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Abstract:

 This paper reviews preparation and applications of amylose supramolecules by means of phosphorylase-catalyzed enzymatic polymerization. When the enzymatic polymerization of α-D-glucose 1-phosphate (G-1-P) as a monomer was carried out in the presence of poly(tetrahydrofuran) (PTHF) of a hydrophobic polyether as a guest polymer, the supramolecule, i.e., an amylose-PTHF inclusion complex, was formed in the process of polymerization. Because the representation of propagation in the polymerization is similar to the way that vines of plants grow twining around rods, this polymerization method for the preparation of amylose-polymer inclusion complexes was proposed to be named “vine-twining polymerization”. Various hydrophobic polyethers, polyesters, poly(ester-ether), and polycarbonates were also employed as the guest polymer in the vine-twining polymerization to produce the corresponding inclusion complexes. To obtain the inclusion complex from a strongly hydrophobic guest polymer, the parallel enzymatic polymerization system was developed as an advanced extension of the vine-twining polymerization. In addition, it was found that amylose selectively includes one side of the guest polymer from a mixture of two resemblant guest polymers, as well as a specific range in molecular weights of the guest PTHF. Amylose also exhibited selective inclusion behavior toward stereoisomers of poly(lactide)s. Moreover, the preparation of hydrogels through the formation of inclusion complexes of amylose in vine-twining polymerization was achieved.
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1. Introduction

Amylose is a linear natural polysaccharide with helical conformation, which is composed of glucose residues linked through α-(1→4)-glycosidic linkages [1]. This is one component of starch and acts as an energy resource in nature with the other component of starch, i.e., amylopectin, which has a branched structure composed of α-(1→4)-glucans inter-linked α-(1→6)-glycosidic linkages (Figure 1) [2]. Besides having such an important role in nature, amylose is known as a high performance material because it acts as a host molecule and forms amylose supramolecules by inclusion of various guest molecules (inclusion complexes) owing to its helical conformation [3]. However, a pure amylose is currently not available from starch because the complete separation of natural amylose from amylopectin is difficult. The only method used for production of the pure amylose with the desired average molecular weight is a phosphorylase-catalyzed enzymatic polymerization [4].

Figure 1. Structures of amylose and amylopectin.
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Polysaccharides are theoretically produced by the repeated glycosylations of a glycosyl donor with a glycosyl acceptor to form a glycosidic linkage [5,6,7,8]. To synthesize polysaccharides by such repeated glycosylations, the in vitro approach by enzymatic catalysis has been significantly investigated because enzymes have remarkable catalytic advantages compared with other types of catalysts in terms of the stereo- and regioselectivities [9,10,11,12,13]. The enzymatic glycosylation is a very powerful tool for the stereo- and regioselective construction of the glycosidic linkages under mild conditions, where a glycosyl donor and a glycosyl acceptor can be employed in their unprotected forms, leading to the direct formation of an unprotected glycoside in aqueous media [14,15]. Thus, repetition of the enzymatic glycosylations, i.e., enzymatic polymerization, forms polysaccharides with well-defined structure.

Phosphorylase is an enzyme that catalyzes the reversible phosphorolytic reaction of α-(1→4)-glucans, such as amylose and glycogen, at a non-reducing end in the presence of inorganic phosphate to produce α-D-glucose 1-phosphate (G-1-P) and those with one smaller degree of polymerization (DP) [16]. Because the reaction by phosphorylase catalysis exhibits reversible nature, α-(1→4)-glycosidic linkage can be constructed by the phosphorylase-catalyzed glycosylation using G-1-P as a glycosyl donor (Figure 2). As a glycosyl acceptor, which is often called a ‘primer’, maltooligosaccharides with DPs higher than the smallest one recognized by phosphorylase, are used. The smallest glycosyl acceptor for the phosphorylase-catalyzed glycosylation is typically maltotetraose (G4), whereas that for the phosphorolytic cleavage is typically maltopentaose (G5). In the glycosylation, a glucose unit is transferred from G-1-P to a non-reducing end of the primer to form α-(1→4)-glycosidic linkage. When the excess molar ratio of G-1-P to the primer is present in the reaction system, the successive glycosylations occur as a propagation of polymerization to produce the α-(1→4)-glucan chain, i.e., amylose [17,18,19,20,21,22]. Because the phosphorylase-catalyzed polymerization proceeds analogously to a living polymerization, the molecular weight of the produced amylose has a narrow distribution (Mw/Mn < 1.2) and can be controlled by the G-1-P/primer feed molar ratios [4].

Figure 2. Phosphorylase-catalyzed enzymatic polymerization.
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As aforementioned, amylose is the well-known host molecule that forms inclusion complexes with guest molecules having relatively lower molecular weight. The driving force for formation of inclusion complexes is hydrophobic interaction between host and guest molecules because the cavity inside the amylose helix has hydrophobic nature due to the presence of hydrophilic hydroxy groups in the glucose units on the outer side of the helix. Therefore, hydrophobicity is required as the property of guest molecules to be included by amylose. However, only limited studies had been reported regarding the formation of inclusion complexes composed of amylose and polymeric guest molecules [23,24,25,26,27,28,29]. Because the driving force incorporating guest molecules into the cavity of amylose is the weak hydrophobic interaction, amylose does not have sufficient ability to include the long chains of polymeric guests into its cavity.

By means of the phosphorylase-catalyzed enzymatic polymerization of G-1-P for direct construction of amylose, the author’s group has developed an efficient method for the preparation of inclusion complexes of amylose with synthetic polymers. The representation of propagation in the polymerization is similar as the way that vines of plants grow twining around rods. Accordingly, it has been proposed that this polymerization method for the preparation of amylose-polymer inclusion complexes is named “vine-twining polymerization” (Figure 3) [11,12,13,30,31,32,13,30]. In this review article, the author describes the principal results, discussion, and applications of vine-twining polymerization.

Figure 3. Image of “vine-twining polymerization”.
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2. Preparation, Characterization, and Formation Process of Amylose-Poly(tetrahydrofuran) Inclusion Complex by Vine-Twining Polymerization

A first example of the vine-twining polymerization was achieved using poly(tetrahydrofuran) (PTHF) as a hydrophobic guest polyether (Figure 4) [33]. When the phosphorylase-catalyzed enzymatic polymerization of G-1-P from maltoheptaose (G7) was performed in the presence of hydroxy-terminated telechelic PTHF with Mn of 4,000 dispersed in sodium citrate buffer, the product was gradually precipitated as the polymerization progressed, which was collected by filtration and characterized by powder X-ray diffraction (XRD) and 1H NMR measurements.

Figure 4. Formation of amylase-poly(tetrahydrofuran) (PTHF) inclusion complex in phosphorylase-catalyzed polymerization in the presence of PTHF.
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The XRD profile of the product showed two strong diffraction peaks at 2θ = 12.4 and 19.8° corresponding to d = 0.71 and 0.45 nm, respectively (Figure 5(b)). The XRD pattern of the product was completely different from that of amylose in Figure 5(a), but similar to that of the inclusion complexes of amylose with monomeric guest molecules [34].

Figure 5. XRD profiles of amylose (a), amylose-PTHF inclusion complex (b), and amylose- poly(L-lactide) (PLLA) inclusion complex (c).
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The 1H NMR spectrum of the product in NaOD/D2O (Figure 6) showed signals not only due to amylose but also due to PTHF in spite of washing with methanol, that was a good solvent of PTHF. The original PTHF was insoluble in an alkaline aqueous solution, and thus, no signals due to PTHF appeared in the 1H NMR spectrum of the suspension of PTHF in NaOD/D2O. These NMR results indicated that the PTHF in the product was solubilized in the alkaline solution, probably because of its inclusion in the cavity of amylose. The XRD and NMR data supported the conclusion that helical inclusion complex was obtained by the vine-twining polymerization.

Figure 6. 1H NMR spectrum of amylose-PTHF inclusion complex in NaOD/D2O.
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Generally, one helical turn of amylose is composed of ca. 6 repeating glucose units when linear molecules with small sectional area are included [35]. The repeat distance of the helix of amylose was reported as 0.795 nm, whereas the length of one unit of PTHF was calculated as ca. 0.60 nm. Therefore, 4.5 repeating glucose units in amylose correspond to the length of one PTHF unit. On the basis of these values, a theoretical ratio of the C–CH2–CH2–C protons of PTHF to the anomeric H1 protons of the glucose units in the inclusion complex was calculated to be 0.89. Actually, the integrated ratio of the signal due to the C–CH2–CH2–C protons to the anomeric H1 protons in the 1H NMR spectrum of the product was in good agreement with the calculated value. This result also supported the structure of the inclusion complex.

Mixing amylose and PTHF in a buffer solvent did not induce the formation of inclusion complex. This observation strongly suggested that the inclusion complex formed during the enzymatic polymerization. Then, effects of the molecular weight and end group structure in PTHF on the formation of inclusion complexes in the vine-twining polymerization were investigated.

The formation of inclusion complexes using PTHFs with various molecular weights (1,000, 2,000, 10,000, 14,000) by the vine-twining polymerization was performed [36]. When PTHF with Mn of 1,000 or 2,000 was used as the guest polymer, inclusion complexes were obtained by the vine-twining polymerization. In contrast, PTHFs with higher Mns such as 10,000 and 14,000 did not form inclusion complexes with amylose by the vine-twining polymerization. The PTHFs with higher Mns were not dispersed well in buffer of the polymerization solvent, resulting in difficulty of inclusion by amylose. To obtain inclusion complexes from these PTHFs, the vine-twining polymerization was conducted in the following two-phase system. The higher molecular weight PTHF was dissolved in diethyl ether and buffer was added to the ether solution (diethyl ether:buffer = 1:5, v/v). Then, the phosphorylase-catalyzed enzymatic polymerization of G-1-P was carried out with vigorously stirring the mixture. Consequently, the XRD profiles of the products from both PTHFs with Mns of 10,000 and 14,000 by the two-phase system indicated the formation of the inclusion complexes.

The effect of the end groups in the telechelic PTHFs on the formation of inclusion complexes in the vine-twining polymerization was also investigated [36]. The end groups employed were the hydroxy (–OH, as an aforementioned standard PTHF), methoxy (–OCH3), ethoxy (–OCH2CH3), and benzyloxy (–OCH2Ph) groups. The products were characterized by the integrated ratios of the C–CH2–CH2–C signals of PTHFs to the H1 signals of amylose in the 1H NMR spectra. The ratio in the product from the methoxy-terminated PTHF was close to that from the hydroxy-terminated PTHF as well as the calculated value (0.89), indicating the formation of inclusion complex. In contrast, the ratio in the product from the ethoxy-terminated PTHF was much lower than the calculated value. Moreover, no inclusion complex was formed when the benzyloxy-terminated PTHF was used as the guest polymer. These results indicated that the formation of inclusion complexes was strongly affected by bulkiness of the end groups in PTHFs.

The DPs of the enzymatically synthesized amylose by phosphorylase are generally changed by the feed molar ratios of G-1-P/G7. The vine-twining polymerization using PTHF in lower feed molar ratio of G-1-P/G7 such as 10 did not yield the inclusion complex because of the production of amylose with considerably low DP, which had no helical structure. On the other hand, when the polymerization system was performed in higher feed molar ratio of G-1-P/G7, e.g., 1,000, the DP of amylose was not higher than ca. 75. In the present polymerization system, the enzymatic polymerization proceeds with forming the inclusion complex composed of amylose with V-type crystalline structure, which leads to precipitation of the product during the polymerization. The precipitation of the inclusion complex causes a difficulty in increasing the DP of amylose by the vine-twining polymerization even when the higher feed molar ratio of G-1-P/G7 is employed.



3. Preparation of Inclusion Complexes by Vine-Twining Polymerization Using Other Hydrophobic Guest Polymers


3.1. Preparation of Inclusion Complexes Using Other Polyethers as Guest Polymers

To investigate the effect of alkyl chain lengths in the guest polyethers on the formation of inclusion complexes in the vine-twining polymerization, the phosphorylase-catalyzed enzymatic polymerization of G-1-P was performed in the presence of polyethers with different alkyl chain lengths from PTHF (the number of methylenes = 4), that is, poly(oxetane) (POXT, the number of methylenes = 3) and poly(ethylene glycol) (PEG, the number of methylenes = 2) [36]. The XRD pattern of the product from POXT was same as that of the amylose-PTHF inclusion complex. Furthermore, the 1H NMR spectrum of the product in DMSO-d6 showed the signals due to both amylose and POXT. These results indicated that the inclusion complex was formed by the vine-twining polymerization using POXT as the guest polyether. On the other hand, the XRD profile of the product from PEG showed the pattern for amylose, but did not show that for inclusion complex. In the 1H NMR spectrum, moreover, the signals only due to amylose were observed. These analytical data indicated that amylose was produced by the enzymatic polymerization in this system, but that did not include PEG in the cavity. This was attributed to the hydrophilic nature of PEG, which caused much less hydrophobic interaction with the cavity of amylose. While the hydrophobic polyethers such as PTHF and POXT exhibited interaction with the cavity of amylose, leading to the formation of inclusion complexes by the vine-twining polymerization. The above results suggested that the hydrophobicity of guest polymers was an important factor for the formation of inclusion complexes in the vine-twining polymerization.



3.2. Preparation of Inclusion Complexes Using Polyesters as Guest Polymers

On the basis of the importance in hydrophobicity of guest polymers on the formation of inclusion complexes, hydrophobic polyesters such as hydroxy-terminated telechelic poly(ε-caprolactone) (PCL) and poly(δ-valerolactone) (PVL) were employed as the guest polymers in the vine-twining polymerization (Figure 7) [37,38]. The phosphorylase-catalyzed enzymatic polymerization of G-1-P from G7 was performed in the presence of PCL or PVL in sodium citrate buffer. The precipitated products were characterized by the 1H NMR and XRD measurements. The 1H NMR spectra of the products from PCL with Mn of 1,000 and PVL with Mn of 2,000 showed signals not only due to amylose but also due to the polyesters. The XRD patterns of the products were completely different from those of amylose and were similar as those of the amylose-PTHF inclusion complex. The IR measurement was also conducted to confirm the structure of the product. The IR spectrum of the original PVL exhibited a strong absorption at 1,728 cm−1, corresponding to carbonyl group of the crystalline PVL. In contrast, the carbonyl absorption of PVL in the product shifted to the region at 1,736 cm−1, which was assignable to the noncrystalline PVL. This result indicated that the crystalline PVL did not present in the product because of inclusion of a PVL chain in the cavity of amylose, suppressing the formation of crystalline aggregates. This IR observation was in good agreement with the XRD data, in which the XRD profile of a sole PVL showed strong crystalline peaks, whereas no such peaks were detected in the XRD profile of the product. All the above analytical data were taken to support the structures of the inclusion complexes.

Figure 7. Preparation of inclusion complexes by vine-twining polymerization using hydrophobic guest polyesters.
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Although PCL with a higher Mn (2,000) was attempted to be used as the guest polyester in the vine-twining polymerization, the PCL was not dispersed well in sodium citrate buffer of the polymerization solvent, and accordingly the inclusion complex was not formed. To obtain the inclusion complex from such PCL, the vine-twining polymerization was conducted in a mixed solvent of citrate buffer and acetone (5:1, v/v) because the PCL was dispersed well in the mixed solvent system. The resulting product was characterized by the 1H NMR and XRD measurements to be the inclusion complex. As aforementioned, the inclusion complex was formed from PVL with Mn of 2,000 by the vine-twining polymerization conducted in sodium citrate buffer. This suggested that PVL was more favorable as the guest polymer to form inclusion complex compared with PCL by the vine-twining polymerization.

As other guest polyester, a hydrophobic poly(ester-ether) (–CH2CH2C(=O)OCH2CH2CH2CH2O–), which was composed of ester and ether linkages alternatingly, was employed in the formation of an inclusion complex by the vine-twining polymerization (Figure 7) [38]. The structure of the product was confirmed by the 1H NMR and XRD measurements to be the inclusion complex. When a hydrophilic poly(ester-ether) (–CH2CH2C(=O)OCH2CH2O–), which had a shorter methylene length, was used as the guest polymer, no inclusion complex was formed. This result also supported that the hydrophobicity of the guest polymers strongly affected the formation of inclusion complexes by the vine-twining polymerization.

Optically active polyesters, i.e., poly(lactide)s (PLAs), which included three kinds of the stereoisomers, i.e., poly(L-lactide) (PLLA), poly(D-lactide) (PDLA), and poly(DL-lactide) (PLDLA), were employed as the guest polyester in the vine-twining polymerization (Figure 8) [39]. First, the vine-twining polymerization using PLLA was performed by the phosphorylase-catalyzed enzymatic polymerization of G-1-P from G7. The precipitated product was characterized by the XRD and 1H NMR measurements.

Figure 8. Stereoselective inclusion of amylose by vine-twining polymerization using poly(lactide)s (PLAs).
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The XRD profile of the product showed two diffraction peaks at 2θ = 11°–12° and 18°–19° (Figure 5(c)), which was completely different from that of amylose, indicating that the inclusion complex structure of the product. Interestingly, the diffraction peaks of the product appeared at lower angles compared with those of the inclusion complexes of amylose with the slender guest polymers such as PTHF (Figure 5(b)) [33]. This difference in the two XRD patterns reasonably revealed that the diameter of amylose helix in the product became larger by inclusion of the bulky PLLA in the cavity of amylose. The similar XRD pattern as that of the present product was obtained when amylose included bulky alcohols [40]. The 1H NMR spectrum of the product in DMSO-d6 showed the signals not only due to amylose but also due to PLLA. These analytical data fully supported that the amylose-PLLA inclusion complex was formed in the vine-twining polymerization using PLLA as the guest polyester.

To investigate the effect of the chirality in PLAs on inclusion by amylose, the vine-twining polymerization was performed using PDLA and PDLLA. Consequently, the XRD patterns of the products showed only the diffraction peaks due to amylose and the 1H NMR spectra did not show the signals due to PLAs, indicating no formation of the corresponding inclusion complexes. These results indicated that amylose perfectly recognized the chirality in PLAs on the formation of inclusion complexes in vine-twining polymerization.



3.3. Preparation of Inclusion Complexes of Amylose with Strongly Hydrophobic Polyesters in Parallel Enzymatic Polymerization System

As aforementioned, the hydrophobicity of guest polymers is the important factor for the formation of inclusion complexes in the vine-twining polymerization. In addition to no formation of inclusion complexes from hydrophilic polymers, the production of inclusion complexes had not been achieved from polymers with strong hydrophobicity due to their aggregation in aqueous buffer solvent in the vine-twining polymerization as appeared in the case using PCL with the higher Mn. As other example, the vine-twining polymerization using poly(oxepane), which was a polyether having 6 methylene units and was more hydrophobic than PTHF and POXT owing to longer alkyl chains, did not induce the formation of an inclusion complex [36].



To obtain the inclusion complex from a strongly hydrophobic polyester, a parallel enzymatic polymerization system as an advanced extension of the vine-twining polymerization was investigated (Figure 9) [41]. In this system, two enzymatic polymerizations, which were the phosphorylase-catalyzed enzymatic polymerization of G-1-P from G7, giving rise to amylose and the lipase-catalyzed polycondensation of a dicarboxylic acid and a diol, leading to an aliphatic polyester of the guest polymer [42,43], were simultaneously performed. As the monomers for the latter polymerization, the dicarboxylic acid and the diol having methylene units of 8 were used, that yielded the strongly hydrophobic polyester by the lipase-catalyzed polycondensation under aqueous conditions. The product by the parallel enzymatic polymerization system was characterized by the 1H NMR and XRD measurements, which indicated the formation of the inclusion complex of amylose with the polyester.

Figure 9. Formation of inclusion complexes composed of amylose and strongly hydrophobic polyester in parallel enzymatic polymerization system.
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To demonstrate that the inclusion complex could be obtained only by the parallel enzymatic polymerization system, the following two experiments were carried out. When the phosphorylase-catalyzed enzymatic polymerization was performed in the presence of the polyester having methylene units of 8, that accorded to the vine-twining polymerization manner, only amylose was produced, which did not include the polyester. As the other experiment, the lipase-catalyzed enzymatic polycondensation of the dicarboxylic acid and the diol having methylene units of 8 was carried out in the presence of amylose. Consequently, amylose included some monomers, but did not include the polyester although the enzymatic polycondensation progressed. These results of the two experiments indicated that the inclusion complex of amylose with such strongly hydrophobic polyester was formed only by the parallel enzymatic polymerization system.



3.4. Preparation of Inclusion Complexes Using Polycarbonates as Guest Polymers

Hydrophobic aliphatic polycarbonates were employed as the guest polymers in the vine-twining polymerization to give the corresponding inclusion complexes with amylose [44]. The four hydrophobic polycarbonates with different methylene chain lengths were used, which were poly(tetramethylene carbonate) (PC-4), poly(octamethylene carbonate) (PC-8), poly(decamethylene carbonate) (PC-10), and poly(dodecamethylene carbonate) (PC-12). First, PC-4 was employed as the guest polycarbonate in the vine-twining polymerization in an aqueous buffer/acetone mixed solvent. The precipitated product was characterized by means of the 1H NMR, XRD, and IR measurements, which supported the structure of amylose-PC-4 inclusion complex.

The effect of the methylene chain lengths in the polycarbonates was investigated on the formation of inclusion complexes in this polymerization system using PC-4, PC-8, PC-10, and PC-12 as the guest polycarbonates. The 1HNMR spectra of the products by the vine-twining polymerization suggested that less amounts of the polycarbonates having longer methylene chain lengths were included in the cavity of amylose. Such strongly hydrophobic polycarbonates were probably aggregated in the aqueous buffer/acetone mixed solvent, and accordingly separated from the cavity of amylose, causing difficulty in complex formation.




4. Selective Inclusion of Amylose in Vine-Twining Polymerization


4.1. Amylose Selectively Includes One from a Mixture of Two Resemblant Guest Polymers

On the basis of the aforementioned results in the vine-twining polymerization, it can be considered that suitable hydrophobicity for properties of the guest polymers is required in deciding whether amylose includes them or not. Taking more precise information into consideration, amylose exhibits different inclusion behavior depending on subtle changes in structures of the guest polymers. Such behavior of amylose was applied to realize the selective inclusion toward two resemblant guest polymers (Figure 10) [45,46].

Figure 10. Amylose selectively includes one of two resemblant polyethers or polyesters.
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For example, the vine-twining polymerization was performed in the presence of a mixture of POXT (Mn = ~1,800) and PTHF (Mn = ~1,600) (unit molar ratio = 0.90:1.00) in sodium acetate buffer; the difference in the two polymer structures was only one methylene unit. In the 1H NMR spectrum of the product (DMSO-d6), the signals due to PTHF and amylose were prominently observed but the signals due to POXT were mostly not detected (POXT/PTHF = 0.02:1.00). This NMR data indicated that amylose almost selectively included PTHF from the mixture of the two resemblant polyethers in the vine-twining polymerization [45,46]. The slight difference in hydrophobicities of the two polyethers probably contributed to the difference in the inclusion by amylose toward them.

The selective inclusion of amylose toward two resemblant polyesters was performed by the vine-twining polymerization in the presence of a mixture of PVL (Mn = 830) and PCL (Mn = 930) (unit molar ratio = 1.00:0.92) under similar conditions as those described above using the polyethers [46]. In the 1H NMR spectrum of the product (DMSO-d6), the signals due to PVL and amylose were observed, whereas no signals due to PCL appeared, indicating that amylose selectively included PVL from the mixture of the two resemblant polyesters in the vine-twining polymerization.



4.2. Amylose Selectively Includes a Specific Range of Molecular Weights in Guest Polymers

On the basis of the above findings, the selective inclusion to a specific range in molecular weights of synthetic guest polymers by amylose was investigated in the vine-twining polymerization [47], because synthetic polymers generally have molecular weight distribution, meaning that they are reasonably considered as mixtures of analogous molecules with different numbers of the repeating units. Additionally, the numbers of repeating units contribute to exhibit different properties of the polymers with the same structure of a repeating unit. For example, PTHF with considerably low molecular weight is soluble in water although PTHF is known as a hydrophobic polymer, indicating that the hydrophobicity of PTHF is probably affected by its molecular weight. Therefore, the vine-twining polymerization in the presence of some PTHFs with different average molecular weights was examined. Three PTHFs with different Mns and (Mw/Mn)s (PTHF-1K: Mn and Mw/Mn = 1,350 and 2.86, PTHF-3K: Mn and Mw/Mn = 3,040 and 3.13, and PTHF-6K: Mn and Mw/Mn = 6,330 and 2.45) were used as the guest polymers. To estimate Mns and (Mw/Mn)s of PTHFs included in the cavity of amylose, PTHFs were extracted from the inclusion complexes according to the following operation. After solutions of the inclusion complexes in DMSO were stirred at 40 °C for 13 h, they were added to an excess amount of acetone. Then, the acetone soluble fractions were collected to obtain the guest PTHFs. The Mns and (Mw/Mn)s of the extracted PTHFs were estimated by 1H NMR and GPC measurements, respectively. When PTHF-3K with Mw/Mn = 3.13 was employed as the guest polymer for the vine-twining polymerization, The Mw/Mn of PTHF included in the cavity of amylose became narrower (Mw/Mn = 1.46) although its Mn (=3,590) was almost same as that of the employed one (Mn = 3,040). These results indicated that amylose selectively included a specific range in molecular weights of PTHF-3K in the vine-twining polymerization. To investigate the effect of average molecular weights of the guest PTHFs on the inclusion behavior of amylose, the vine-twining polymerization using PTHF-1K and PTHF-6K as the guest polymers was performed. Consequently, the Mns and (Mw/Mn)s of PTHFs included in the cavity of amylose were almost the same as those using PTHF-3K as aforementioned (the included PTHF-1K: Mn and Mw/Mn = 3,120 and 1.41, the included PTHF-6K:Mn and Mw/Mn = 3,700 and 1.74). Thus, it can be concluded that, in this polymerization system, amylose selectively includes a specific range in molecular weights of PTHFs.




5. Preparation of Hydrogels through Formation of Inclusion Complexes of Amylose by Vine-Twining Polymerization

Polymeric hydrogels are three-dimensional polymer networks including a large amount of water, which have been used in a variety of applications because of their high water contents and softness [48]. They are conventionally classified as either chemical or physical gels by the types of cross-linking points. The type of cross-linking structure often determines properties of the hydrogels. Because amylose can enzymatically be prepared and hydrolyzed by the phosphorylase and amylase catalyses, respectively [17,18,19,20,21,22,49], hydrogels with cross-linking structures based on amylose have a possibility for enzymatic disruption and reproduction behaviors by two enzyme-catalyzed reactions, i.e., the amylase-catalyzed hydrolysis of amylose and the formation of amylose by the phosphorylase-catalyzed polymerization.





Therefore, the preparation of hydrogels through the formation of inclusion complexes of amylose in the vine-twining polymerization was investigated [50]. This was achieved by the phosphorylase-catalyzed polymerization of G-1-P from G7 in the presence of a water-soluble copolymer having the hydrophobic PVL graft chains; poly(acrylic acid sodium salt-graft-δ-valerolactone) (P(AA-Na-g-VL)) (Figure 11). The enzymatic reaction mixture turned into a gel during the polymerization process. Because the produced amylose included the PVL graft chains in the intermolecular guest copolymers as the polymerization progressed, the formed inclusion complexes acted as the cross-linking points for the formation of the hydrogel. Furthermore, enzymatic disruption and reproduction of the hydrogels were achieved by the combination of the β-amylase-catalyzed hydrolysis of the amylose component and the formation of amylose by the phosphorylase-catalyzed polymerization (Figure 12). Therefore, it should be noted that the present hydrogel exhibited the enzymatically recyclable behavior by means of the two enzyme-catalyzed reactions.

Figure 11. Preparation of Hydrogels through Formation of Inclusion Complexes of Amylose by Vine-Twining Polymerization.
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Figure 12. Cycle of enzymatic disruption and reproduction of hydrogel by two enzymatic reactions.
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6. Conclusions

In this review, the preparation of amylose supramolecules in the phosphorylase-catalyzed enzymatic polymerization of G-1-P, in the presence of hydrophobic polymers, such as polythers, polyesters, a poly(ester-ether), and polycarbonates according to the vine-twining polymerization manner, was overviewed. The corresponding inclusion complexes of the supramolecules were produced in the process of the polymerization. The results in the vine-twining polymerization indicated that amylose exhibited different inclusion behavior depending on subtle changes in the structures of the guest polymers. Therefore, this method was applied to the selective inclusion toward guest polymers with a subtle structural difference. Furthermore, hydrogel was produced through the formation of inclusion complexes of amylose in the vine-twining polymerization. The resulting hydrogels showed enzymatic disruption-reproduction behavior. The present method by means of the phosphorylase-catalyzed polymerization will be applied to the further production of new amylose supramolecules with well-defined structure, and the development of hierarchically controlled bio-based material in future.
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