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ABSTRACT: We have successfully prepared a new class of self-assembled biomaterial: a polypeptide-
block-polypseudorotaxane diblock copolymer. This diblock copolymer is comprised of an o-helical
polypeptide rod, based on y-benzyl-L-glutamate, and an originally coiled segment P(EO19-7-POs); it forms
inclusion complexes with a-cyclodextrins (a-CDs) to give crystalline polypseudorotaxanes. Formation of
the polypseudorotaxane converts the conformation of P(EQ19-7-PO3) from a flexible chain into a rodlike
structure, which results in a novel block copolymer exhibiting a rod—rod conformation. Intrinsic
interactions (e.g., the polypseudorotaxane’s channel-type crystallization, the polypeptide’s secondary
structure, and microphase separation) within and between these rod—rod diblock copolymers contribute
to their hierarchical self-assembly behavior, which we characterized using DSC, 'H NMR spectroscopy,
13C CP/MAS NMR spectroscopy, WAXS, and SAXS. The data obtained from the WAXS and SAXS studies
clearly indicate the formation of juxtaposed bilayer-like nanostructure featuring hexagonally packed PBLG

stacks and channel-type polypseudorotaxane moieties.

Introduction

One of the most fascinating subjects in nanochemistry
and biomimetic chemistry is the creation of supramo-
lecular architectures possessing well-defined shapes and
functions. Self-assembly is the key in the design of many
new functional supramolecular materials, and block
copolymers are especially good candidates for producing
self-assembled materials and nanometer-scale devices.!?
Two main types of block copolymers have been studied,
namely the coil—coil and rod—coil copolymers. The latter
type represents a special class of block copolymers that
have attracted an increasing amount of attention during
the past 5—10 years,3* but, nevertheless, only a few
publications have described the hierarchical self-as-
sembly of rod—rod diblock copolymers.? Conventional
polymer synthesis methods allow the preparation of a
wide variety of materials for diverse applications, but
the next generation of advanced materials will likely
use design concepts borrowed from biological systems,
such as tissue and bone, in which complex hierarchical
structures are synthesized with very high specificity.
These materials are characterized by multiple levels of
structural organization, well-defined molecular archi-
tectures, and the presence of biological recognition
sites.®7 By combining a knowledge of protein structure
with fundamental concepts of polymer materials science,
nonnatural protein-based materials can be designed
that are capable of self-assembling into unique and
uniform two- or three-dimensional topologies. Ulti-
mately, it may become possible to design biopolymers
capable of forming hierarchically ordered systems hav-
ing multiple levels of interactive structure. Such ma-
terials have particular potential for biomedical use in
drug delivery,® tissue regeneration,? environmentally
responsive biomaterials, and other areas.1?
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Polypeptides are often used as precursor materials in
biomedical applications because they can be synthesized
to mimic natural proteins; i.e., they exhibit similar
biocompatibility, degradation, and mechanical proper-
ties.6~10 Synthetic polypeptide-based diblock copolymers
usually exhibit the phase behavior of rod—coil block
copolymers because their a-helical polypeptide units can
act as rodlike mesogens.!12 When compared with most
of the rod—coil type polymers that have been investi-
gated so far, these peptide-based diblock copolymers
possess a few unique features.!3~17 For example, the
conformation of the polypeptide rod segment can be
manipulated reversibly under the action of appropriate
external stimuli; in addition, the self-assembly of these
molecules is also driven by directed hydrogen-bonding
interactions. Peptides of poly(y-benzyl-L-glutamate)
(PBLG) are typical helical polypeptides having a stiff
rigid-rod structure that exhibits thermotropic and lyo-
tropic liquid-crystalline properties. The peptides with
degree of polymerization below 18 can exist both in the
o-helical and in the -sheet conformations, whereas for
longer chains (degree of polymerization larger than 18),
the intramolecular hydrogen bonds stabilized mainly
the o-helical conformations.!819

Polypseudorotaxanes are self-assembled supramac-
romolecules consisting of cyclic host materials and
threaded guest molecules. Cyclodextrins, cucurbiturils,
and porphyrins have been investigated extensively as
host molecules for specific assembled structures. A large
number of reports have been published on the formation
of polypseudorotaxanes, i.e., inclusion complexes pos-
sessing channel-type supramolecular structures be-
tween cyclodextrins and various homopolymers or block
copolymers.20=25 In particular, inclusion complexes of
poly(ethylene glycol)s (PEGs) and a-cyclodextrins (o-
CDs) have attracted much attention as microtubule
biomimicking systems.26:27 Poly[(ethylene oxide)-ran-
(propylene oxide)] P(EO-r-PO), having a PO content
below 20%, also forms inclusion complexes with o-CDs.28
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In this present system, we introduced o-CDs to poly-
[(ethylene oxide)i9-ran-(propylene oxide)s]-block-poly(y-
benzyl-L-glutamate) [P(EO19-7-PO3)-6-PBLG] diblock
copolymers to form o-CD inclusion complexes with the
P(EO19-r-PO3) segments; this process led to the prepa-
ration of a novel biomaterial, polypseudorotaxane-block-
PBLG. The formation of these polypseudorotaxanes
confines the polymer chain into a rodlike conformation,2?
which changes the original rod—coil chain conformation
of the diblock copolymers into a rod—rod conformation.
We were interested in exploring how the intrinsic
tandem molecular interactions present within and
between the blocks (the polypseudorotaxane’s channel-
type crystallization, the peptide’s secondary structure,
and microphase separation) can stabilize certain struc-
tures and give rise to new materials that possess specific
structures and functions. In this paper, we report the
preparation of polypeptide-block-polypseudorotaxane,
and we present a detailed structural investigation of the
hierarchical self-assembly of these rod—rod diblock
copolymers. We have found that these diblock copoly-
mers display a juxtaposed bilayer-like nanostructure
possessing hexagonally packed polypeptide stacks and
channel-type polypseudorotaxane moieties.

Experimental Section

Materials. Ethyl acetate (EtOAc) was dried over molecular
sieves (4 A). N,N'—Dimethylformamide (DMF) was distilled
from CaH; under reduced pressure and stored over molecular
sieves under an argon atmosphere. Primary amine-terminated
P(EO19-7-PO3) polymers (JEFFAMINE-brand polyoxyalkyle-
neamines) were purchased from Huntsman. y-Benzyl-L-
glutamate N-carboxyanhydride (Bz-Glu NCA) was prepared
according to a literature procedure®® and stored at —30 °C.
a-Cyclodextrin (o-CD) was purchased from Japan TCI Chemi-
cal Co. All other solvents and reagents were purchased from
commercial suppliers and were used as received.

Synthesis of P(EQ;9-r-PO3)-b-PBLG. A Schlenk flask
fitted with a stirrer bar and drying tube was charged with the
appropriate amount of Bn-Glu NCA in dry DMF (0.1 g/mL).
The required amount of primary amine-terminated P(EO1g-r-
PO;3) was added, and the reaction mixture was stirred at room
temperature. After 5 days, the block copolymers were precipi-
tated in diethyl ether, filtered, and vacuum-dried. The precur-
sor P(EO19-7-PO3)-b-PBLG was further purified by a Soxhlet
extractor before complex with a-CDs. The resultant product
was extracted with THF in Soxhlet extractor for 3 days to
remove the soluble nonfunctionalized P(EO9-r-PO3) macro-
initiator and finally dried at 40 °C in vacuo.

H NMR (250 MHz, DMSO-dg): ¢ = 8.3 (br, 1H x n; NH),
7.25 (br, 5H x n; Bn-H), 5.0 (br, 2H x n; Bn-CHs), 4.0 [br, 1H
x n; (CAO)CHRNH], 2.10 (br, 4H x n; CHyCHy), 0.80 (t, 3H;
CH;). Note: n = number-average degree of polymerization of
the polypeptide.

Preparation of a-CD Inclusion Complexes. The o-CD-
P(EO19-6-POs)-block-PBLG complex (polypseudorotaxane-block-
polypeptide) assemblies were prepared as follows. A DMF (10
mL) solution containing P(EO;e-r-PO3)-6-PBLG (0.1 g) was
added dropwise to a saturated solution of a-CD (1.45 g) in
distilled water (10 mL). The mixture was agitated ultrasoni-
cally for 1 h and then left standing for 1 day. The product that
precipitated was collected by centrifugation, dried under
vacuum, washed with a small portion of distilled water, and
then dried again under vacuum to give a-CD-P(EQ19-r-POs3)-
b-PBLG inclusion complexes.

Characterization. The molecular weight and molecular
weight distribution were determined by gel permeation chro-
matography (GPC) using a Waters 510 HPLC—equipped with
a 410 differential refractometer, a refractive index (RI) deteg-
tor, and three Ultrastyragel columns (100, 500, and 102 A)
connected in series in order of increasing pore size—using DMF
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as an eluent at a flow rate of 0.6 mL/min. The molecular weight
calibration curve was obtained using poly(ethylene oxide)
standards.

'H NMR spectra were recorded in de-DMF on a Bruker AM
500 (500 MHz) spectrometer, using the solvent signal as an
internal standard.

FT-IR spectra were recorded using a Nicolet Avatar 320 FT-
IR spectrometer; 32 scans were collected at a resolution of 1
cm~1. A DMF solution containing the sample was cast onto a
NacCl disk and dried under conditions similar to those used in
the bulk preparation. The sample chamber was purged with
nitrogen to maintain the film’s dryness.

High-resolution solid-state 3C NMR spectra were recorded
at room temperature using a Bruker DSX-400 spectrometer
operating at a resonance frequency of 100.47 MHz. They were
acquired using the cross-polarization (CP)/magic angle spin-
ning (MAS)/high-power dipolar decoupling technique.

Thermal analysis through differential scanning calorimetry
(DSC) was performed using a DuPont 910 DSC-9000 controller
at a scan rate of 10 °C/min over a temperature range from
—100 to 160 °C under a nitrogen atmosphere. A small sample
(ca. 5—10 mg) was weighed and sealed in an aluminum pan.
The sample was quickly cooled to room temperature from the
first scan and then scanned between —100 and 160 °C at a
scan rate of 10 °C/min. The glass transition temperature was
taken as the midpoint of the heat capacity transition between
the upper and lower points of deviation from the extrapolated
glass and liquid lines.

X-ray diffraction (XRD) measurements were performed
using the wiggler beamline BLL17A1 of the National Synchro-
tron Radiation Research Center (NSRRC), Taiwan. Using a
triangular bent Si(111) single crystal to obtain a monochro-
mated beam of wavelength 1 = 1.3329 A, XRD patterns were
collected using imaging plates (IP; Fuji BAS III, area = 20 x
40 cm?) curved with a radius equivalent to the sample-to-
detector distance (280 mm). With 100 um pixel resolution of
the IP and a typical exposure time of 15 min, the XRD data
were measured cover a range of values of @ from 0.2 to 2.2
A~1 where the X-ray vector transfer @ = 47 sin(6/2) is defined
by the scattering angle 20 and 1. The two-dimensional powder
diffraction patterns observed for the samples (typical diameter
10 mm; thickness 1 mm) were circularly averaged to one-
dimensional diffraction profiles I(®), with @ values calibrated
using a standard Si powder.

To cover a wider @ range for a larger scale of structural
characteristics and to monitor the correlation of mesoscale and
atomic scale orderings of the system during liquid crystal
morphological transition, we conducted simultaneous small-
angle X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS) measurements on a dedicated setup at the end-station
of the BLO1B beamline of the NSRRC. This beamline can
deliver a monochromatic beam of ca. 3 x 10! photons/s at the
sample position within the energy range 5—22 keV. Details of
the SAXS/WAXS setup were reported recently.?! We used an
X-ray beam of 0.5 mm diameter and a wavelength (1) of 1.1273
A for the SAXS/WAXS measurements. With two linear posi-
tion-sensitive detectors (20 cm in length) located 110 and 30
cm behind the sample position, we collected simultaneously
SAXS (with a @ range of 0.015—0.2 A~!) and WAXS profiles
(1.0—4.0 A™1). The @ values of the SAXS and WAXS profiles
were calibrated using standard samples of polyethylene, Ag
behenate, and tripalmitat. The block copolymer samples were
sealed between two Kapton windows of 12 ym thickness and
measured at 30 °C and an elevated temperature of 100 °C for
the phase transition.

Results and Discussion

Preparation and Characterization of Polypep-
tide-block-polypseudorotaxane. Scheme 1 outlines
the preparation of the polypeptide-b-polypseudorotax-
ane diblock copolymer. The P(EO;9-r-PO3)-6-PBLG
diblock copolymer was first synthesized through N-
carboxyanhydride (NCA) polymerization. Primary amine-
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Scheme 1. Strategy for the Preparation of the Polypeptide-block-polypseudorotaxane
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Table 1. Molecular Weight Characteristics of the Block Copolymers
sample yield (%)= M M,b M, /M.b nGPC¢ nNMR?
P(EO;9-r-PO3)-NH, 1010 1060 1.05
P(EO19-r-POs3)-6-PBLGgg 71 20100 27700 1.38 87 78
P(EO19-r-POs3)-6-PBLGy4o 65 10450 14100 1.35 43 39
P(EO19-r-POs3)-6-PBLG2g 76 7130 8410 1.18 28 21

@ Isolated yield, after precipitation and drying. ® From GPC. GPC experiments were performed using samples dissolved in DMF.
¢ Number-average degree of polymerization of the peptide segment, determined by GPC. ¢ Number-average degree of polymerization of
the peptide segment, determined by 'H NMR spectroscopy (DMSO-d).

functionalized P(EQ19-r-PO3) was used as an initiator
for the ring-opening polymerization of y-benzyl-L-
glutamate N-carboxyanhydride (Bn-Glu NCA) to afford
the desired P(EO19-r-PO3)-b-PBLG diblock copolymer.
The diblock copolymers were characterized by 'H NMR
spectroscopy and GPC. Table 1 summarizes the molec-
ular characteristics of the block copolymers. The GPC
experiments were performed using a refractive index
(RI) detector; the system was calibrated using standard
poly(ethylene oxide) samples of narrow polydispersity.
As a representative example, the GPC trace of the
P(EO19-r-PO3)-b-PBLG presented in Figure 1 suggests
a polydispersity for the P(EO19-r-POj3)-b-PBLG of ca.
1.2—1.4. Results from GPC and 'H NMR spectroscopy
experiments indicate that the length of the polypeptide
block depends linearly on the monomer/initiator ratio.
This feature is typical of primary amine-initiated poly-
merizations of a-amino acid N-carboxyanhydrides, which,
while not living, do provide good control of chain lengths
for polypeptides containing up to ca. 100 a-amino acid
residues.3233

When a DMF solution of P(EO19-r-PO3) was added
into an aqueous solution of a-CD, followed by sonication
at room temperature, the solution gradually became
turbid; ultimately, the inclusion complexes were formed

Elution Volume (mL)

Figure 1. GPC traces (refractive index detector signal) of the
primary amine-terminated P(EO19-6-PO3) macroinitiator and
the P(EO19-b-POs3)-b-PBLG block copolymers.

as crystalline precipitates. It has been demonstrated
that FTIR spectroscopy, WAXD, and 13C CP/MAS and
IH NMR spectroscopy are useful tools for proving the
presence of both the guest and host components in
polypseudorotaxanes. Figure 2 presents the FTIR spec-
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Figure 2. FTIR spectra of (a) a-CD, (b) the a-CD-P(EO9-b-
PO;)-6-PBLG complex, and (¢) P(EO19-b-PO3)-b-PBLG.
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Figure 3. XRD diffraction patterns recorded at room tem-

perature for (a) a-CD, (b) P(EO19-r-PO3)-6-PBLGyo, and (c) the
o-CD-P(EO19-7-PO3)-b-PBLGg complex.

tra of pure o-CD, the a-CD-P(EO;19-r-POj3)-b-PBLG
complex, and P(EO19-r-PO3)-b-PBLG recorded over the
region from 400 to 4000 cm™!. The signal of the O—H
stretching mode at 3350 cm ™! of the a-CD shifts to 3360
cm~! as upon forming the a-CD-P(EQ19-r-POs3)-b-PBLG
inclusion complex. The decrease in the intensity of the
broad band at 3300 cm~! (O—H stretching) relative to
that at 2930 cm ! (C—H stretching) and the new band
generated as a shoulder at 2877 cm~! (C—H stretching)
also provide additional evidence for inclusion complex
formation.3* The distinctive bands at 1730 ecm~! (C=0
stretching) and 1545 cm ™! (N—H bending) in the a-CD-
P(EO19-7-PO3)-b-PBLG complex (Figure 2b) reveals
features of the PBLG blocks after the formation of the
inclusion complex.

Figure 3 presents a comparison of the XRD patterns
observed for o-CD, P(EO19-r-POg3)-b-PBLG, and the
0o-CD-P(EO;9-7-PO3)-b-PBLG complex at room temper-
ature. Major XRD peaks for pure o-CD are observed at
® = 0.680, 0.850, 1.292, and 1.515 A1, whereas P(EO19-
r-PO3)-b-PBLG displays only a broad, amorphous, dif-
fuse peak. There are significantly fewer crystalline
peaks for the inclusion complex o-CD-P(EOQ19-r-PO3)-b-
PBLG relative to those of pure o-CD. Nevertheless, the
strong reflection at @ ~ 1.38 A~! indicates that in the
crystalline inclusion complexes the o-CD molecules are
stacked along the P(EQ19-r-PO3) axis to form channel-
type structures,20.21.28

— T . . ,
200 175 150 125 100 75 50 25 0
ppm

Figure 4. Solid-state 1*C CP/MAS NMR spectra of (a) a-CD,
(b) P(EO19-r-PO3)-b-PBLG2, and (c) the o-CD-P(EOQ19-r-POs)-
b-PBLGg complex.
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Figure 5. 500 MHz 'H NMR spectra of the a-CD-P(EOo-r-
PO3)-6-PBLGy complex recorded in DMF-dg.

Solid-state 13C CP/MAS NMR spectroscopy studies
can provide additional information about the structure
of a-CD complexes. Figure 4a displays the spectrum of
o-CD, which is known to assume a less symmetrical
conformation in its crystalline uncomplexed state. In
this case, the spectrum reveals resolved C1 and C4
resonances; i.e., these atoms are located adjacent to a
single conformationally strained glycosidic linkage. In
contrast, these resolved resonances disappear in Figure
4c for the a-CD-P(EO19-r-POs3)-b-PBLG complex, in
which each carbon atom of the glucose unit of the a-CD
experiences a similar environment.

The stoichiometry of the polypseudorotaxane can be
determined by 'H NMR spectroscopy. Figure 5 displays
the TH NMR spectrum of the a-CD-P(EQ19-r-POs3)-b-
PBLGgo complex in DMF-dg. A comparison between the
intensities of the integral of the peaks for o-CD and
those for the P(EO19--PO3) blocks provides the composi-
tion of the polypseudorotaxane: we obtained the ratio
of a-CD units to these blocks to be ca. 10 for the a-CD-
P(EO19--POs3)-b-PBLGg complex. Considering the com-
position of the copolymer, the molar ratio of EO units
to a-CD moieties is 2:1 for this polypseudorotaxane,
which matches perfectly the stoichiometry reported
previously for the a-CD'PEO complex.2! This result
indicates that, in the a-CD-P(EO-r-PO) polypseudoro-
taxanes, only the EO segments are encircled by a-CD
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Figure 6. DSC thermograms of (a) P(EO19-r-PO3)-6-PBLGgo
and (b) the o-CD-P(EO19-r-POs3)-6-PBLGg complex.

units; the PO units distributed randomly within the
copolymer chain remain mostly uncovered. Although the
dimensions of a PO unit are not ideal for forming a
particularly stable inclusion complex with a-CD, there
is no significant steric or energy barrier that restricts
the motion of the CD toroid as it passes around PO units
or short PO segments. Consequently, the P(EO19-7-POs)
chain can penetrate the a-CD cavity freely such that
stable inclusion complex “segments” are formed between
the o-CD moieties and the EO units of P(EO19-r-POs3)-
b-PBLGyy.

Supramolecular Organization in the Bulk State.
We performed DSC, WAXS, and SAXS experiments to
elucidate the supramolecular organization of the polypep-
tide-block-polypseudorotaxane diblock copolymers; the
CD units of the polypseudorotaxanes loop tightly around
the flexible P(EO19--PO3) chains, causing them to
reorganize into stiff rods. The DSC data reveal specific
transitions of these block copolymers, as shown in the
representative DSC traces (Figure 6a,b) for the P(EOo-
r-PO3)-b-PBLGy and its inclusion complex a-CD-P(EO19-
r-PO3)-b-PBLGyg, respectively. In the DSC curve ob-
served for the system without a-CD inclusion (Figure
6a), the features of the P(EO19-r-PO3) block are absent
because of the short PEO chain length of little crystal-
lization (as also evidenced from the corresponding
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Figure 7. XRD data for (a) P(EO19-r-PO3)-b-PBLGg and (b)

the a-CD-P(EO;9-r-PO3)-6-PBLGsy complex, both recorded at
120 °C.

WAXS data shown below), whereas the phase transition
of the PBLG block can be identified by a endothermic
peak displaying a typically low enthalpic change at ca.
100 °C (T'.c, a nematic-like paracrystalline phase). The
observed transition is irreversible and occurs only
during the first heating run. We attribute this result to
the irreversible change of the peptide from a 7/2 to an
18/5 o-helical conformation.%35 The o-helix, stabilized
by intramolecular hydrogen bonds of its residues along
the helix, possesses a helix pitch of ca. 5.4 A. The helix,
which involves ca. 3.6 residues per turn or 18 residues
in five turns, is right-handed for L-a-amino acids. On
the other hand, the PBLG phase transition endothermic
peak around ~100 °C is broadened significantly in the
DSC curve (Figure 6b) observed for the complex system
with the inclusion of o-CD, implying a complicated
phase transition behavior that involves at least three
types of interactions, namely PBLG liquid crystalliza-
tion, the polypseudorotaxane’s channel-type crystalliza-
tion, and microphase separation between the peptide
and the polypseudorotaxane. The competition between
these forces for a self-assembly structure of a minimized
free energy of the system is further investigated by
WAXS and simultaneously SAXS/WAXS measurements
for monitoring the simultaneously changes of the crys-
tallization and microphase separation in the system, as
detailed below.

In an effort to further characterize the structures of
these rod—rod diblock copolymers, XRD measure-
ment were performed to elucidate self-assembly struc-
ture of the polypeptide-block-polypseudorotaxane. In
Figures 7—9, we present the WAXS data measured
at 120 °C, i.e., above the phase transition temperature,
for the peptide-based diblock copolymers at three dif-
ferent polymer—peptide ratios: P(EO19-r-POs3)-b-PBLGg,
P(EOm-i‘-POg)-b-PBLGw, and P(EOw-I‘-PO3)-b-PBLG20,
before and after formation of their inclusion complexes
with o-CD. According to the DSC results discussed
above, the PBLG blocks possess a liquid-crystalline
phase. Correspondingly, XRD data for all of the samples
display a set of Bragg peaks at @ = 0.45, 0.78, and 0.90
A~1in a ratio of 1:3Y2:2. This ratio corresponds to a
columnar hexagonal organization of the polypeptide
o-helix in the liquid-crystalline phase. The lattice



6556 Lee et al.

20 (deg)
243 489 735 981 1227 1473 1719 19.65 2211 2457 27.03
L " 1 1 1 L 1 L 1 n 1 2 1 " 1 L

I(a.u.)

v v v v —— v v .
0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 18 2.0 22
o

-1
0(A™)

Figure 8. XRD data for (a) P(EO19-r-POs3)-6-PBLGy and (b)
o-CD-P(EO19-7-PO3)-b-PBLG4o complex, both recorded at 120
°C.
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Figure 9. XRD data for (a) P(EO19-r-POj3)-6-PBLGg and (b)
0o-CD-P(EO19-7-PO3)-b-PBLG2o complex, both recorded at 120
°C.

parameter, ca. ~14 A, of the hexagonal structure
extracted from the scattering peak positions fits well
to the intermolecular distance between neighboring
poly(y-benzyl-L-glutamate) chains.1%!® In contrast, the
two nonneghg‘lble peaks at @ ~ 0.32 and 1.3 Al
appeared in Figure 9a, implying that the coil—rod P-
(EO19-7-PO3)-b-PBLGyy (before a-CD inclusion) also
exhibits the lamellar structural characteristics of -sheet
polypeptides, in additional to the hexagonal array of
o-helical peptides, in the system after the phase transi-
tion, as also observed in a similar system by Lecom-
mandoux et al.!® Interestingly, the -sheet structure is
suppressed significantly in the rod—rod system of o-CD-
P(EO19-7-PO3)-b-PBLGg (see the greatly diminished
peaks at @ ~ 0.32 and 1.23 A~! in Figure 9b), due
presumably to the weakening of intermolecular hydro-
gen bonding after channel-type crystalline formation
which disfavor -sheet conformation of the peptides. In
addition, we could also approximately evaluate the low
pB-sheet content in o-CD-P(EQ19-r-PO3)-b-PBLGg from
the trivial -sheet amide I band at 1630 cm~! in FTIR
spectra (Figure 2b) and 52.36 ppm S-sheet amide C=0
resonance in 13C solid-state NMR (Figure 4c).1415.19
Furthermore, we observed (Figures 7b, 8b, and 9b) a
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strong characteristic Bragg peak at @ = 1.38 A1d=
457 A) for each of the three copolymer inclusion
complexes with a-CD. The Bragg peak g = 1.38 A~ was
regarded as a signature peak for the channel-type
crystalline structure of polypseudorotaxane of a-CDs
after threaded in the P(EO;9-r-PO3), as reported by
Harada et al. and Li et al.20.21,28

Upon a closure look at the XRD data, we found that
the set of the scattering peaks for the peptide hexagonal
packing of the P(EO19-r-POg3)-b-polypeptide after a-CD
inclusion had shifted slightly from those in the absence
of a-CD, especially for the o-CD-P(EOi9-r-POs3)-b-
PBLGgo complex, which contains the richest relative
abundance of peptides. This observation may be a
consequence of the crystalline competition between the
peptides and the copolymer upon a-CD inclusion. In any
case, these WAXS data indicate that the block copoly-
mers are phase-separated into domains presenting a
columnar hexagonal arrangement of a-helical polypep-
tide and polypseudorotaxanes in channel-type crystal-
lization. These two crystalline structures, namely, linear
channel-type and planar hexagonal packing, which
possess different degrees of freedom, coexist in the
system. In addition, among the three block copolymers,
the WAXS pattern of the o-CD-P(EO;9-r-POg)-block-
PBLGy complex displays the highest crystallinity (the
amorphous type peak is absent in the pattern) in the
bulk state. Presumably, the o-CD-P(EO19-r-POg3)-block-
PBLGyy complex, having an optimized ratio of polypep-
tides blocks and polypseudorotaxanes, can accommodate
better the coexisting orderings of both blocks.

Gallot et al.37"41 have used SAXS to investigate the
solid-state morphologies of linear polyvinyl—polypeptide
coil-rod block copolymers. They found a large-scale
hexagonal-in-lamellar morphology of the alternating
polyvinyl and polypeptide sheets with the o-helical
polypeptide chains arranged in a hexagonal array. To
observe the correlation between the self-assembly of the
hexagonally packed polypeptide and the channel-type
crystallization of the polypseudorotaxane, we have
conducted simultaneous SAXS/WAXS measurements for
the a-CD-P(EO19-r-PO3)-b-PBLGy complex, of the high-
est channel-type crystallinity of a-CD among the three
complexes studied. Figure 10a presents the simulta-
neous changes in the WAXS and SAXS profiles when
the sample temperature was increased from room
temperature to 100 °C (the phase transition tempera-
ture T'c). In the inset of Figure 10a, the Bragg peak @
~ 1.38 A1 for the channel-type crystalline phase
(WAXS data) grows at T'c, with concomitant formation
of a broad bump at @ = 0.025 A1 in the SAXS profile.
The broad peak, assumed to be a Bragg reflection,
corresponds to an ordering spacing of 250 A. Structur-
ally speaking, the PBLG repels a-CD units from its
crystalline domains; meanwhile, the scattered a-CDs
gather and lock into the copolymers to form channel-
type crystalline entities. The cleaner system can now
phase separate into two different types of crystalline
domains, which further pack into a lamellar-like se-
quence having a bilayer structure. The characteristic
spacing (250 A) observed from the SAXS data is cor-
related to the bilayer structure of the a-CD-P(EO9-7-
PO3)-PBLGgo complex (Scheme 2). The observed spacing
is close to the thickness (233 A) expected for the
repeated packing of the “{o-CD-P(EO;9-r-PO3) rods}-
{PBLGg a-helical rods} -{ PBLGy a-helical rods}-{ a-CD-
P(EO19-7-POs3) rods}” bilayer structure, which we esti-
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Figure 10. (a) Simultaneous SAXS and WAXS (inset) data,
with the background (BG) scattering (A) subtracted, for the
o-CD-P(EO19-7-PO3) -b-PBLGy complex at 30 and 100 °C. The
broad bump in the SAXS data is fitted (dashed curve) by a
Gaussian profile peaked at 0.025 A1, (b) SAXS data for the
complex a-CD-P(EQ;9-7-PO3)-b-PBLG2 are represented in a
Guinier plot for elucidating the interference effect induced by
temperature (dashed lines are Guinier approximations for the
respective data). (¢) SAXS data for the complex a-CD-P(EO1o-
r-PO;3)-b-PBLGg are represented in a Kratky—Porod plot for
elucidating the slablike structural characteristics of the sample
(dashed lines are Kratky—Porod approximations for extracting
the slablike thickness).

mated from the twice the sum of the copolymer length
(3.6 A x 24) and peptide length (20/3.6 x 5.4 A). For
this calculation, we estimated the length of the polyp-
seudorotaxane by considering the length of a fully
stretched P(EO19-r-PO3) unit (3.6 A is the maximum
extension of each EO or PO unit), which allows 10 a-CD
units to be accommodated (consistent with the NMR
result); we estimated the length of the polypeptide
segment by considering the 18/5 o-helical conformations
to have a 5.4 A length for each pitch of the helix.

Polypeptide-block-polypseudorotaxane 6557

Scheme 2. Proposed Model for the Self-Assembly of
the Polypeptide-block-polypseudorotaxane at a
Temperature Larger Than the Value of Ti.c of PBLG

Estimated from the peak width of the SAXS interference
peak, the ordering range is ~50 nm, corresponding to a
few bilayer stacking. Likely, domains of an in-plane
hexagonal packing and an across-plane stacking, in a
space of ~ 40 x 40 x 50 nm?® (estimated from the
interference peak widths of the XRD and SAXS data),
may represent the sample structure above 100 °C better.
In Figure 10b, the SAXS data are represented in a
Guinier plot in the low-Q region (@2 < 0.002 A~2) for
elucidating the interference effect induced by temper-
ature.36 The SAXS data measured at 30 °C can be fitted
well using the Guinier approximation (long dashed line),
indicating that the scattering is mainly dominated by
the form factor of the scattering objects. On the other
hand, the SAXS data measured at 100 °C significantly
deviate from the Guinier approximation (short dashed
line) in the low-@ region, indicating the existence of an
interference effect between the aggregates. In Figure
10c, SAXS data for the complex a-CD-P(EOQ19-r-POj3)-b-
PBLGy are represented in a Kratky—Porod plot3¢ for
elucidating the slablike structural characteristics of the
sample. Both sets of data can be fitted using the
Kratky—Porod approximation (dashed lines) in the
intermediate-@ region, and a common thickness ¢ = 5
+ 0.5 nm for the slabs is extracted from the slope m of
the dashed lines, using m2 = t%/12.36 This analysis
implies that a slablike structure formed at 30 °C, and
the slablike structure persists at 100 °C. The thickness
5 nm obtained is close to a bilayer packing of peptides
of the molecules, in the direction perpendicular to the
hexagonal packing plane. At 100 °C, the block copolymer
part also forms a hexagonal packing corresponding to
the peptide part (from the XRD data), which enhances
the ordering of the bilayer stacking in the system.
The SAXS analysis suggests that the arrangement of
the polypeptide helices of this rod—rod diblock copoly-
mer is in a “stacking” mode, which differs from the
interdigitation or folding arrangement of the polyvinyl-
b-polypeptide coil—rod system.3”740 The stacking ar-
rangement of the helices can be explained by a favorable
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close-packing of the polypseudorotaxane. The stacking
arrangement can also be revealed from the geometrical
factor y = (8 x 102Y/7zNp)(M,/pddu?) obtained by dividing
the molecular volume by the average lateral extension
of a chain (d/2; interface area per chain) and the cross
section of a helix (du27/4),4 where [y is the maximum
length of a poly(y-benzyl-L-glutamate) a-helix, dy the
spacing between helices, and d the intersheet spacing.*!
As illustrated in Scheme 2, stacked helices give y = 1,
whereas interdigitated or folded helices reveal two unit
areas per chain or y = 2. We observed that the value of
y for the a-CD-P(EQ19-r-POs3)-b-PBLGy complex is 0.8,
which is close to 1, using Iy = 3 nm, dg = 1.35 nm, d =
23.3 nm, and p = 1.001 g/mL. This value indicates that
the helices of this rod—rod block copolymer prefer
“stacked” rather than interdigitated or folded.

According to the discussion above, we conclude that
the competing and cooperating interactions within and
between polypeptide-block-polypseudorotaxane units—
including PBLG liquid crystallization, the polypseu-
dorotaxane’s channel-type crystallization, microphase
separation, and entropy—lead to a minimization of the
free energy of the system that results in the hierarchical
structures observed. However, in view of the compli-
cated crystallization forces coexisting in the system,
phase separation or self-assembled morphology of the
system with different chain lengths of either the polypep-
tide or polypseudorotaxane block, leading to different
crystallization strengths, will be difficult to be envisaged
without a systematic study.

Conclusions

In this paper, we have described the preparation and
supramolecular organization of a novel biomaterial: a
polypeptide-block-polypseudorotaxane. These diblock
copolymers comprise a-helical polypeptide rods based
on y-benzyl-L-glutamate (PBLG) on one end and coil-
segmented P(EO19-r-PO3) that thread through a-cyclo-
dextrin (0-CD) units to form inclusion complexes (polyp-
seudorotaxanes) on the other. The P(EOi9-r-POs3)-b-
PBLG diblock copolymers were synthesized by N-carboxy-
anhydride (NCA) polymerization using primary amine-
functionalized P(EO19-r-PO3) as macroinitiators; we
have characterized the resulting block copolymers by
GPC and 'H NMR spectroscopy. The formation of
channel-type structures for the polypseudorotaxanes is
clearly and consistently evidenced by a series of FTIR,
13C CP/MAS NMR, and 'H NMR spectroscopic and
WAXS measurements.

For the self-assembled structure, the DSC, XRD, and
simultaneous SAXS/WAXS data suggest that the block
copolymers are phase-separated into domains contain-
ing a liquid-crystalline columnar hexagonal arrange-
ment of a-helical PBLG units stacked with channel-type
crystallization of the polypseudorotaxanes. Further-
more, these two ordered domains form a hierarchical
structure possessing bilayer characteristics. Competi-
tion and cooperation among PBLG liquid crystallization,
the polypseudorotaxane’s channel-type crystallization,
microphase separation of the peptide and copolymers,
and entropy lead to minimization of the free energy of
the system that results in the hierarchical structures
observed for the a-CD-P(EO19-7-PO3)-b-PBLGgy complex,
namely, bilayer-like nanostructure possessing planar
hexagonally packed PBLG and a channel-type polyp-
seudorotaxane.
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