], two, and three [START_REF] Bayele | Protein transduction by lipidic peptide dendrimers[END_REF] hydrophobic tails. The detailed experimental study of the self-assembly of such hybrid molecules was performed only for molecules consisting of one lysine dendron (generation G = 0-2) and one hydrophobic alkyl tail of different lengths (from C4 to C18) by using small angle neutron scattering (SANS) and dynamic light scattering (DLS) [START_REF] Mirsharghi | Preparation and self-assembly of amphiphilic polylysine dendrons[END_REF].

Synthesis of linear-dendritic amphiphilic block-copolymers with many linear hydrophobic tails was described in [START_REF] Rosati | Azobenzene-containing linear-dendritic block copolymers prepared by sequential ATRP and click chemistry[END_REF][START_REF] Liu | Controlled ATRP synthesis of novel linear-dendritic block copolymers and their directed selfassembly in breath figure arrays[END_REF][START_REF] Kosakowska | Evaluation of Amphiphilic Star/Linear-Dendritic Polymer Reverse Micelles for Transdermal Drug Delivery: Directing Carrier Properties by Tailoring Core versus Peripheral Branching[END_REF][START_REF] Hua | Synthesis and characterization of linear-dendron-like poly( -caprolactone)-b-poly(ethyleneoxide) copolymers via the combination of ring-opening polymerization and click chemistry[END_REF][START_REF] Del Barrio | Azobenzene-Containing linear-Dendritic diblock copolymers by click chemistry: Synthesis, characterization, morphological study, and photoinduction of optical anisotropy[END_REF][START_REF] Blasco | Azobenzene-containing linear-dendritic block copolymers prepared by sequential ATRP and click chemistry[END_REF] and responsive assemblies of such molecules were studied in [START_REF] Qian | Enzyme triggered disassembly of amphiphilic linear-dendritic block copolymer micelles based on poly[N-(2-hydroxyethyl-L-glutamine)[END_REF][START_REF] Liu | Nonionic amphiphilic linear dendritic block copolymers. solvent-induced self-assembly and morphology tuning[END_REF][START_REF] Wei | Self-assembly and enzyme responsiveness of amphiphilic linear-dendritic block copolymers based on poly(N-vinylpyrrolidone) and dendritic phenylalanyl-lysine dipeptides[END_REF][START_REF] Blasco | Responsive Linear-Dendritic Block Copolymers[END_REF][START_REF] Van Hest | Polystyrene-dendrimer amphiphilic block copolymers with a generation-dependent aggregation[END_REF][START_REF] Lin | Photoresponsive polymersomes formed by amphiphilic linear-dendritic block copolymers: Generation-dependent aggregation behavior[END_REF][START_REF] Blasco | Light induced molecular release from vesicles based on amphiphilic linear-dendritic block copolymers[END_REF]. General applications of them in biotechnology are described in [START_REF] Whitton | Functional aqueous assemblies of linear-dendron hybrids[END_REF][START_REF] Mongkhontreerat | Functional porous membranes from amorphous linear dendritic polyester hybrids[END_REF][START_REF] Mongkhontreerat | Beyond State of the Art Honeycomb Membranes: High Performance Ordered Arrays from Multiprogrammable Linear-Dendritic Block Copolymers[END_REF][START_REF] Del Barrio | Self-assembly of linear-dendritic diblock copolymers: From nanofibers to polymersomes[END_REF]. Bio-, photo-and pH-degradable linear-dendritic block-copolymers systems were studied in [START_REF] Dong | Linear-dendritic biodegradable block copolymers: From synthesis to application in bionanotechnology[END_REF][START_REF] Kalva | Controlled micellar disassembly of photo-and pH-cleavable linear-dendritic block copolymers[END_REF] and applications of these molecules in drug and gene delivery were described in [START_REF] Zhou | Hydrophobic Domain Structure of Linear-Dendritic Poly(ethylene glycol) Lipids Affects RNA Delivery of Lipid Nanoparticles[END_REF][START_REF] Fedeli | Self-assembling hybrid linear-dendritic blockcopolymers:The design of nano-carriers for lipophilic antitumoral drugs[END_REF][START_REF] Kosakowska | Synthesis and Self-Assembly of Amphiphilic Star/Linear-Dendritic Polymers: Effect of Core versus Peripheral Branching on Reverse Micelle Aggregation[END_REF][START_REF] Fan | Linear-dendritic block copolymer for drug and gene delivery[END_REF][START_REF] Andrén | Therapeutic Nanocarriers via Cholesterol Directed Self-Assembly of Well-Defined Linear-Dendritic Polymeric Amphiphiles[END_REF]. The synthesis of more complex amphiphilic Janus-dendrimers consisting of two branched block was described in [START_REF] Najafi | Janus-type dendrimers: Synthesis, properties, and applications[END_REF]; the study of dendrisomes based on Janus-dendrimers and their applications in drug delivery were described in [START_REF] Lancelot | Nanostructures based on ammoniumterminated amphiphilic Janus dendrimers as camptothecin carriers with antiviral activity[END_REF][START_REF] Xiao | Co-assembly of liposomes, Dendrimersomes, and Polymersomes with amphiphilic Janus dendrimers conjugated to Mono-and Tris-Nitrilotriacetic Acid (NTA, TrisNTA) enhances protein recruitment[END_REF][START_REF] Wagner | Dendrimersome Synthetic Cells Harbor Cell Division Machinery of Bacteria[END_REF][START_REF] Potter | Controlled Dendrimersome Nanoreactor System for Localized Hypochlorite-Induced Killing of Bacteria[END_REF][START_REF] Torre | Encapsulation of hydrophobic components in dendrimersomes and decoration of their surface with proteins and nucleic acids[END_REF][START_REF] Xiao | Self-Sorting and Co-Assembly of Fluorinated, Hydrogenated, and Hybrid Janus Dendrimers into Dendrimersomes[END_REF][START_REF] Wang | Zwitterionic Janus Dendrimer with Distinct Functional Disparity for Enhanced Protein Delivery[END_REF].

In this paper, we study the spherical micelles based on linear-dendritic amphiphilic block-copolymers with many linear hydrophobic tails because they are more convenient for application in drug and gene delivery. Our first goal is to determine the values for structural parameters of the hybrid molecule (the generation number of dendron blocks (G), the number of tails (t), and the tail length (N t )), where the formation of micelles of spherical morphology is expected. The second goal is to establish the relationships between the size and inner structure of these micelles and the parameters of a hybrid molecule. Previous works [START_REF] Israelachvili | Theory of Self-Assembly of Hydrocarbon Amphiphiles into Micelles and Bilayers[END_REF][START_REF] Nagarajan | Block copolymer selfassembly in selective solvents: Spherical micelles with segregated cores[END_REF][START_REF] Nagarajan | Molecular Packing Parameter and Surfactant Self-Assembly: The Neglected Role of the Surfactant Tail[END_REF] allow us to make some general predictions about the connection between the structure of polymeric surfactants and resulting aggregates. These works consider mainly micelles formed by macromolecules containing only linear hydrophilic and hydrophobic blocks. Only recently, a theory applicable on micelles formed by linear-dendritic block copolymers was developed [START_REF] Lebedeva | Theory of Linear-Dendritic Block Copolymer Micelles[END_REF]. It was shown that an increase in the number of dendron generations leads to a decrease in the aggregation number.

However, in general, the theory predicts only trends and does not take into account the specific chemical structure of the systems under consideration. In addition, the theory is developed for neutral dendrons, while lysine dendrons remain charged even under physiological conditions. This specificity can be considered by using computer simulations [START_REF] Zhang | Theoretical modeling and simulations of self-assembly of copolymers in solution[END_REF]. The most accurate method of simulation of large molecular systems is molecular dynamics (MD) [START_REF] Zhang | Theoretical modeling and simulations of self-assembly of copolymers in solution[END_REF][START_REF] Morris | A Molecular Dynamics Simulation Study of Two Dipeptide Based Molecular Micelles: Effect of Amino Acid Order[END_REF][START_REF] Colherinhas | Molecular Dynamics Study of Surfactant-Like Peptide Based Nanostructures[END_REF]. However, it takes considerable computational resources for long term simulation of big systems such as micelles consisting of many linear-dendron molecules in explicit solvent. In addition, when applying the MD method to study self-organization, a problem of using the grand canonical ensemble arises. Namely, it is necessary to consider the whole ensemble of systems, which further increases the required amount of MD calculations. Brownian dynamics [START_REF] Zhang | Theoretical modeling and simulations of self-assembly of copolymers in solution[END_REF] and dissipative particle dynamics [START_REF] Zhang | Theoretical modeling and simulations of self-assembly of copolymers in solution[END_REF][START_REF] Tan | Dissipative Particle Dynamics Simulation Study on Self-Assembly of Amphiphilic Hyperbranched Multiarm Copolymers with Different Degrees of Branching[END_REF][START_REF] Yu | Computer Simulation Studies on the pH-Responsive Self-assembly of Amphiphilic Carboxy-Terminated Polyester Dendrimers in Aqueous Solution[END_REF][START_REF] Tan | A dissipative particle dynamics simulation study on phase diagrams for the self-assembly of amphiphilic hyperbranched multiarm copolymers in various solvents[END_REF] methods are faster in comparison with full-atom MD, since these methods usually use more coarse-grained models and implicit solvents. However, both BD and DPD calculations could be, also, too expensive due to the slow equilibration of weakly interacting micelles.

The much less time-consuming numerical self-consistent field (SCF) approach can be positioned as a transitional method between computer simulation and analytical theory. This method is based on the thermodynamics of small systems and allows the determination of the equilibrium characteristics of the most probable micelles [START_REF] Gruen | A statistical mechanical model of the lipid bilayer above its phase transition[END_REF][START_REF] Gruen | The packing of amphiphile chains in a small spherical micelle[END_REF][START_REF] Ben-Shaul | Chain organization and thermodynamics in micelles and bilayers. I. Theory[END_REF][START_REF] Szleifer | Chain organization and thermodynamics in micelles and bilayers. II. Model calculations[END_REF][START_REF] Szleifer | Statistical thermodynamics of molecular organization in mixed micelles and bilayers[END_REF][START_REF] Leermakers | On the self-consistent field theory of surfactant micelles[END_REF][START_REF] Meijer | Modelling of the electrolyte ion-phospholipid layer interaction[END_REF][START_REF] Shusharina | Lattice Mean-Field Modeling of Charged Polymeric Micelles[END_REF][START_REF] Al-Anber | Prediction of the critical micelle concentration in a lattice model for amphiphiles using a single-chain mean-field theory[END_REF][START_REF] Daful | Accurate Critical Micelle Concentrations from a Microscopic Surfactant Model[END_REF][START_REF] Muller | Incorporating Fluctuations and Dynamics in Self-consistent Field Theories for Polymer Blends[END_REF][START_REF] Zhang | Hybrid Lattice Boltzmann/Dynamic Self-Consistent Field Simulations of Microphase Separation and Vesicle Formation in Block Copolymer Systems[END_REF]. In our previous work, we used this method to study the self-assembly of hybrid molecules consisting of lysine dendrons with one hydrophobic tail in water solution. The relationship between parameters of hybrid molecule (the number of dendron generations and the length of tail) and the size and structure of resulting micelles was established. The calculation results were in satisfactory agreement with the available experimental data.

In the present work, we apply the SCF method to study the self-assembly of more complex hybrid molecules containing lysine dendron and several hydrophobic tails attached to its root. The outline of the paper is as follows. In Section 3, the models and the method are described. Section 2 contains the results of the calculations. Section 4 concludes the paper.

Results and Discussion

This section has the following organization. In the beginning, the boundaries between different micelle morphologies-sphere-cylinder and cylinder-lamellae-will be presented in the space of parameters: generation number G of the hydrophilic head and the length of the hydrophobic tail. The areas of the existence of spherical micelles will be identified for molecules with various numbers of tails: t = 1, 2, 4, and 6 (for each molecule, all tails have the same length). All calculations (unless otherwise stated) were performed at a dimensionless volume concentration of the salt equal to 0.01. This corresponds to the salt concentration of 0.1M used in the experimental work [START_REF] Mirsharghi | Preparation and self-assembly of amphiphilic polylysine dendrons[END_REF].

Thermodynamic Characteristics

We will determine the boundaries between different micelles morphologies by using the dependencies of the Grand potential Ω(n agg ) and chemical potential µ sur f on the aggregation number n agg . Recall that Ω(n agg ) is equal to the work of the formation of most probable micelles with aggregation number equal to n agg . A detailed description of the methodology for calculation of the potential Ω(n agg ) in the framework of the SF-SCF method is given in [START_REF] Shavykin | Self-Assembly of Lysine-Based Dendritic Surfactants Modeled by the Self-Consistent Field Approach[END_REF]. According to this approach, Ω does not include the entropic term connected with the translational degrees of freedom. Figure 1 demonstrates the typical behavior of the Grand thermodynamic potential Ω(n agg ). It shows, as an example, the dependencies Ω(n agg ) for molecules with one hydrophilic dendron head (the generation numbers G = 1, 2, 3) and four tails. Each tail has the same length, N t = 15. Calculations were performed for spherical, cylindrical, and lamellar forms of the aggregate.

At first, it grows with n agg (the region of the pre-micellar aggregates), then passes through the maximum (which corresponds to the critical concentration of the micelle formation). At the further increase in n agg , the potential Ω decreases because adding surfactant molecules to the aggregate reduces its surface tension. In most cases, Ω drops to zero. The value of n agg corresponding to Ω = 0 is considered as the aggregation number of a most probable micelle with given morphology. If Ω does not reach zero, a micelle of this morphology (spherical in Figure 1a) is not formed for this surfactant structure. It should be noted that such behavior of Ω is observed at not-too-high concentrations of surfactants in solution. At high surfactant concentrations, Ω can drop below zero. This is due to the fact that the dilute solution condition for micelles and, thus, the assumption of the existence of non-interacting micelles are not fulfilled. In our case, we consider low concentrations where the dilution criterion is met. The next step is to select the most probable morphology of the micelle for a given surfactant. For each of these morphologies, we find the chemical potential µ sur f of the surfactant molecule under the condition of complete equilibrium. Chemical potentials µ sur f cannot depend on a spatial coordinate when they are in equilibrium. That is why we can evaluate it using bulk concentrations only. Hence, results are similar to the ones that follow from the Flory-Huggins theory

µ sur f = -ln ϕ b sur f + 1 -N sur f ∑ j ϕ b j N j - N sur f 2 ∑ X ∑ Y ϕ X - N sur f ,X N sur f χ XY ϕ b Y - N sur f ,Y N sur f (1) 
wherein N sur f is the total number of surfactants in the system, N sur f ,Y is the number of segments Y in surfactant. The physical sence of the chemical potential is the work required to add one more surfactant molecule to an aggregate of a given morphology. The values of µ sur f were calculated by using Formulae [START_REF] Nace | Nonionic Surfactants: Polyoxyalkylene Block Copolymers[END_REF]. According to the formula

Ω = F -µ sur f n agg (2) 
Ω = 0 corresponds to the equation F = µ sur f • n agg . As mentioned above, we neglect the contribution to free energy corresponding to the translational entropy of the micelle. Therefore, the micelle morphology with a lower chemical potential is considered the most favorable. The point where the chemical potentials of different morphologies are equal will correspond to the transition point between them. Figure 1b,d,f show the dependencies of the chemical potential µ sur f on the aggregation number corresponding to different micelle morphologies.

In Figure 2, the dependencies of the value of the chemical potential at Ω = 0 on the length of the hydrophobic tail are illustrated for three different morphologies. The dots show points of the morphological transitions, i.e., when the chemical potential of one morphology becomes less than the other (i.e., one morphology becomes more favorable). It is seen that at small values of N t , the spherical form is the most preferable, then there is a transition to the cylindrical form, and only at very long N t the lamellar morphology begins to dominate. The calculations were performed for different G and N t , and points of transitions between spherical, cylindrical, and lamellar states were determined. Figure 2b demonstrates the boundaries between different morphologies. Since we are interested in spherical micelles, it is necessary to consider the boundary between spherical and cylindrical micelles. It is seen that at the same number of hydrophobic segments in the surfactant, the boundary shifts to higher G by the increase in the number of tails. The slope of the curves decreases as well. This means that in order to form spherical micelles, hybrid molecules with a small number of long tails must have dendron heads with a larger number of generations than molecules containing a large number of shorter tails.

Let us now consider the effect of the number of tails on the aggregation number of spherical micelles. This effect can be estimated from the analysis of dependences of the Grand potential Ω(n agg ) and chemical potential µ sur f (n agg ). Figure 3 shows an example of such dependences under a constant overall number of hydrophobic segments per one surfactant molecule. It is seen that the redistribution of hydrophobic segments over a larger number of tails leads to the formation of stable spherical micelles with smaller aggregation numbers. This result agrees qualitatively with the theoretical results of the work [START_REF] Lebedeva | Theory of Linear-Dendritic Block Copolymer Micelles[END_REF] where micelles formed by copolymers consisting of branched hydrophilic and hydrophobic blocks were considered. It was shown that the branching of the hydrophobic block at the same number of hydrophobic units decreases the aggregation number and size of the micelle.

It is important to note that there is strong theoretical and practical interest in the effect of the number of tails on such important characteristics of the micelle solution as the volume fraction of surfactant molecules in the free volume ϕ b sur f as well as the critical micelle concentration (c.m.c.) ϕ b c.m.c. . Our calculations (see as an example Figure 4) show that these characteristics (ϕ b sur f and ϕ b c.m.c. ) are insensitive to the number of tails and depend only on the overall number of hydrophobic segments in the hybrid molecule. Both of these values decrease with growth of N t • t. This is due to the fact that a larger number of the hydrophobic segments in the molecule results in a higher «driving» force of self-assembly, which means that self-assembly occurs at smaller surfactant concentration and the proportion of free surfactants becomes smaller.

Structure

The next part of our research is the study of the internal structure of the micelles and its dependence on the structure of hybrid molecules. One of the characteristics of the structure is the density profile ϕ(r) (the dependence of the local volume fraction of segments of different type in the spherical micelle on the distance r from the center of mass). An example of the density profiles for micelles formed by surfactants containing a dendron head with generation number G = 4 and four tails of different length is shown in Figure 5.

Data are shown for all segments and separately for segments in dendron heads and in hydrophobic tails. Density profiles for charged groups in dendrons, counterions, and salt ions are displayed as well. The micelle consists of the dense core and the looser corona. With an increase in N t , the boundary between core and corona becomes at first more sharp (see the transition from N t = 15 to N t = 30 in Figure 5a), and then its sharpness stabilizes (see the transition from N t = 30 to N t = 45). Figure 5b shows the distributions of charged groups and counterions for the micelle consisting of surfactant with the tail length N t = 15. It is seen that counterion distribution entirely overlaps with that of charged groups. Let us now consider how the total number of hydrophobic segments and the number of tails affect micelle characteristics such as the aggregation number n agg and core radius R core . The last one was calculated as the second moment of the density distribution for hydrophobic segments. Figure 6a,c show that both these characteristics, as expected, increase with the number of hydrophobic segments in the hybrid molecule. However, the splitting of hydrophobic monomers over the larger number of tails leads to the decrease in these characteristics. These results are in agreement with data obtained in the previous section (see Figure 3).

The total number of hydrophobic segments in the core is equal to N t • t • n agg . The ratio R core /(N t • t • n agg ) 1/3 can be used for the characterization of the stacking density of hydrophobic segments in the core. Figure 6d shows the initial increase in this density at a small number of segments and the subsequent reaching of a practically constant value at a large N t • t • n agg . The splitting of segments over a larger number of tails leads to an increase in the core density at the same total number of hydrophobic segments in the micelle.

Let us now turn to the characteristics of the micelle corona. The layer of dendrons forming the corona can be considered as a spherical brush with a grafting density of 1/s, where s is the area per dendron on the core surface. Figure 6b shows the dependence of s on the overall number of hydrophobic segments in the surfactant molecule. At first s decreases with N t • t and then goes to a constant value. The greater the number of tails (at the same N t • t), the denser the dendrons are located on the surface of the core. It is well known that grafted dendrons in the brush are stretched due to the repulsion between neighboring chains. The stretching decreases with an increase in s, and N t • t. It should be expected that the thickness of the corona H shell decreases as well. Figure 7a confirms this conclusion.

The corona thickness H shell was determined as

H shell = R m -R core (3) 
where R m is the second moment of the distribution of terminal segments of dendrons in the micelle. It is seen that the behavior of H shell is opposite to that of R core . At the same N t • t, the corona thickness, decreases with an increase in the number of tails. Another characteristic of a micelle formed by hybrid molecules is the overall number N term = n t (r) • dr of terminal groups of dendrons in the micelle. This characteristic is essential, particularly for biomedical applications such as drug delivery, because these groups can be functionalized. The dependence of N term on the number and length of hydrophobic tails in the surfactants forming the micelle is demonstrated in Figure 7b. As an example, the data for spherical micelles with G = 4 are shown. The value of N term naturally increases with an overall number of hydrophobic segments. The increase in the number of tails decreases N term because the aggregation number (and the number of dendrons) is larger for surfactants with a small number of tails (see Figure 6a). 

Electrostatic Properties

As mentioned above, lysine dendrons have charged groups. Therefore, the question arises about the features of the electrostatic properties of micelle formed hybrid molecules with lysine heads. One of such characteristics is a distribution of the electrostatic potential ψ(r). Figure 8a shows these distributions for micelles formed by molecules with the same tail length and number of tails, but with a different number of dendron generations. All curves have a maximum that shifts to the core with an increase in G. This shift reflects the decrease in the aggregation number). Another characteristic is the charge distribution q(r) q(r) = 4π ϕ term (x) + ϕ Na (r)ϕ Cl (r) • r 2 (4)

Figure 8b shows, as an example, q(r) for micelles formed by surfactants with two hydrophobic tails (N t = 15) and a dendron head of generation G = 1-3. These molecules form spherical micelles. For G = 1, the distribution q(r) corresponds to a two-layer structure. At larger values of G, we see the deviation from the classical picture. For G = 2, 3, there is a plateau between the positive and negative regions. By using the local charge distribution, it is possible to obtain the integral characteristic: the cumulative charge and its dependence on the distance r from the micelle center Q(r), shown by

Q(r) = r 0 q(x)dx = 4π r 0 ϕ term (x) + ϕ Na (x) -ϕ Cl (x) • x 2 dx (5) 
In Figure 8c, a single characteristic maximum of Q(r) for G = 1 is observed. The maximum Q(r) for G=2-3 is not so distinct. According to the location of the maxima, the distribution of the number of the terminal charged groups n t (r) (Figure 8d) is similar to q(r).

The dependency Q(r) has just one maximum for typical macroions. The location of the right maximum can be considered as an effective radius R e f f of a macroion. This value was also used earlier in Figure 5 and marks the boundary between the interior of the micelle and the diffusion cloud of counterions outside. The effective charge of the micelle Q e f f is the value of the shaped charge at a distance equal to R e f f . We define the relative effective charge Q e f f /Q bare where Q bare equals the number of terminal charged groups N term . Its dependence on N t • t is shown in Figure 9a. The effective charge decreases with N t • t. It means that the larger number of counterions neutralize charged groups of lysine dendrons.

The increase in the number of tails (for the given amount of hydrophobic segments in the surfactant) leads to an increase in the effective charge. Another critical characteristic of macroions is a zeta potential ζ which is equal to the value of the electrostatic potential ψ(r) at the R e f f point. Zeta potential shows the behavior opposite to that of the effective charge (see Figure 9b). It increases with an increase in N t • t, and decreases with the growth of the number of tails for the given overall number of hydrophobic segments in the surfactant.

The Stratifications in Dendrons

In this part, we will focus on molecules with dendrons G = 4 (this is the threshold value, up to which generations of dendrons can be conditionally referred to as small and beyond that-large; usually, the density in dendrons begins to grow from this generation [START_REF] Shavykin | SCF Theory of Uniformly Charged Dendrimers: Impact of Asymmetry of Branching, Generation Number, and Salt Concentration[END_REF]). In contrast to small generations of dendrons, which only have one decay zone (see Figure 10a), the electrostatic potential has two decay zones (see Figure 8a). The charge number distribution has two non-standard maxima and negative regions: an inner region where counterions entering the micelles corona are localized, and an outer region (see Figure 10b). This situation is also seen in the cumulative charge, which now has two maxima (see Figure 10c). This is distinct from the standard double-layer pattern (see Figure 8b,c). The aggregation number falls as the number of tails rises, which in turn results in fewer dendrons in the corona and a lower seed charge. This affects the reduction in the second peak of the charge Q(r). Additionally, it causes the number of end groups in the corona to decline (this can be seen in Figure 10). Two local maxima in Figure 10d coincide with equivalent maxima in the charge distribution.

The stratification effect was shown recently for planar brushes formed by short and long linear chains or star-like polyelectrolytes [START_REF] Okrugin | Structure and properties of polydisperse polyelectrolyte brushes studied by self-consistent field theory[END_REF][START_REF] Lebedeva | Non-linear elasticity effects and stratification in brushes of branched polyelectrolytes[END_REF]. For such mixed brushes, the theory predicts the internal segregation of tethered chains into weakly and strongly extended populations by considering the finite extensibility of chains. As a result, an internal double electrical layer is created, with the narrow cloud of counterions localized at the interface between the layers inside a stratified brush.

In our case, there are also two maximums. What is the reason for the stratification that has appeared in our case? Two assumptions can be put forward: (1) the stratification arises inside each dendron: due to the asymmetry of lysine dendrons, the terminal groups of branches with small contour lengths are compressed and located in the first population, while the terminal groups of branches with longer contour lengths are elongated and form the second population; and (2) the dendrons, as a whole, split into two populations, one of which is entirely located close to the core, and the other which is elongated towards the periphery. We have tested these assumptions on a model with two tails (Figure 11). For corona segments, we see the density profile ϕ(r) with two different slopes (Figure 11a) and the division of the number segment distribution n(r) into two populations (Figure 11b). The detailed analysis shows that in addition to the stratification of the distribution of all terminal groups n t (r) (Figure 12a), one also observes the stratification into two populations for terminal groups with different contour lengths n t,L (r) regardless of their contour length (Figure 12b). The same is valid for branch points for various sub-generations (Figure 12c), and the total number of segments across sub-generations (Figure 12d). Therefore, the second assumption happens to be valid: dendrons, as a whole, choose which of two populations they want to be in. The first population is located near the core, and the second is close to the periphery. Counterions fill the "gap" (in terms of charge distribution, as the overall density is constant in this intermediate region) between the two populations. Such separation occurs since hydrophilic dendrons do not overlap well [START_REF] Shavykin | Effect of an asymmetry of branching on structural characteristics of dendrimers revealed by Brownian dynamics simulations[END_REF]. We also note that the first population of dendrons is severely pressed to the core (Figure 12). These pressed dendrons of the first population are found at the foot of the elongated dendrons of the second population, which stretch towards the periphery of the corona, trying to occupy the free space for their branches.

Materials and Method

In this paper, we study the chemical structures similar to that presented on Figure 13. The structure contains a lysine dendron and several hydrophobic tails. The dendrimer molecules were named in literature as "unimolecular micelles", even without additional hydrophobic tails [START_REF] Moorefield | Unimolecular micelles: Supramolecular use of dendritic constructs to create versatile molecular containers[END_REF][START_REF] Cao | Synthesis and Unimolecular Micelles of Amphiphilic Dendrimer-like Star Polymer with Various Functional Surface Groups[END_REF] because they usually have relatively hydrophobic interior and hydrophilic terminal groups. Some theoretical (mean-field, self-consistent field, as well as molecular, Brownian, and stochastic dynamics simulation) approaches were applied to study different dendrimers [START_REF] Shavykin | Effect of an asymmetry of branching on structural characteristics of dendrimers revealed by Brownian dynamics simulations[END_REF][START_REF] De Gennes | Statistics of starburst polymers[END_REF][START_REF] Lescanec | Density profiles of simulated comburst molecules[END_REF][START_REF] Boris | A Self-Consistent Mean Field Model of a Starburst Dendrimer: Dense Core vs Dense Shell[END_REF][START_REF] Murat | Molecular Dynamics Study of Dendrimer Molecules in Solvents of Varying Quality[END_REF][START_REF] Neelov | Molecular Dynamics of Lysine Dendrimers. Computer Simulation and NMR[END_REF][START_REF] Okrugin | Structure of asymmetrical peptide dendrimers: Insights given by self-consistent field theory[END_REF]. However, dendrimers of high generations are toxic due to many of their positively charged terminal groups. To avoid the problem, it is possible to use dendrimers of lower generations [START_REF] Sommerfeld | Low-Generation Polyamidoamine Dendrimers as Drug Carriers for Platinum(IV) Complexes[END_REF][START_REF] Shah | Low-generation asymmetric dendrimers exhibit minimal toxicity and effectively complex DNA[END_REF][START_REF] Gorzkiewicz | Application of new lysine-based peptide dendrimers D3K2 and D3G2 for gene delivery: Specific cytotoxicity to cancer cells and transfection in vitro[END_REF][START_REF] Gorzkiewicz | Poly(lysine) Dendrimers Form Complexes with siRNA and Provide Its Efficient Uptake by Myeloid Cells: Model Studies for Therapeutic Nucleic Acid Delivery[END_REF], or modify the terminal groups of dendrimers by noncharged or negatively charged groups, for example, hydroxyl or carboxyl [START_REF] Shi | Comprehensive characterization of surface-functionalized poly(amidoamine) dendrimers with acetamide, hydroxyl, and carboxyl groups. Colloids Surfaces A Physicochem[END_REF]; or by functional groups [START_REF] Trinchi | A Review of Surface Functionalized Amine Terminated Dendrimers for Application in Biological and Molecular Sensing[END_REF]; or link terminal groups to drug molecules [START_REF] Caminade | Dendrimers for drug delivery[END_REF]; or move at least parts of the charges from terminal groups to internal spacers of the dendrimer [START_REF] Sheveleva | NMR studies of excluded volume interactions in peptide dendrimers[END_REF][START_REF] Sheveleva | Stable Deuterium Labeling of Histidine-Rich Lysine-Based Dendrimers[END_REF][START_REF] Sheveleva | Lysine-based dendrimer with double arginine residues[END_REF]; or link terminal groups to linear hydrophilic tails, for example polyethylene glycol (PEG) [START_REF] Yang | Penicillin V-conjugated PEG-PAMAM star polymers[END_REF][START_REF] Luong | PEGylated PAMAM dendrimers: Enhancing efficacy and mitigating toxicity for effective anticancer drug and gene delivery[END_REF]. It is also possible to design hybrid amphiphilic molecules consisting of one dendron with one or more linear hydrophobic tails attached to its root (Figure 13) [START_REF] Mirsharghi | Preparation and self-assembly of amphiphilic polylysine dendrons[END_REF][START_REF] Suek | Computer Simulation of Architectural and Molecular Weight Effects on the Assembly of Amphiphilic Linear-Dendritic Block Copolymers in Solution[END_REF][START_REF] Márquez-Miranda | Self-Assembly of Amphiphilic Dendrimers: The Role of Generation and Alkyl Chain Length in siRNA Interaction[END_REF][START_REF] Wurm | Linear-dendritic block copolymers: The state of the art and exciting perspectives[END_REF]. The self-assembly of such hybrid molecules composed of lysine dendron with the generation number G and a hydrophobic part was considered in this paper. The hydrophobic part may contain several (from 1 to 6) (CH 2 ) n tails (N t is the number of CH 2 groups in the tail). For brevity, we will call such molecules surfactants. As an illustration, Figure 13 shows the chemical structure of a hybrid molecule with a lysine dendritic head (G = 1) and two hydrophobic tails (t = 2). These molecules are immersed in water containing salt ions. In this paper, the following conditions were chosen: the salt concentration is equal to 0.1 M (physiological conditions), and the system is at room temperature. In the calculations, the atomistic model of molecules (Figure 13) is replaced by a model of united atoms (Figure 14). This model considers explicitly heavy atoms, and combines light hydrogen atoms into a group with the corresponding heavy atoms. The experimental work [START_REF] Bayele | Protein transduction by lipidic peptide dendrimers[END_REF] was chosen as a basis for constructing the model of one-, two-, or more-tailed hybrid molecules. A similar approach was used in our previous work [START_REF] Shavykin | Self-Assembly of Lysine-Based Dendritic Surfactants Modeled by the Self-Consistent Field Approach[END_REF] to construct hybrid molecules with one tail [START_REF] Mirsharghi | Preparation and self-assembly of amphiphilic polylysine dendrons[END_REF].

The Flory interaction parameters (see Table 1) for our model provide a good agreement between numerical calculations and experiments for micelles of hybrid molecules with one tail [START_REF] Shavykin | Self-Assembly of Lysine-Based Dendritic Surfactants Modeled by the Self-Consistent Field Approach[END_REF]. These parameters were chosen for the first time in [START_REF] Pera | Linking lipid architecture to bilayer structure and mechanics using self-consistent field modelling[END_REF], where they were successfully applied to simulate lipid membranes. The driving force of self-assembly is the hydrophobicity of the tails. Therefore, the repulsion parameter Flory between water and carbon χ C,W = 1.2 [START_REF] Tanford | The Hydrophobic Effect: Formation of Micelles and Biological Membranes[END_REF] became the critical parameter. It is known that the core of micelles is obtained dry, (without water) and counterions, and the heads of hybrid molecules do not penetrate into it. This explains the choice of repulsive Flory parameters for the interactions of carbon with counterions χ C,Na (a)

χ W C NH + 3 NH O Na Cl W 0 1.2 0 -0.6 -0.6 0 0 C 1.2 0 3 2 2 2 2 NH + 3 0 3 0 0 0 0 0 NH -0.6 2 0 0 0 0 0 O -0.6 2 0 0 0 0 0 Na 0 2 0 0 0 0 0 Cl 0 2 0 0 0 0 0 (b) v 0 0 1 0 0 1 -1 ε r 80 2 5 5 5 10 10 
The segment valencies ν X are specified in Table 1. Amino groups NH + 3 of lysine are fully charged, i.e., we assume low pH conditions. Table 1 also contains the relative dielectric permittivities. For the hydrocarbon phase for the bulk water, respectively, the dielectric permittivities between the two limiting cases are 2 and 80 [START_REF] Shavykin | Self-Assembly of Lysine-Based Dendritic Surfactants Modeled by the Self-Consistent Field Approach[END_REF].

The lattice size b is used to introduce the characteristic lengths in electrostatic interactions. We used the value b = 3 × 10 -10 m. The numerical method uses dimensionless lengths and densities. For conversion to physical dimensions, special multipliers are used. The cell size b is used to translate lengths, i.e., [size in nm] = b× [dimensionless size]. The formula for converting from dimensionless density: [concentration in M] = k× [dimensionless density ϕ], where k = 10 (for the calculation and choice of the parameter k, see our previous work [START_REF] Shavykin | Self-Assembly of Lysine-Based Dendritic Surfactants Modeled by the Self-Consistent Field Approach[END_REF]). For example, the dimensionless volume fraction of salt ϕ b Na = 0.01 corresponds to a salt concentration of 0.1 M. For details on the use of the numerical method for the self-assembly of molecules of this model, see the work [START_REF] Shavykin | Self-Assembly of Lysine-Based Dendritic Surfactants Modeled by the Self-Consistent Field Approach[END_REF]. Further details of computer programs used in simulations and for calculation of different characteristics of studied systems could be found elsewhere [START_REF] Gowdy | Non-Exponential Kinetics of Loop Formation in Proteins and Peptides: A Signature of Rugged Free Energy Landscapes?[END_REF][START_REF] Darinskii | Computer simulation of local dynamics of polymer chain in the orienting field of the LC type[END_REF][START_REF] Shavykin | Is the manifestation of the local dynamics in the spin-lattice NMR relaxation in dendrimers sensitive to excluded volume interactions?[END_REF][START_REF] Neelov | Molecular dynamics simulation of dextran extension by constant force in single molecule AFM[END_REF][START_REF] Ennari | Simulation of a PEO based solid polyelectrolyte, comparison of the CMM and the Ewald summation method[END_REF][100].

Conclusions

In this paper, the self-assembly of amphiphilic hybrid molecules in water, consisting of one lysine dendron and several hydrophobic tails attached to its root, was studied using the numerical self-consistent field approach. All calculations were performed at the salt concentration 0.1 M corresponding to physiological conditions. Primary attention was paid to spherical micelles as the most convenient shape of carrier candidates for drug and gene delivery into cells. The diagrams of the states of the micelles in coordinates of the overall number of segments in hydrophobic tails and the generation number G in the hydrophilic dendron were determined. The main conclusion of this part is that a hybrid molecule with a small number of long hydrophobic tails must have a larger dendritic head to form a micelle than a molecule with a large number of short tails containing the same total amount of hydrophobic monomers.

For spherical micelles, the relationship between the structure of hybrid molecules and resulting aggregates was studied. It was shown that the spherical micelles have a dense core containing hydrophobic monomers of tail and a loose corona containing monomers of lysine dendrons, counterions, and salt ions. For the same generation number G of the dendron and tail number t, the aggregation number of the micelle grows monotonously with the growth of the tail length. The thickness of the corona decreases both, with an increase in the total number of hydrophobic segments, and with an increase in the number of tails, provided that the total number of segments in the tails remains unchanged. One of the main results is that the splitting of hydrophobic segments over a larger number of tails leads to an increase in the core density and a decrease in both the aggregation number and the number of terminal charged groups in the micelles.

Special attention was paid to the electrostatic properties of the resulting micelles. It was shown that due to the penetration of counterions into the dendron corona, the relative effective (uncompensated) charge of the micelle decreases, and the zeta-potential increases with an increase in the total number of hydrophobic segments in the surfactant tails. On the other hand, an increase in the number of tails (at constant total number of hydrophobic monomers) leads to an increase in relative effective charge, and a decrease in zeta-potential. It is interesting that the charge distribution in the corona depends on the generation number G of a dendron in the surfactant. At the small number of generations G ≤ 3, a standard double electrical layer is observed. At the larger number of generation (G = 4), a stratification of dendrons in the corona is observed. Dendrons in the shell are divided into two populations: first population is close to the spherical core, and the second population is close to the spherical surface of the micelle. As a result, the charges of dendrons are divided into two populations also. Since the width of the intermediate region is quite large, the bioactive molecules can penetrate into this region. The last result is of potential interest for the use of studied spherical dendromicelles as nanocontainers for drug delivery.
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 1 Figure 1. The grand potential Ω (a,c,e) and the chemical potential µ sur f (b,d,f) for spherical (a,b), cylindrical (c,d), and lamellar (e,f) geometries as functions of the aggregation number n agg . Model of surfactant with t = 4 tails and the length of one tail N t = 15.

Figure 2 .

 2 Figure 2. (a) Dependence of the chemical potential on the length of one hydrophobic tail (the overall number of tails t = 4). The lower the chemical potential, the more favorable that morphology. The dots on the curves show points of transitions between different morphologies (sphere-cylinder, cylinder-lamellar). (b) Diagrams of states of the micelle in coordinates of the overall number of segments in hydrophobic tails in the surfactant molecule N t • t and the generation number G in the hydrophilic dendron. The regions of spherical micelles and lamellar structures are above the solid and below dashed lines, correspondingly. The intermediate region corresponds to the cylindrical configuration of micelles.
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 3 Figure 3. Dependencies of (a) the grand potential Ω(n agg ) and (b) the chemical potential µ(n agg ) at the same generation number G = 4, and the same overall number of hydrophobic segments in the surfactant N t • t = 120 (t = 2, N t = 60; t = 4, N t = 30; t = 6, N t = 20). The dots in (b) show the values of µ sur f where Ω(n agg ) = 0.
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 4 Figure 4. Dependence of (a) the volume fraction (dimensionless) ϕ b sur f of free surfactant molecules and (b) the critical micelle concentration ϕ b c.m.c. on the overall number of monomeric units in all tails at different numbers of tails. Data for the same generation number G = 4 are shown.
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 5 Figure 5. The normalized density profiles (by effective radius R e f f , which are defined below) (a) for segments in micelle with tail length N t = 15, 30, 45 and (b) the distribution of tail (grey), head groups (green), and overall (black) for hydrid molecule with tail length N t = 15. The distributions of the charged group in the dendron (red), co-ions, and counterions (pink and blue) are also given in the inset in an enlarged scale. All cases correspond to the same number of tails t = 4 and generation number G = 4.
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 6 Figure 6. (a) The aggregation numbers n agg , (b) the surface area s per one dendron of a core, (c) the size of micelle core R core as a function of the overall number of units in tails N t • t. (d) R core /(N t • t • n agg ) 1/3 as a function of the overall number of units in core N t • t • n agg . All cases correspond to the same generation number G = 4.

Figure 7 .

 7 Figure 7. (a) The size of shell H shell of micelle corona (corona thickness) and (b) the number of terminal groups of dendrons in the micelle as a function of the overall number of units in tails N t • t. All cases correspond to the same generation number G = 4.
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 8 Figure 8. The normalized radial distribution (by effective radius R e f f , which is defined below) (a) the electrostatic potential ψ, (b) the dimensionless charge q(r), (c) the cumulative charge Q(r), and (d) the terminal charged groups of dendrons in the micelle. All cases correspond to the same number of tails t = 2, tail length N t = 15.
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 9 Figure 9. (a) The relative effective charge and (b) the zeta-potential ζ (in Volt) at different amounts of hydrophobic segments in tails. All cases correspond to the same generation number G = 4.

Figure 10 .

 10 Figure 10. The normalized radial distribution (by effective radius R e f f ) (a) the electrostatic potential ψ, (b) the dimensionless charge q(r), (c) the cumalative charge Q(r) and (d) the terminal charged groups of dendrons in the micelle. All cases correspond to the same overall number of hydrophobic segments in the surfactant N t • t = 120 (t = 2, N t = 60; t = 4, N t = 30; t = 6, N t = 20) and generation number G = 4.

Figure 11 .

 11 Figure 11. The radial distributions of segments in the hydrophobic core and hydrophilic corona, as well as the total distribution: (a) the volume fraction ϕ(r) and (b) the number distribution n(r). All cases correspond to the same number of tails t = 2, tail length N t = 60, and generation number G = 4.

Figure 12 .

 12 Figure 12. The radial distribution of (a) the terminal charged groups of dendrons, co-ions, and counterions, (b) the terminal charged groups with different contour lengths, (c) the branch points from different subgenerations, and (d) the dendron segments from different subgenerations. All cases correspond to the same number of tails t = 2, tail length N t = 60, and generation number G = 4. The vertically dotted gray lines on the graphs (b-d) indicate the location of the core size R core .

Figure 13 .

 13 Figure 13. The chemical structure of the hybrid molecule (surfactant) consisting of a lysine dendron G = 1 with two hydrophobic tails t = 2. The number of charged groups NH + 3 equals 2 G+1 = 4. The number of hydrophobic segments CH 2 in a tail is N t = 12.

3 = 2 .

 32 = χ C,Cl and with the soluble parts of the heads χ C,NH = χ C,O = χ C,NH + Because NH and O form hydrogen bonds with water and are hence hydrophilic, repulsive Flory parameters χ W,NH = χ W,O = -0.6 were chosen.For a more detailed description of the parameter selection, see the works[START_REF] Shavykin | Self-Assembly of Lysine-Based Dendritic Surfactants Modeled by the Self-Consistent Field Approach[END_REF][START_REF] Pera | Linking lipid architecture to bilayer structure and mechanics using self-consistent field modelling[END_REF].

Figure 14 .

 14 Figure 14. The united atom model: (a) segment types in hybrid molecules, (b) the model with single chain (t = 1) and G = 0 [9], (c) the model with two chains (t = 2) and G = 1 [10], and (d) the model with six chains (t = 6) and G = 2 [10]. Each tail on this graph consists of 16 CH 2 , i.e., N t = 16. Table 1. (a): a set of Flory-Huggins interaction parameters χ between two distinct segments. The segment types W (water), C (CH, CH 2 , CH 3 ), charged units are surfactant NH + 3 , neutral NH and O, the generic co-ion Na + and counterion Cl -. (b): valency v X of the segments X, and relative dielectric permittivity ε rX .
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