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Abstract. 
Self-assembly of amphiphilic polymers containing cholesteryl groups has proved to be attractive in the field of nanotechnology research. Some cholesterol derivatives are known to form ordered structures which indicate thermotropic and lyotropic liquid-crystalline, monolayers, multilayers, micelles, and liposomes. This paper involves the synthesis and characterization of various kinds of amphiphilic polymers bearing cholesteryl moieties.


1. Introduction
Self-assembling water-soluble polymers are of current scientific and technological interest because of their relevance to biological macromolecular systems and also to various industrial applications [1–3]. Macromolecular self-assemblies can be driven by noncovalent interactions including Coulombic, hydrogen bonding, van der Waals, exchange repulsive, and hydrophobic interactions. Among others, hydrophobic interaction is a major driving force for the self-organization of amphiphilic polymers in water.
Various types of self-assembling amphiphilic polymers have so far been synthesized by various methods. A practical approach to the synthesis of such polymers is to covalently introduce hydrophobes into water-soluble polymers. A large number of hydrophobes can be incorporated into a water-soluble polymer chain by copolymerization of hydrophilic and hydrophobic monomers with a block, alternating, or random sequence distribution. The incorporation of hydrophobic groups into a hydrophilic polymer can alter its solution properties in an aqueous solution. Water forms an organized, ice-like structure around hydrophobic molecules, which is entropically unfavorable [4, 5]. Therefore, water forces hydrophobic molecules together so that the amount of water structuring is minimized. If the hydrophobic groups are covalently attached to a hydrophilic polymer, associations of hydrophobes either within or between polymer chains occur in water. 
The micelle formation of amphiphilic block copolymers in aqueous solutions has been the focus of great interest in a number of excellent reviews [6–8]. It is well established that block copolymers dissolved in a selective solvent—a solvent good for one block and poor for the other—undergo self-organization, leading to the formation of various morphologies, for example, spheres, rods, or lamellae. Water is a selective solvent for amphiphilic block copolymers, allowing for the formation of spherical micelles. Typically, they are formed with hydrophobic cores and hydrophilic outer layers (i.e., shells).
On the other hand, a great deal of effort has also been devoted to the investigations of random copolymers because of their relative ease of synthesis and wide range of monomer selections, compared to block copolymers. A wide variety of self-association phenomena may be anticipated for amphiphilic random copolymers. The self-association is dependent on the type of hydrophobic groups, their content in the copolymer, their sequence distribution, and the type of hydrophilic monomer units.
An important starting point for understanding the self-assembling behavior of hydrophobically modified water-soluble polymers is to know whether polymer-bound hydrophobes associate within the same polymer chain or among different polymer chains in water. The association of polymer-bound hydrophobes in water can occur either within a single polymer chain or between different polymer chains; an intrapolymer association will result in a chain loop while interpolymer association will cross-link (Figure 1).







	
		
	


Figure 1: Inter- versus intrapolymer hydrophobe association.


Figure 2 illustrates an extreme case where all polymer-bound hydrophobes undergo interpolymer association. When hydrophobe content is low, the interpolymer hydrophobic association may lead to a situation where several polymer chains are cross-linked, causing a large increase in solution viscosity. As the hydrophobe content is increased, infinite networks may be formed, leading to gelation or bulk phase separation.







	
		
	


Figure 2: Interpolymer hydrophobe association.


Figure 3 depicts another extreme case where all polymer-bound hydrophobes undergo complete intrapolymer associations. In this extreme case, hydrophobic associations lead to the formation of single molecular self-assemblies or unimolecular micelles. When the content of hydrophobes in a polymer is sufficiently low, a “flower-like” unimolecular micelle may be formed, which consists of a hydrophobic core surrounded by hydrophilic loops shaped into “petals.” This type of micelle has been theoretically predicted by Halperin [9] and Semenov et al. [10] for the self-organization of sequential multiblock copolymers in selective solvents. The flower-like micelles can be viewed as a second-order structure formed by a linear polymer chain. As the content of hydrophobes in a copolymer is increased, the size of the hydrophobic core increases and, in turn, the size of the hydrophilic petals decreases. Accordingly, the second-order structure may become unstable because part of the surface of the hydrophobic core is exposed to water. This leads to a further collapse of the second-order structure into a third-order structure due to secondary association of hydrophobic cores. Such third-order structures are composed of a number of flower-like micelles collapsed into a highly compact assembly.







	
		
	


Figure 3: Intrapolymer hydrophobe association.


Figure 4 shows a case where intrapolymer associations mainly occur, but a portion of hydrophobes undergo interpolymer association. In this situation, intermolecularly bridged flower-like micelles are likely to be formed. The extent of such micellar bridges may depend strongly on the content of hydrophobes in the polymer as well as the polymer concentration. As the content of hydrophobes in a polymer are increased, both the size of the micellar core and the number of micellar bridges would increase. A collapsed micelle network would eventually be formed, giving rise to gelation or bulk phase separation.







	
		
	


Figure 4: Inter- plus intrapolymer association.


Morishima et al. [11–14] have extensively studied hydrophobic associations of amphiphilic random copolymers of sodium 2-(acrylamido)-2-methylpropanesulfonate (AMPS) or sodium acrylate and various hydrophobic comonomers. They have employed, as hydrophobic comonomers, methacrylamides, or methacrylates substituted with various types of hydrophobic groups via various spacer bonds. They have particularly focused on the macromolecular architecture which results in the two extreme cases, (i) completely intramolecular associations leading to single-macromolecular self-assemblies independent of polymer concentration and (ii) highly preferential interpolymer associations leading to multipolymeric “transient” networks. From the studies by Morishima et al. [15, 16] and others [17–19], it has been revealed that the sequence distribution of charged and hydrophobic units along the polymer chain is a very important structural factor to determine whether the hydrophobic self-association is an intra- or interpolymer event. Block sequences have a strong tendency for interpolymer association, whereas random and alternating sequences tend to associate in an intrapolymer mode. Chang and McCormick [20] have shown that even a subtle difference in the sequence distribution in random copolymers has a considerable effect on the association mode; if the sequence distribution is “block-like” in nature, there is a tendency for intermolecular association. 
There is a class of amphiphilic polymers that have hydrophobic moieties at polymer chain ends. If the hydrophobes at chain ends interact strongly, micellar structures may be formed. Figure 5(a) shows schematically the formation of a core-corona type unicore micelle by water-soluble polymers possessing a hydrophobe at one chain end of each polymer. Such micelles may be formed spontaneously at equilibrium between micelles and single free polymer molecules (i.e., unimers) as described by a closed association model [21–23]. A characteristic feature of such equilibrium micelles is that they are nearly monodispersed in mass and size. At a thermodynamic equilibrium, aggregation numbers (numbers of polymer molecules that consist of a single micelle) are determined by the minimum free energy of the system, and therefore the distribution of aggregation numbers around the most stable state is quite narrow [24]. However, if polymers having hydrophobic moieties at both chain ends (doubly end-capped polymers) are present together with the singly end-capped polymers, bridged unicore micelles may be formed (Figure 5(b)). At a very low polymer concentration, a doubly end-capped polymer chain may exist as a looped or open chain-end conformation depending on whether or not the terminal hydrophobes associate in the same polymer chain. These two conformations may exist in equilibrium in aqueous solution and undergo multipolymer association as their own identities. This situation would give rise to the formation of looped coronas and intermicellar bridges. In the case where all polymers are doubly end-capped, polymer chains would form either looped coronas or intermicellar bridges, leading to infinite networks, as conceptually illustrated in Figure 5(c).
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Figure 5: Association of hydrophobically end-modified polymers: (a) singly end-modified polymers; (b) a mixture of singly and doubly end-modified polymers; (c) doubly end-modified polymers.


Winnik et al. [25, 26] synthesized amphiphilic derivatives of poly(N-isopropylacrylamide) (PNIPAM) consisting of a PNIPAM chain substituted at one end with a dioctadecyl group by free radical polymerization of N-isopropylacrylamide using 4,4′-azobis(4-cyano-N,N-dioctadecyl) pentanamide as an initiator. In aqueous solution, the end-dioctadecylated PNIPAM forms a multimolecular core-corona type micelle under temperatures below the lower critical solution temperature (LCST). The micelle consists of a core of dioctadecyl chains and corona of solvated PNIPAM chains. Alami et al. [27] reported the aggregation behavior of hydrophobically doubly end-capped poly(ethylene oxide) in aqueous solutions. At very low concentrations, the polymers exist in the form of unimer, some of which are closed to loops, or in small oligomeric aggregates. In semidilute or concentrated regimes, micelle-like polymer aggregates are formed. At higher concentrations, the polymer chains form an infinite network.
2. Effects of Structural Variations of Amphiphilic Polymers on Association Behavior
Morishima et al. [28] have shown that (i) the type of hydrophobes, (ii) their content in a polymer, (iii) the sequence distribution of electrolyte and hydrophobic monomer units in a polymer chain, and (iv) the type of spacer bonding between hydrophobes and the polymer chain are particularly important structural parameters determining a preference for intra- or interpolymer hydrophobe association. Random copolymers of AMPS and methacrylamides carrying bulky hydrophobic groups with cyclic structures, such as cyclododecyl, 1-adamantyl, and 1-naphthyl groups, form unimolecular micelles (unimer micelles) in aqueous solutions of a wide range of concentrations if the hydrophobe contents are higher than a certain critical level (≥ca. 20 mol %). This phenomenon is due to predominant intramolecular self-association of the hydrophobes with cyclic structure [29–31]. These unimer micelles are very different from the classical surfactant micelles in that (i) all charge and hydrophobes are covalently linked to the polymer backbone, (ii) the unimer micelles are “static” in nature as opposed to the “dynamic” nature of the surfactant micelles which exist in equilibrium between association and dissociation, (iii) the micellar structure is retained even at very low concentrations, and (iv) the unimer micelles remain as such even at very high concentrations.
Random copolymers of AMPS and methacrylamides N-substituted with a hydrophobic group such as dodecyl, cyclododecyl, or 1-adamantyl are soluble in water up to about 60 mol % of the hydrophobe content. In contrast, random copolymers of AMPS and dodecylmethacrylate are soluble in water only when the content of dodecylmethacrylate is ≤15 mol %. These results indicate that there is a great difference in solubility in water between the polymers with amide and ester spacer bonds connecting hydrophobes to the main chain. Both the amide-spacer and ester-spacer polymers show a tendency for interpolymer association when the hydrophobe contents are lower than about 10 mol %. This tendency is much more pronounced in the ester-spacer polymers than in the amide-spacer polymers. As the hydrophobe contents in the polymers are increased up to about 20 mol % or higher, the amide-spacer polymers show a strong preference for intrapolymer self-association even in a concentrated regime. On the other hand, the ester-spacer polymers give strongly turbid solutions when the hydrophobe content is increased to about 15 mol %.
 Since the polymer chain exerts steric constraints to polymer-bound hydrophobes, the degree of the motional and geometrical freedom of polymer-bound hydrophobes has an important effect on their self-association. Therefore, the spacing between hydrophobes and the polymer backbone is a key element to control the hydrophobic association.
3. Cholesterol-Bearing Pullulan
Cholesterol (Chol) plays an important role in controlling membrane fluidity in biological systems, arising from its strong tendency for hydrophobic interactions and rigidity of the steroid ring [32]. The hydrophobicity of Chol is stronger than that of other hydrophobic groups such as dodecyl, cyclododecyl, 1-adamantyl, and 1-naphthyl groups. Some Chol derivatives are known to form ordered structures which indicate thermotropic and lyotropic liquid-crystalline (LC), monolayers, multilayers, micelles, and liposomes [33]. Especially, it is well known that comb-like polymers with Chol groups attached to the main chain via a flexible spacer show a thermotropic LC phase [34–36].
Akiyoshi et al. [37–41] have reported that Chol-bearing polysaccharides (Figure 6), especially Chol-bearing pullulan (CHP), formed colloidally stable particles in dilute aqueous solutions when the aqueous solutions were sonicated. A pullulan (weight-average molecular weight 
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) derivative carrying two Chol groups per 100 glucose units was prepared, which was characterized by size exclusion column chromatography (SEC), dynamic light scattering (DLS), static light scattering (SLS), transmission electron microscopy (TEM), 1H NMR, and fluorescence spectroscopy. SEC results indicated that CHP intermolecularly aggregates and provides relatively monodispersive particles upon ultrasonication. Spherical particles with relatively uniform size (the diameter = 25 ± 5 nm) can be observed in the negatively stained TEM of CHP. The hydrodynamic radius 
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. The CHP self-aggregate carries about 59 Chol moieties, which corresponds to 14 times the mean aggregation number of the Chol moieties. This suggests that approximately 14 independent domains are distributed in one nanoparticle. The critical aggregation concentration of CHP was 0.01 g/L, estimated from fluorescence measurements using N-phenyl-1-naphtylamine (PNA) as a fluorescence probe. CHP shows no surface activity at all up to the concentration of 0.145 g/L. Existence of microdomains consisting of both the rigid core of hydrophobic Chol and the relatively hydrophilic polysaccharide shell was suggested by the line broadening of 1H NMR proton signals of Chol moieties in CHP, and the incorporation of several hydrophobic fluorescence probes in the CHP aggregates. The CHP aggregate by themselves in water and provide colloidally stable and monodispersed nanoparticles above the critical concentration. The CHP self-aggregate is crucial for making a stable complex with various hydrophobic and hydrophilic substances. The main driving force of the complexation is the hydrophobic interactions. The particle size varies with the substitution degree of Chol. However, the association number of polymer chains is about ten, independent of the Chol content.





	
		
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
			
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
		
			
			
		
	
	
		
			
			
		
		
			
		
		
			
			
		
	
	
		
			
			
		
		
			
		
		
			
			
		
	
	
		
			
			
		
		
			
		
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
			
		
	


Figure 6: Chemical structure of cholesterol-bearing pullulan (CHP).


These studies suggest that, because of a strong tendency for self-association of Chol as well as its structural rigidity, a polyelectrolyte may be modified into a strongly associative polymer by covalently incorporating a small amount of Chol moieties into the polymer chain. 
4. Polyelectrolyte-Containing Pendant Cholesteryl Moieties
Chol moieties-containing polyanion (P(A/ChM-5), Figure 7) was synthesized via ordinary random radical copolymerization of sodium 2-(acrylamido)-2-methylpropanesulfonate (AMPS) and cholesteryl 6-methacryloyloxyhecanoate (ChM-5) [42, 43]. Copolymerization of varying molar ratios of AMPS and ChM-5 were performed in the presence of radical initiator in N,N-dimethylformamide (DMF) at 60°C, and the copolymers with ChM-5 contents ranging from 0.5 to 10 mol % were prepared. The copolymers with ChM-5 contents <5 mol % can be completely soluble in water. 1H NMR spectra for P(A/ChM-5) were measured in deuterium oxide and deuterated dimethyl sulfoxide (DMSO-
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, by contrast, no such line broadening was observed in the Chol resonance peaks. These results indicate that motions of Chol moieties in P(A/ChM-5) are highly restricted in deuterium oxide, arising from hydrophobic self-association of Chol groups. The 
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				𝑅
			

			

				ℎ
			

		
	
 values, indicating that most polymer chains are intermolecularly associated in water. The aggregation number for P(A/ChM-5) with 5 mol % ChM-5 can be roughly calculated to be approximately 50 from the molecular weight determined by SLS and SEC.





	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
	
	
		
	
	
		
	
	
		
			
				
			
			
				
			
		
	
	
		
			
				
				
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
			
		
	
	
		
			
				
				
			
			
				
			
			
				
			
			
				
				
			
			
				
			
		
	
	
		
			
				
				
				
			
			
				
			
			
				
			
			
				
			
			
				
				
			
		
	
	
		
			
				
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	


Figure 7: Chemical structure of cholesterol-bearing polyelectrolyte.


All the results just presented led us to propose a conceptual model for interpolymer aggregated formed by P(A/ChM-5) with 5 mol % ChM-5 in water. The Chol pendants in the random copolymer associate both intra- and intermolecularly. Intrapolymer association leads to a flower-like micelle [9, 10] in which a hydrophobic microdomain—formed from Chol association—is surrounded by loops of polyanion segments. The concurrent interpolymer Chol association will link the flower-like micelle together, and thus intermolecularly-bridged flower-like micelles are formed. Generally, small amounts of large-size hydrophobic groups introduced into side chains in water-soluble polymers apt to associate intermolecularly.
 The average number of Chol groups contained in one microdomain, that is, the average aggregation number of Chol groups (
	
		
			

				𝑁
			

			
				c
				h
				o
				l
			

		
	
), is determined by a time resolved fluorescence quenching technique. For this experiment, P(A/ChM-5) with 5 mol % ChM-5, pyrene as a fluorescence probe, and 3,4-dimethylbenzophenoe (DMBP) as a fluorescence quencher were used. The number of polymer chains composed of one intermolecularly bridged flower-like micelle, that is, the apparent aggregation number (
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) of the polymer chains of P(A/ChM-5) with 5 mol % ChM-5, was roughly estimated based on molecular weight to be about 50. P(A/ChM-5) with 5 mol % ChM-5 possesses on average 3.5 Chol groups, as calculated from the molecular weight and the Chol content. Therefore, the number of Chol groups in the multipolymer associate is roughly estimated to be 175, consisting of 10 cross-linking sites with each site consisting 17–19 Chol moieties.
5. Cholesterol-End-Capped Polyelectrolyte
 Chol-substituted azo initiator, 4,4-azobis(4-cyano-1-cholesteryl)pentanoate (AzCCP) was prepared [44]. Free radical polymerization of AMPS using AzCPP as an initiator was performed to obtain a Chol-end-capped polymer (Chol-PAMPS, Figure 8). The number-average degree of polymerization (DP) of Chol-PAMPS is estimated to be about 72 based on a 1H NMR spectrum measured in DMSO-
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 by assuming all the chain termination to occur via disproportionation. Using the DP estimated from 1H NMR as a basis and assuming each polymer chain has one Chol group at the polymer chain end, the DP estimated from SEC was found to be very similar. It is anticipated that Chol-PAMPS would form a spherical core-shell type micelle with a Chol aggregate in the core and PAMPS chains in the shell. If that is the case, 
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 values observed by DLS in the various polymer concentrations are of the order of 50 nm, and this size is obviously too large for the core-shell micelle. It is concluded that the multipolymer aggregates of Chol-PAMPS are not spherical core-shell micelles. There is a possibility that some polymer chains possess Chol groups at both chain ends, which are produced by the recombination of growing chain radicals or by primary radical termination. Even if most of the polymers have one Chol group at one chain end and they form spherical micelles, a small number of polymer possessing Chol groups at both ends may bridge the micelles, leading to an increase in hydrodynamic size. Furthermore, it seems reasonable to consider that this bridging is more likely to occur at high polymer concentrations, thus leading to a large increase in 
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. Fluorescence emission and excitation spectra for pyrene probe solubilized in the aggregates of Chol-PAMPS suggested the presence of the critical micelle concentration (cmc) around 0.6 g/L in water.





	
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
				
				
			
		
	
	
		
			
				
				
			
		
	
	
		
			
				
				
			
		
	
	
		
	
	
		
			
				
				
			
			
				
			
			
				
			
			
				
				
			
			
				
			
		
	
	
		
			
				
				
				
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	


Figure 8: Chemical structure of cholesterol-end-capped polyelectrolyte.


6. Amphiphilic Block Copolymer Containing Cholesterol-Bearing Block
An amphiphilic block copolymer is a typical synthetic system that reveals a controlled balance of amphiphilicity and can assume various well-organized architectures, including spherical, rod, and lamellar structures [45, 46]. In the past decade, the studies on self-assembly of block copolymers in solution have been extensively pursued [47, 48]. Figure 9 shows the chemical structure of the amphiphilic LC diblock copolymers, PEG5000-b-PAChol(14/86) and PEG2000-b-PAChol(28/72), which are prepared by a typical atom transfer radical polymerization (14/86 and 28/72 are the hydrophilic/hydrophobic weight ratios) [49]. These diblock copolymers present LC mesophase measured by differential scanning calorimetry (DSC). X-ray scattering experiments on a bulk sample of PEG5000-b-PAChol(14/86) revealed a smectic A phase with lamellar period (
	
		
			

				𝑑
			

		
	
) of 4.29 nm. This period corresponds to a value being the wholly extended length of the Chol moieties. For PEG2000-b-PAChol(28/72) in the same position of reflection 
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, only diffuse layer reflection is observed, which corresponds to a fluctuation of smectic structure in the LC block. The mesophase in the LC part is a chiral nematic from the polarizing microscope observation. Self-assembly of the amphiphilic block copolymers in water was performed. Nanofibers with a lamellar fine structure were formed in water by the block copolymer PEG5000-b-PAChol(14/86). The lamellar structure in their hydrophobic core has the same origin as that of the smectic A phase observed in the bulk sample. Both of them result from the interdigital smectic A self-organization of the Chol-based mesogen. On the other hand, polymer vesicles instead of nanofibers are formed by PEG2000-b-PAChol(28/72), in bulk sample of which only a nematic phase with smectic fluctuation is observed. 





	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
				
				
			
		
	
	
		
			
				
				
			
		
	
	
		
	
	
		
			
				
			
			
				
			
			
				
				
				
			
			
				
			
			
				
			
			
				
			
			
				
				
			
		
	
	
		
			
				
			
			
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
				
			
		
	
	
		
			
				
				
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
			
				
				
				
				
			
			
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
		
	


Figure 9: Chemical structure of amphiphilic block copolymers containing a Chol-based block.


7. Conclusion
Polymer-bound Chol moieties show a strong tendency for self-association in water. The strongly stacking nature and hydrophobically associating nature of Chol groups incorporated in polymers would allow one to design a variety of associative polymers that form a variety of nanoorganized structures. These Chol-bearing associative polymers may find usefulness in studies of interactions with lipid membranes as well as potentials for practical applications such as chemical delivery systems.
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:	Second virial coefficient
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:	Aggregation number of cholesteryl moieties
	PNA:	N-Phenyl-1-naphtylamine
	P(A/ChM-5):	Poly(sodium 2-(acrylamido)-2-methylpropanesulfonate-co-cholesteryl 6-methacryloyloxyhecanoate)
	ChM-5:	Cholesteryl 6-methacryloyloxyhecanoate
	DMF:	N,N-Dimethylformamide
	DMSO-
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				6
			

		
	
:	Deuterated dimethyl sulfoxide
	DMBP:	3,4-Dimethylbenzophenoe
	
	
		
			

				𝑁
			

			
				a
				g
				g
			

		
	
:	Aggregation number
	AzCCP:	4,4-Azobis(4-cyano-1-cholesteryl)pentanoate
	Chol-PAMPS:	Cholesterol-end-capped poly(sodium 2-(acrylamido)-2-methylpropanesulfonate)
	DP:	Number-average degree of polymerization
	cmc:	Critical micelle concentration
	PEG5000-b-PAChol:	Poly(ethylene glycol)5000-block-poly(cholesteryl acryloyloxy ethyl carbonate)
	PEG2000-b-PAChol:	Poly(ethylene glycol)2000-block-poly(cholesteryl acryloyloxy ethyl carbonate)
	DSC:	Differential scanning calorimetry
	d:	Lamellar period.
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