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Abstract: Amylose constructs supramolecular inclusion complexes with polymeric guests in
phosphorylase-catalyzed enzymatic polymerization field, called ‘vine-twining polymerization’.
However, such inclusion complexes have not exhibited specific property and processability as
functional supramolecular materials. In a recent study, n amphiphilic triblock guest copolymer (poly(2-
methyl-2-oxazoline-block-tetrahydrofuran-block-2-methyl-2-oxazoline, (P(MeOx-block-THF-block-
MeOx)) was employed for the vine-twining polymerization to form soft materials from an amylosic
inclusion complex. In this study, we investigated the vine-twining polymerization using a
thermoresponsive triblock guest copolymer, that is, poly(2-isopropyl-2-oxazoline-block-
tetrahydrofuran-block-2-isopropyl-2-oxazoline (P(iPrOx-block-THF-block-iPrOx)). The vine-twining
polymerization at the temperature below the lower critical solution temperature (LCST) of PiPrOx gave
the inclusion complex, while no inclusion by an enzymatically produced amylose took place at the
temperature above the LCST of PiPrOx due to aggregation of P(iPrOx-block-THF-block-iPrOx) in
aqueous buffer (polymerization solvent). The product's characterization results suggested that the cavity
of the enzymatically elongated amylose chain included the PTHF block in the triblock copolymer by
hydrophobic interaction. Accordingly, the outer PiPrOx blocks constructed spaces among the inclusion
complex segments. Such higher-order structure formed supramolecular networks, leading to the
formation of a hydrogel. The product showed thermoresponsive property depending upon the
temperatures below and above the LCST of PiPrOx.

Keywords: amylose; inclusion complex; supramolecular material; termoresponsive polymer; vine-
twining polymerization.
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1. Introduction

Amylose is a well-known natural polysaccharide as a component of starch, which is
recognized as a functional polymeric material because of its regularly controlled left-handed
helical conformation, composed of o(1—4)-linked glucose (G) repeating units (a(1—>4)-
glucan) [1, 2]. Therefore, amylose has been employed as a component in functional
supramolecular materials even in recent years [3, 4]. Owning to hydrophobicity inside a cavity
of the amylose helix, it can bind hydrophobic guest molecules with appropriate sizes, mostly
monomeric molecules, by hydrophobic interaction to form amylosic supramolecular inclusion
complexes, called V-amylose [5]. Amylosic inclusion complexes with polymeric guest
molecules with high molecular weights are identified to have a potential for employing in
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practical applications as supramolecular materials compared to those with such monomeric
guests [6, 7]. Some approaches on the direct formation of amylosic inclusion complexes from
hydrophobic guest polymers have successfully been reported, as examples of the introduction
of suitable hydrophilic groups at the polymer chain ends, exchange from small guest molecules
to large (polymeric) ones, and the inclusion of polymerization approach [8-12]. Also, the direct
mixing approach under the selected conditions has been achieved to form an inclusion complex
from amylose and poly(tetrahydrofuran) (PTHF) [13-15].

We have previously reported the in-situ formation of amylose-polymer inclusion
complexes in a phosphorylase-catalyzed enzymatic polymerization field [6, 7,16-26]. The
enzymatic polymerization progresses by using o-D-glucose 1-phosphate (G-1-P) as a
monomer, which is initiated from the chain end (non-reducing end) of a maltooligosaccharide
primer (o(1—4)-linked oligoglucan) [27-34]. The propagation occurs according to the
following manner in reversible reactions, i.e., (a(1=4)-G)n + G-1-P 2 (a(14)-G)n+1 + Pi
(inorganic phosphate). By dispersing guest polymers with moderate hydrophobicity in the
aqueous enzymatic polymerization system, the propagation progresses with including the guest
polymers in the cavity, giving rise to amylose-polymer inclusion complexes. Because the
sufficient dynamic field for the more efficient complexation with polymeric guests than the
direct complexation is provided during the phosphorylase-catalyzed enzymatic chain-
elongation from the short maltooligosaccharide primer to the longer amylose, we have
proposed that this polymerization method can be named “vine-twining polymerization” for the
formation of amylose-polymer inclusion complexes, where the representation of this system is
similar to plant vines twining around a rod.

Although various hydrophobic polymers have been found to be used as guests in the
vine-twining polymerization, like hydrophobic polyethers (e.g., PTHF), polyesters, and
polycarbonates [35-40], all the resulting inclusion complexes, regardless of guest polymers,
have shown powdery appearances and not exhibited specific property and processability as
functional supramolecular materials, such as soft material formation, probably due to regular
crystalline structure and insufficient mechanical property of V-amylose. In the previous study,
we reported successfully fabricate amylosic supramolecular soft materials, such as film and gel,
from the vine-twining polymerization products by employing a triblock copolymer comprising
an inner hydrophobic PTHF block and outer hydrophilic poly(2-methyl-2-oxazoline) (PMeOx)
blocks (P(MeOx-block-THF-block-MeOx)) with amphiphilic property [41]. The product
constructed a new higher-order structure because the outer PMeOx chains formed hydrophilic
spaces among inclusion complex (V-amylose) segments with the inner PTHF chain and lower
regularity of crystalline alignment among the V-amylose segments that was suitable for the
production of the soft supramolecular material.

In this study, we employed another triblock copolymer as a new guest polymer, which
is comprising an inner PTHF block and outer poly(2-isopropyl-2-oxazoline) (PiPrOx) blocks
(P(iPrOx-block-THF-block-iPrOx)), for the vine-twining polymerization to produce an
amylosic inclusion complex with unique functions (Figure 1). The poly(2-alkyl-2-oxazoline)
properties have been known to adjust by altering the alkyl substituents at position 2 on the
oxazoline rings; for example, the lengths of carbon chains in the substituents determine the
hydrophilic/hydrophobic properties of the poly(2-alkyl-2-oxazoline)s [42-49]. Interestingly,
PiPrOx exhibited thermoresponsive property with the lower critical solution temperature
(LCST) of ca. 38 °C [50, 51]. Therefore, P(iPrOx-block-THF-block-iPrOx) also shows the
thermoresponsive property, in which its hydrophilic property at lower temperature turns into
https://biointerfaceresearch.com/ 14581
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hydrophobicity by elevating temperature. Consequently, the present amylosic inclusion
complex with P(iPrOx-block-THF-block-iPrOx), formed by the vine-twining polymerization,
was found to show different behaviors responded by temperatures in addition to the hydrogel
formation.
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Figure 1. Vine-twining polymerization using P(iPrOx-block-THF-block-iPrOx) as guest polymer.

2. Materials and Methods
2.1. Materials.

iIPrOx was prepared from isobutyronitrile and 2-aminoethanol in the presence of zinc
acetate according to the literature procedure and purified by distillation [52].
Trifluoromethanesulfonic anhydride (Tf20) was prepared from trifluoromethanesulfonic acid
by treatment with phosphorus pentoxide and distilled for purification. PTHF was prepared by
ring-opening polymerization of THF initiated with ethyl trifluoromethanesulfonate (EtOTY)
according to the literature procedure [53]. Thermostable phosphorylase (Aquifex aeolicus VF5)
was kindly provided by Ezaki Glico Co. Ltd., Osaka, Japan [54, 55].

2.2. Synthesis of P(iPrOx-block-THF-block-iPrOx .

A mixture of THF (1.76 mL, 20.0 mmol) and T20 (0.169 mL, 1.0 mmol) was stirred
at 0 °C for 15 min under argon. After iPrOx (2.98 mL, 50.0 mmol) was added to the resulting
solution at -78 °C, the mixture was successively stirred at that temperature for 1 h, left standing
at room temperature for 30 min, and stirred at 60°C for 24 h. The propagating end was
deactivated by the addition of sat. NaHCOs3 ag. (5.0 mL) to the solution. After the mixture was
evaporated, methanol (100 mL) was added, and inorganic salts were filtered off. After the
filtrate was evaporated and methanol (5.0 mL) was added, the solution was poured into hexane
(150 mL)/diethyl ether (100 mL) mixture for the precipitation of the product. The precipitate
was separated by centrifugation and dried under reduced pressure to obtain P(iPrOx-block-
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THF-block-iPrOx) (2.70 g). *H NMR (CDsOD) & 1.05 (br, -CH3 of PiPrOx), 1.57 (br, -C-
CH2CH2-C- of PTHF), 2.71-2.98 (br, -CH- of PiPrOx), 3.23-3.59 (br, -CH20- of PTHF, -
CH2N- of PiPrOx).

A mixture of the resulting copolymer (0.10 g) and acetic anhydride (3.0 mL) in pyridine
(3.0 mL) was maintained at room temperature overnight with stirring. The resulting mixture
was then poured into hexane (100 mL) to obtain the precipitate, which was separated by
centrifugation and dried under reduced pressure to yield the acetyl-terminated triblock
copolymer (71.4 mg). *H NMR (CD3OD) § 4.20-4.24 (br, -CH20(C=0)CHs (terminal acetate
methylene)). From the integrated ratio of this signal to a methylene signal of PTHF block (-C-
CH2CH2-C-) at 6 1.57 and a methyl signal of PiPrOx block at 6 1.05, the values of Mn of the
triblock copolymer and degrees of polymerization (DPs) of PTHF and PiPrOx blocks were
calculated to be 8090, 25.5, and 53.2.

2.3. Vine-twining polymerization.

Ultrasonication of a mixture of G-1-P (0.152 g, 0.50 mmol), G7 (5.8 mg, 5.0 umol), and
P(iPrOx-block-THF-block-iPrOx) (0.256 g, 0.10 mmol) in sodium acetate buffer (pH =6.2, 0.2
mol/L, 7.5 mL) was first performed for 2 h to obtain a dispersion. After the addition of
thermostable phosphorylase (90 U) to the dispersion, the mixture was maintained at 30 °C for
24 h with stirring. The precipitate was then isolated by filtration, washed with water and
methanol, and dried under reduced pressure to obtain the inclusion complex (56.5 mg). 'H
NMR (DMSO-ds) 6 0.97 (br, -CHs of PiPrOx), 1.50 (br, -C-CH2CH2-C- of PTHF), 2.62-2.86
(br, -CH of PiPrOx), 3.25-3.65 (m, -CH20- of PTHF, -CH2N- of PMeOx, H2-H6 of amylose,
overlapping with HOD), 5.10 (br, H1), 4.60, 5.43, 5.54 (OH of amylose).

2.4. Formation of the hydrogel.

After a mixture of the inclusion complex (25.0 mg) with methanol (30 mL) was
ultrasonicated for 2 h and centrifugated, the supernatant was decantated off. The paste-like
swollen material was immersed in water (30 mL) for 24 h to obtain the hydrogel. The hydrogel
was left standing at room temperature or 50 °C overnight and then immediately lyophilized to
give cryogels. The water content was calculated by the weight difference between the hydrogel
and its lyophilized sample.

2.5. Measurements.

'H NMR spectra were recorded on JEOL ECA600 spectrometer. Powder X-ray
diffraction (XRD) measurements were conducted using a PANalytical X’Pert Pro MPD
diffractometer with Ni-filtered Cu Ko radiation (A = 0.15418 nm). Scanning electron
microscopic (SEM) images were obtained using a Hitachi S-4100H electron microscope.

3. Results and Discussion

The triblock guest copolymer (P(iPrOx-block-THF-block-iPrOx)) was synthesized by
ring-opening block copolymerization of THF with iPrOx initiated by Tf20 according to the
literature procedure [56]. After acetylation of terminal hydroxy groups were conducted using
acetic anhydride in pyridine, the Mn value of the triblock copolymer and the DP values of the
PTHF and PiPrOx blocks were estimated by integrated ratios of a methylene signal (-C-

https://biointerfaceresearch.com/ 14583


https://doi.org/10.33263/BRIAC116.1458014590
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC116.1458014590

CH2CH3-C-) of the PTHF blocks and a methyl signal of the PiPrOx blocks to a methylene
signal of the terminal acetate groups (-CH20(C=0)CHzs) in the *H NMR spectrum of the
products in CD3OD to be 8090, 25.5, and 53.2. A homopolymer (PTHF) for a contrast
experiment was also prepared by ring-opening polymerization of THF initiated by EtOTf [53].

The vine-twining polymerization using the synthesized P(iPrOx-block-THF-block-
iIPrOx) as the guest polymer was then carried out in the enzymatic polymerization of G-1-P (5
equiv. with the guest polymer) in the presence of Gz (1/100 equiv. with G-1-P) catalyzed by
phosphorylase in 0.2 mol/L sodium acetate buffer (pH 6.2) under dispersion condition of the
guest polymer at temperatures below (30 °C) and above (50 °C) the LCST of PiPrOx (38 °C)
(Figure 1). The mixtures were stirred at the desired temperatures for 24 h, and the resulting
precipitates were then separated by filtration and washed with water and methanol to give the
products.

The products thus obtained by the vine-twining polymerization were characterized by
XRD and *H NMR measurements. The XRD profile of the product obtained at 30 °C show two
typical diffraction peaks at around 20 and 13° assignable to the helical pitch in the inclusion
complex and the distance between the helix centers (corresponding to approximately a
diameter) (Figure 1(a)) [57], which is identical with the pattern of the inclusion complex from
PTHF (Figure 1(c)) [35], but completely different from that of a pure amylose sample (Figure
1(d)). This XRD profile suggested that the inclusion complex was formed in the present system
using P(iPrOx-block-THF-block-iPrOx) at the temperature below the LCST of PiPrOx.

(a)

(b)
\/\_/\\ (C)

(d)
5 10 15 20 25 30 35 40

26 (deg./CuKa)

Figure 2. XRD profiles of vine-twining polymerization products obtained at (a) 30 and (b) 50 °C, (c) amylose-
PTHF inclusion complex, and (d) amylose.

The *H NMR result of the product measured in DMSO-ds also supported the inclusion
complex’s formation because of the detection of both the signals assigned to amylose and the
PTHF and PiPrOx protons (Figure 3(a)). The inclusion ratio of the amylose cavity to the THF
block was evaluated by the integrated ratio of the H1 (anomeric) signal of the G residues to the

methylene signal b (-C-CH2CH2-C-) of PTHF block (H1/b) in the *H NMR spectrum according
https://biointerfaceresearch.com/ 14584
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to the calculation method reported in our previous literature on the vine-twining polymerization
using PTHF [37]. Generally, one helical turn of amylose comprises ca. six G units when linear
and slender molecules, like PTHF, are included [58]. A repeat distance of the amylose helix
and a unit length of PTHF have been calculated to be 0.80 and 0.60 nm. Accordingly, a unit
length of PTHF corresponds to an average of 4.5 repeating G units in amylose. From these
calculations, the integrated ratio of the H1 signal to the methylene signal (H1/b) in the *H NMR
spectrum should be ideally 1.13, while the H1/b integrated value in the measured *H NMR
spectrum of the vine-twining polymerization product was calculated to be 0.63 (ca. 56% of the
theoretical value). This result indicated that the enzymatically elongated amylose chain
preferentially included the hydrophobic PTHF block by hydrophobic interaction rather than the
hydrophilic PiPrOx blocks at the temperature below the LCST. Therefore, the vine-twining
polymerization product can be identified to be composed of the inner amylose-PTHF inclusion
complex segment and the outer non-included PiPrOx segments, as similar to that obtained by
the same operation using P(MeOx-block-THF-block-MeOx) [41].

OH Hl HOM MO\}\/X Y/\%,OH
10] N n b n N n'
0 a
HO OH 0)\(/ }(go
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Amylose a
P(iPrOx-block-THF-block-iPrOX)
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Figure 3. 'H NMR spectra of vine-twining polymerization products obtained at (a) 30 and (b) 50 °C in DMSO-
ds.

The vine-twining polymerization using P(iPrOx-block-THF-block-iPrOx) was also
conducted at the temperature above the LCST of PiPrOx (50 °C). The XRD and ‘H NMR
results of the precipitated product have suggested that the enzymatically produced amylose
does not include P(iPrOx-block-THF-block-iPrOx) at all at this temperature because the XRD
pattern is identical with that of a pure amylose sample (Figure 2(b) and (d)) and the *H NMR
spectrum detects only amylose signals (Figure 3(b)). This was attributed to the strong
aggregation of P(iPrOx-block-THF-block-iPrOx) in the aqueous buffer solvent due to its entire
hydrophobicity at the temperature above the LCST of PiPrOx (Figure 4(b)). At the temperature
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below the LCST of PiPrOx (room temperature), on the other hand, P(iPrOx-block-THF-block-
iPrOx) dispersed well in the solvent owing to its amphiphilic nature at the temperature (Figure
4(a)), leading to the formation of the inclusion complex as abovementioned.

Figure 4. Photographs of mixtures of P(iPrOx-block-THF-block-iPrOx) in acetate buffers at (a) room
temperature and (b) 50 °C and (c) hydrogel formed from vine-twining polymerization product obtained at 30 °C.

An attempt was made to form a hydrogel from the present vine-twining polymerization
product by the same procedure as the previously reported material using P(MeOx-block-THF-
block-MeOx) [41]. When the present product obtained at 30 °C was treated with methanol with
ultrasonication, and then the resulting paste-like material was immersed in water, the hydrogel
was obtained (Figure 4(c)). The resulting hydrogel was left standing at the temperatures below
and above the LCST of PiPrOx (room temperature and 50 °C, respectively) overnight and
immediately lyophilized to give the cryogels. From the weight differences between the
obtained hydrogels and their lyophilized samples, the water contents after standing at room
temperature and 50 °C were calculated to be 88.9 and 71.3%, respectively. The SEM images
of both the cryogels observe porous morphologies, but their pore sizes are obviously different;
the sample size obtained after standing at 50 °C is much smaller than that of the other sample
(Figure 5). At the temperature above the LCST of PiPrOx, the corresponding outer blocks in
the vine-twining polymerization product became hydrophobic, leading to releasing water from
the hydrogel. Accordingly, the hydrogel's water content after standing at the temperature above
the LCST of PiPrOx was lower and resulted in smaller pore size of the cryogel than those of
the other hydrogel and cryogel.

. e o

Figure 5. éEM images of cryoéls obtained by lyophilization of hydrogels after standing af (a) room
temperature and (b) 50 °C.

The difference in the crystalline structures of the two cryogels after standing the
hydrogels at room temperature and 50 °C was evaluated by their XRD measurement. The area
ratio of two peaks, i.e., peak A at 13° to peak B at 20° in the XRD profile of the former sample,
decreases much larger than that in the XRD profile of the latter sample (0.23:1 and 0.26:1,
respectively, Figure 6(b) and (c)), compared to the as-prepared vine-twining polymerization
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product obtained at 30 °C (0.28:1, Figure 6(a)). As these peaks were ascribed to the distance
between the helix centers in the crystalline structure among the inclusion complexes and the
helical pitch of amylose helix in the inclusion complex, respectively [57], the XRD results
suggested that regularity of the crystalline alignment among the complexes (V-amylose) was
lowered by treatment of the hydrogel at room temperature more than that at 50 °C. As suggested
in the previous study [41], the hydrogenation in the present system was considered to be
similarly achieved by the formation of network structures from the vine-twining
polymerization product of amylose with P(iPrOx-block-THF-block-iPrOx), which were
composed of cross-linking points constructed by the crystalline alignments among the inner
amylose-PTHF inclusion complex segments in spaces formed by the outer non-included
PiPrOx blocks. Therefore, larger networks with lower regularity of the V-amylose crystalline
alignment were formed by treating the hydrogel at the temperature below the LCST of PiPrOXx,
resulting in the higher water content and larger pore size (Figure 7(a)). On the other hand, the
hydrogel treatment at the temperature above the LCST of PiPrOx constructed smaller networks
with a higher regularity of the VV-amylose crystalline alignment, giving rise to the lower water

content and smaller pore size (Figure 7(b)).
Peak B

— 200
Peak A G2
26=13°) A Area ratio 20 =13°
(peatA : peak B) 0.342 nm
gy .
; 26 =20°
) \ 0.215 nm
c
BHaeh 026 :1 ©
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Figure 6. XRD profiles of (a) as-prepared vine-twining polymerization product obtained at 30 °C and cryogels
obtained by lyophilization of hydrogels after standing at (b) room temperature and (c) 50 °C.

PiPrOxblock Amylose-PTHF inclusion complex

Figure 7. Plausible network structures in hydrogels after standing at (a) room temperature and (b) 50 °C.
4. Conclusions

In this study, we investigated the vine-twining polymerization using the
thermoresponsive triblock guest copolymer, that is, P(iPrOx-block-THF-block-iPrOx). The
vine-twining polymerization at the temperature below the LCST of PiPrOx resulted in the
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formation of the inclusion complex, while no inclusion occurred at the temperature above the
LCST of PiPrOx. In the vine-twining polymerization product, the amylose chain is specifically
complexed with the PTHF block in the triblock copolymer to form the inclusion complex
having the non-included PiPrOx chains at both sides. Consequently, the PiPrOx chains formed
spaces among the amylose-PTHF inclusion complex segments. Because of such a higher-order
structure, the product formed the supramolecular networks, leading to hydrogel formation. The
water contents and network sizes in the products were changed depending upon the
temperatures below and above the LCST of PiPrOx to treat the hydrogels. This study's resulting
supramolecules can be employed as a thermoresponsive material in practical applications such
as biomedical and environmentally benign fields in the future.
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