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Natural biopolymers exhibit smart functions and extraordinary physical properties because of their
optimized and rational molecular structures. Understanding and mimicking such architectural principles
on a nanoscale offer promising opportunities for designing novel functional polymer materials. Herein,
we report unigue nano/microfilm materials fabricated using spider silk-inspired peptide multiblock
hybrid copolymers. The multiblock copolymers are composed of self-assembling oligopeptides (Ala, Gly,
Val, and Leu-based peptides) Self-supporting
microfilms are easily obtained by casting from polymer solutions via B-sheet network formation, and

and non-crystalline flexible polypropylene glycol.

their structural and mechanical properties are characterized comprehensively. The resulting spider silk-
like specific nanostructure comprises balanced crystalline and non-crystalline regions; additionally, it
exhibits reversible interactions among peptide blocks based on multiple hydrogen bonds. This enables
mechanical toughness and self-healing characteristics in the thin films. Moreover, such film
characteristics, including healing efficiency, can be modulated by manipulating the sequence and length
of the peptide blocks. Additionally, these hybrid multiblock copolymers are used to prepare free-

Received 8th September 2021, standing and ultraflexible nanofilms, which demonstrate excellent followability to nanoscale roughness

Accepted 11th October 2021 based on film thickness and serve as a nano-coating with ion barrier function. The biomimetic approach
DOI: 10.1039/d1ma00823d presented herein is a facile and effective method for the development of high-performance polymer

films and is promising in various fields, such as industrial, nanotechnological, and biomedical material

rsc.li/materials-advances fields.

Introduction

Molecular biomimetics has recently garnered significant atten-
tion as an effective approach for designing novel functional and
practical materials with wide-ranging applications, from nano-
technology to biomedical fields."™* The understanding of nat-
ural functional polymers can facilitate the development of
novel polymer materials. In particular, proteins and peptides
are promising models because of their intelligent functions,
biocompatibility, and exceptional physical properties, i.e., they
fold® or assemble appropriately into precisely defined three-
dimensional nanoarchitectures based on their optimized and
perfectly controlled amino acid sequences.®*! Therefore, var-
ious de novo designed proteins and peptides have been devel-
oped and used as nanobiomaterials for tissue engineering,
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controlled drug delivery, catalysis, nano-templates, and
bioimaging.’*' In nature, such self-structuring of proteins
and peptides, including their high-order structuring, is
achieved by exploiting non-covalent interactions such as hydro-
gen bonds, electrostatic interactions, van der Waals interac-
tions, and hydrophobic interactions, resulting in sophisticated
biofunctions and extraordinary material properties. For exam-
ple, major ampullate silk produced by a spider (Nephila cla-
vipes), known as dragline silk, contains two major proteins in
the core (major ampullate spidroins 1 and 2 [MaSp1, MaSp2])
that possess repetitive modules flanked by conserved non-
repetitive domains.*>*® The repetitive module possesses sig-
nificant amounts of non-polar amino acids such as alanine
(Ala) or glycine (Gly) for B-sheet formation, and the non-
repetitive domains serve as control units for shear force- and
ion/pH change-induced self-assembly during spinning.>*** The
resultant dragline silk exhibits outstanding mechanical proper-
ties that are superior to those of most synthetic fibers, such as
Nylon (comparable to Kevlar), owing to its unique self-
assembled nanostructure.”>>* Interestingly, spiders produce
various types of silks with diverse mechanical properties for
different purposes to accommodate specific tasks. Dragline silk
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used as a scaffold, which is generated from the major ampul-
late gland, exhibits extremely high strength and moderate
elasticity. By contrast, silk fibers produced in the flagelliform
gland are highly extensible and are used to produce the capture
spiral of orb webs. From a structural perspective, the self-
assembled structure of spider silks can be regarded as nano-
scale networks composed of crystalline and non-crystalline
regions.”® Rigid crystalline regions are composed of B-sheet
structures derived from oligo(Ala) and exhibit high tensile
strength.”>*>*” By contrast, flexible non-crystalline regions
are composed of amorphous random coil, 3;¢-helix, and
B-turn spiral structures derived from random amino acid arrays
including Gly and Pro-rich sequences, which endow the spider
silk with high elasticity. Hence, the spider silk allows the
mechanical properties of fibers to be adjusted by appropriately
controlling the balance of crystalline and non-crystalline
regions via self-assembly.

Recent advances in the study of such structure-property relation-
ships and self-assembling mechanisms provide useful information
for designing novel and high-performance protein/peptide-based
materials,”*>° such as those that exhibit the outstanding toughness
of spider silk. It is well known that solid phase peptide synthesis
(SPPS) and recombinant protein expression methods allow the
preparation of artificial peptides/proteins with perfectly controlled
monomer sequences and chain lengths. However, SPPS is difficult to
scale up and does not facilitate the easy synthesis of high-molecular-
weight samples; additionally, the recombinant DNA method occa-
sionally requires complicated and specialized operations and is
often difficult to scale up. A promising strategy is to hybridize
sequence-controlled peptides with conventional synthetic polymers.
This chemical approach enables the precise control of both struc-
tural and functional properties by manipulating the element type
(e.g., peptides and synthetic polymers) and chain length; further-
more, it can overcome issues such as the large-scale production,
processability, and preparation of high-molecular-weight samples.
Various peptide-polymer hybrids with different conformations (e.g,
o-helix, fB-sheet, and coiled-coil motifs) and architectures (e.g,
diblock, triblock, multiblock, and graft-types) have been designed
and synthesized by employing suitable synthetic polymers for
nanotechnological and biomedical applications.***°

An additional advantage of peptide-based hybrids is that
they enable self-healing in materials. Self-healable materials
that recover their original characteristics after damage improve
the longevity, durability, and reliability of materials, thereby
being beneficial to both industry and biomedicine.** To date,
several self-healable polymeric materials have been developed
using various approaches, such as monomer release and in situ
polymerization,*>*® irreversible chemical reactions,’*** and
reversible dynamic bond/interactions*®>**"> including hydro-
gen bonds,*® electrostatic interactions,*® disulfide bonds,>® and
Diels-Alder reactions.’™>* The B-sheet peptide is useful not
only as a nanostructuring unit, but also as a self-repairing unit,
afforded by multiple reversible hydrogen bonds occurring
intermolecularly among the peptide strands. Some f-sheet
peptide-polymer hybrids have been synthesized and character-
ized previously.>*® However, in many cases, structural

7852 | Mater. Adv., 2021, 2, 7851-7860

View Article Online

Materials Advances

(a)

Aol }ﬁh@[ 2
O N
O’ R \ . " /@( 1) 2 H H
HN\/\WH\/\ONO\)[«N/‘\/‘:N\/\O/\/O\)J\ /\/NY{)“
o

\H O/n

R Peptide Sequences
-CH, (Ala),, (Ala),, (Ala),,
-CH,CH(CH,), (Leu),
-H (Gly),
-CH(CH,), (Val),
(b) : : :
Self-assembling B-sheet peptide block
\§¥ 1 < ———— - =
< Ctg—> //\

&

1
N =

Flexible non-crystalline PPG block

Fig. 1 (a) Chemical structure of multiblock hybrid copolymers composed
of self-assembling peptides and flexible polypropylene glycol. (b) Sche-
matic illustration of the self-assembling model at the film state.

characterization is prioritized, and the structure-property and
structure-function relationships are yet to be understood com-
prehensively, particularly in multiblock polymer systems. The
creation of a new B-sheet peptide-based hybrid multiblock
polymer system that can serve as a self-healable thin film with
controllable mechanical properties via a biomimetic approach
remains challenging.

Herein, we report novel self-healable film materials with thick-
nesses ranging from the nanoscale to microscale fabricated from
spider silk-inspired peptide multiblock hybrids composed of
B-sheet-formable hydrophobic oligopeptides (Ala, Val, Gly, and
Leu-based sequences) and non-crystalline flexible polypropylene
glycol (PPG) (Fig. 1). Detailed analyses of the structural, physical,
mechanical, and self-healing properties of the resulting films were
conducted, particularly with respect to the effect of the peptide
structure. The reversible and controlled self-assembly of peptide
multiblocks allows finely tunable control over the mechanical
strength of the film, as well as affords high self-healing efficiency.
Furthermore, the mechanical toughness of these multiblock hybrids
induced by the formation of spider silk-like f-sheet nano-networks
enables the successful preparation of ultraflexible and self-
supporting nanofilms. These results emphasize the great potential
of molecular biomimetics via a peptide-polymer hybrid strategy for
advancing material, nanotechnology and biomedical fields and also
provide essential insights for understanding the structure-property
correlation of peptide-based materials.

Experimental

Materials

N,N'-Diisopropyl carbodiimide (DIPC), triethylamine, N,N-dimethyl-
formamide (DMF), dichloromethane (DCM), 1,1,1,3,3,3-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hexafluoroisopropanol (HFIP), urea, and D,O were purchased from
Wako Pure Chemical. Chloroform, diethyl ether, piperidine and KBr
were purchased from Nacalai Tesque. H,N-(CH,),-NH-Trt-resin,
Fmoc-1-Ala-OH, Fmoc-Gly-OH, Fmoc-1-Leu-OH, Fmoc-1-Val-OH,
Fmoc-B-Ala-OH, 1-hydroxybenzotriazole anhydrous (HOBt), and tri-
fluoroacetic acid (TFA) were purchased from Watanabe Chemical
Industries. Fmoc-8-amino-3,6-dioxaoctanoic acid (Fmoc-deg-COOH)
was purchased from Peptide Institute. Triisopropylsilane (TIPS),
tolylene-2,4-diisocyanate-terminated poly(propylene glycol) (MW:
~2300), poly(propylene glycol) (MW: 1000, 2700, and 4000), and
cyano-4-hydroxy cinnamic acid (CHCA) were purchased from Sigma-
Aldrich. All reagents were used as received. DMF was used for the
polyaddition reaction after purification by distillation.

Measurements

"H NMR spectra were measured using a JEOL FT-NMR AL400
(JEOL Resonance) spectrometer (400 MHz). Matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) analyses were performed on an Autoflex
Speed (Bluker Daltonics) using CHCA as the matrix. Circular
dichroism (CD) spectra were recorded on a J-820 spectropolari-
meter (JASCO Ltd) equipped with a Peltier-type thermostatic
cell holder coupled with a PTC-423L controller under inert N,
gas at 25 °C. Experiments were performed in a quartz cell with a
path length of 1 mm or on a quartz plate (for the film state).
Transmission (TM)- and reflection absorption (RA)-Fourier-
transform infrared spectroscopy (FTIR) spectra of the multi-
block polymer films on CaF, and Au-deposited glass plates were
measured using a Nexus 470 spectrometer (Thermo Nicolet Co.)
equipped with a mercury-cadmium-tellurium detector (resolu-
tion: 4 cm™ ', number of scans: 256 or 512). The mechanical
properties of the microfilms (~40 pm thick) were evaluated via
tensile tests in air at crosshead speeds of 60 and 180 mm min "
at room temperature (~25 °C) using an EZ Graph tester
(Shimadzu Co.) equipped with a 50 N load cell. Note that the
difference in the crosshead speed did not significantly affect
the stress-strain curves in this study. The microfilms were
punched into dumbbell-shaped specimens (JIS K6251-7
(ISO37-4)) using a punching blade (Kobunshi Kenki Co. Ltd),
and the film thicknesses were precisely measured using a
digimatic micrometer (MDC-25M], Mitutoyo Co.). At least three
independent tensile tests were conducted. AFM images were
obtained at room temperature on an SPM9700 (Shimadzu Co.)
in the tapping mode (MPP-11100, tip radius < 12 nm) to
evaluate the thickness and followability of the nanofilms to
nanostructured surfaces. Scanning electron microscopy (SEM)
was conducted to evaluate the thickness of the nanofilms on a
JEOL JSM7001FD (JEOL Resonance). Prior to SEM analysis, the
cross section of the nanofilm on the silicon wafer was sputtered
with Pt (6 nm). Laser microscope images were obtained at room
temperature using a VK-X210 microscope (Keyence Co.). The
water contact angles (CAs) of the multiblock polymer films were
evaluated at room temperature using a DropMaster-501 (Kyowa
Interface Science Co., Ltd). Thermogravimetric analyses were
conducted using a DTG60/60H (Shimadzu Co.) at 30 °C-280 °C
(10 °C min™ '), and o-Al,0; was used as a reference.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of peptide-PPG multiblock copolymers
via polyaddition

Block copolymerization of the amine-terminated peptides (see
Fig. S1, ESIf) with tolylene-2,4-diisocyanate-terminated
poly(propylene glycol) (PPG-(NCO),) via a polyaddition reaction
was performed in distilled DMF at room temperature in the
presence of triethylamine. In a typical polyaddition reaction,
amine-terminated (Ala)s (256 pmol) and triethylamine
(767 umol) were initially dissolved in DMF (20 mL), and the
solutions were stirred for 1 h. Subsequently, the DMF solution
(5 mL) of PPG-(NCO), (256 pmol) was poured into the peptide
solution. After polyaddition at room temperature, the resulting
multiblock polymer was purified via reprecipitation using
DMF/diethyl ether and HFIP/water. The chemical structures
were determined via FTIR and '"H NMR spectroscopy (Fig. S2,
ESIT). The preparation of other multiblock copolymers was
conducted in a similar manner. The isolated multiblock copo-
lymers were insoluble in general organic solvents because of
their prominent self-assembling nature once they were
extracted as a dried solid, and they were only soluble in highly
polar solvents such as HFIP and TFA. Therefore, inherent
viscosity analyses of the polymers in HFIP were conducted at
30 °C using an Ostwald-type viscometer to evaluate the
viscosity-average molecular weight (M,) of the multiblock copo-
lymers using the Mark-Houwink-Sakurada equation, as fol-
lows: [17] = KM,". Here, the K and « values estimated from pure
PPG standards (MW 1000, 2700, and 4000) in HFIP (30 °C) were
used to calculate M,,.

[(Ala),~PPG],,. 'H NMR (D,0O/TFA-d, DSS): 1.2 ppm (-CHCH:
side chain of PPG), 1.5 ppm (-CH3: side chain of Ala), 2.2 ppm
(-CeH3CH3), 2.7 ppm (-CH,CH,CO-: B-Ala), 3.0-4.0 ppm
(-NHCH,CH,NH-, -NH-CH,CH,-CO-, -NH-CH,CH,-O-,
-OCH,CH,0-, -CH,CH-: main chain of PPG, -CHCHj3;: main
chain of PPG), 4.05-4.4 ppm (-CH-: main chain of Ala,
-OCH,CO-), 7.2 ppm (-C¢H3CHj: overlapped with TFA). [r]:
0.47dLg ", M,=5700 (n=6),[y]: 0.89 dL g~ ', M, = 12000 (n = 8),
[1]: 0.81 AL g™, M, = 10800 (n = 10).

[(Gly)s—PPG],,. 'H NMR (D,O/TFA-d, DSS): 1.2 ppm (-CHCHj:
side chain of PPG), 2.2 ppm (-C¢H3CH3), 2.7 ppm (-CH,CH,CO-: -
Ala), 2.9-4.0 ppm (-NHCH,CH,NH-, -NH-CH,CH,-CO-, -NH-
CH,CH,-O-, -OCH,CH,0-, -CH,CH-: main chain of PPG, -CHCHj;
main chain of PPG), 4.05-4.2 ppm (-CH,—: main chain of Gly,
-OCH,CO-), 7.2 ppm (-C¢H;CHj: overlapped with TFA). [n]:
0.60 dL g, M, = 7600.

[(Val)g-PPG],,. 'H NMR (D,O/TFA-d, DSS): 0.9-1.1 ppm
(-CH(CHj3),: side chain of Val), 1.2 ppm (-CHCHj3: side chain of
PPG), 2.2 ppm (-CeH3CHj3, -CH(CH3),: side chain of Val), 2.7 ppm
(-CH,CH,CO-: B-Ala), 3.0-40 ppm (-NHCH,CH,NH-, -NH-
CH,CH,-CO-, -NH-CH,CH,-O-, -OCH,CH,O-, -CH,CH-: main
chain of PPG, -CHCHj;: main chain of PPG), 4.1-4.2 ppm (-CH-:
main chain of Val, -OCH,CO-), 7.2 ppm (-CeH3CHj: overlapped
with TFA). [5]: 0.73 dL g™, M, = 9600.

[(Leu)s-PPG],.. 'H NMR (D,O/TFA-d, DSS): 0.9-1.1 ppm
(-CH(CH3),: side chain of Leu), 1.2 ppm (-CHCHj: side chain
of PPG), 1.6-2.1 ppm (-CH,CH(CHj),, -CH,CH(CHj;),: side

Mater. Adv,, 2021, 2, 7851-7860 | 7853
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chain of Leu), 2.2 ppm (-C¢H3CH3), 2.7 ppm (-CH,CH,CO-: -
Ala), 3.0-4.0 ppm (-NHCH,CH,NH-, -NH-CH,CH,-CO-, -NH-
CH,CH,-O-, -OCH,CH,0-, -CH,CH-: main chain of PPG,
—CHCHj;: main chain of PPG), 4.2-4.3 ppm (-CH-: main chain
of Leu, ~-OCH,CO-), 7.2 ppm (-C¢H3CHj: overlapped with TFA).
[]: 0.57 AL g™, M, = 7100.

Preparation of nanofilms

Two-dimensional nanofilms of peptide-PPG multiblock
hybrids were prepared as follows: HFIP solutions (200 pL) of
[(Ala),-PPG],, (n = 6, 8, and 10) (0.5, 1, and 2 wt%) were spin
coated using a K-3591S spin coater (Kyowariken Co. Ltd) at
1000, 2000, and 4000 rpm onto a polystyrene substrate
(25 mm x 25 mm x 0.8 mm), which was used as a sacrificial
layer. Subsequently, the substrate was treated with chloroform
to dissolve the polystyrene sacrificial layer. Self-supporting
nanofilms were formed successfully on the surface of chloro-
form and were carefully scooped up subsequently. The thick-
nesses of the obtained nanofilms were evaluated using SEM
and AFM analyses.

Characterization of [(Ala),,-PPG],, nanofilms as coating
materials

The followability of the nanofilms over nanoscale structures
was evaluated to assess the ultraflexibility of the [(Ala),~PPG],,
nanofilm. Line patterns of commercially available CD-R and
DVD-R were used as nanostructured surfaces. CD-R and DVD-R
were used after peeling off the polycarbonate layer and remov-
ing the adhesive by washing with water. Nanofilms with differ-
ent thicknesses were coated onto the nanostructured materials,
and the surface topographies were evaluated by comparing
them to the uncoated bare surfaces via AFM analyses. The ion
barrier ability of the nanofilms was evaluated via permeation
experiments using pure water (45 mL) and aqueous solutions
(6 mL) of sodium chloride (1.67 M) or sodium p-
toluenesulfonate (1.67 x 10™> M) using a conventional, thermo-
statically controlled H-shaped cell. First, the [(Ala);(-PPG],,
nanofilm with a thickness of 300 nm was prepared by a spin-
coating method using a flat PSt sacrificial substrate as
described above. The nanofilm was then sandwiched between
glass filter papers (thickness, 440 pm; retention particle size,
1 um) and set in the cell using a silicon sheet. The permeation
nanofilm area between the cells was 0.385 cm?, and both sides
of the cell were stirred at a constant speed. The permeation of
the salts was monitored by increasing the electrical conduc-
tance on the water side at room temperature (25 °C). The
electrical conductance was measured using an electrical con-
ductivity meter CM-7B (DKK-TOA Co.). The experiments were
performed thrice for each sample.

Results and discussion
Design and synthesis of peptide-based multiblock copolymers

Two distinct alternating blocks, ie., (i) flexible and elastic
blocks and (ii) hard crystalline B-sheet blocks, which serve as
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cross-links for the network structure, were used. The balance of
the blocks is important for controlling the physical character-
istics of natural spider silk materials, including their mechan-
ical strength. In the spiders’ draglines and frame lines, the
oligo(Ala) sequence with four to nine residues are typically
employed as such B-sheet nano-crystal blocks.”” Based on the
biomimetic design principle, we synthesized various spider
silk-mimetic peptide-synthetic polymer multiblock hybrids
composed of self-assembling hydrophobic oligopeptides (Ala,
Gly, Val, and Leu-based peptides) and a non-crystalline and
flexible PPG, i.e., [peptide-PPG],,, via step-growth polymeriza-
tion, as shown in Fig. 1.

Amine-terminated hydrophobic oligopeptides ((Ala), (Ala)g,
(Ala)yo, (Gly)s, (Val)g, and (Leu)g) with diethylene glycol (deg)
spacers were employed as self-assembling units and synthe-
sized via the conventional SPPS method using Fmoc chemistry.
The introduction of flexible deg spacers at both the N- and
C-termini of the peptide unit enables the molecular motility of
peptide blocks in the polymer chain and enhances the solubi-
lity in organic solvents. The six target peptides were success-
fully prepared and identified via "H NMR and MALDI-TOF MS
analyses (Fig. S1, ESIt). Subsequently, the polyaddition reac-
tions of the obtained peptides with commercially available
isocyanate-functionalized PPG (MW: 2300) were performed in
DMF, and the progress of the reactions was confirmed by the
disappearance of the peak of the isocyanate group at 2280 cm™*
via FTIR analyses. "H NMR studies of the purified polymers
confirmed the presence of the peptide block in the PPG-based
polymer, which demonstrated the formation of a multiblock
structure (Fig. S2, ESIt). It is noteworthy that all isolated block
copolymers were relatively insoluble owing to their prominent
self-assembling nature, and they were only soluble in highly
polar solvents such as HFIP and TFA. Therefore, inherent
viscosity [1] analyses of these block copolymers in HFIP were
conducted to characterize their molecular weights. The [y]
values of these block polymers ([5] = 0.47-0.89 (dL g ')) were
much higher than that of the starting PPG (MW = 2300,
[7] = 0.18 (dL g 1)) (see the Experimental section), demonstrat-
ing the increase in molecular weight by the polyaddition
reaction. The M, values of multiblock [peptide-PPG],, esti-
mated from the abovementioned [y] values using the Mark-
Houwink-Sakurada equation were in the range of 6000-12000
for pure PPG standards. These M, values correspond to approxi-
mately two to four repeat numbers (m). Hence, six types of
multiblock hybrid polymers with systematically different pep-
tide lengths and sequences were successfully synthesized.

Characterization of the cast film properties of peptide/PPG
hybrid multiblock copolymers

Self-supporting films (approximately 40 um thick) were pre-
pared by casting 4 wt% HFIP solutions of [peptide-PPG],, block
copolymers on Teflon plates under ambient conditions. Initi-
ally, we characterized the structural and mechanical properties
of these microfilms, particularly with respect to the effects of
peptide structures, such as the sequence and chain length.
Fig. 2a shows the FTIR spectra of the multiblock polymer films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Transmission FTIR spectra of various [(peptide),—PPG],,, micro-

films. (b) CD spectra of [(Ala)g—PPGl,, in HFIP (2 mg mL™) and at the film
state on a quartz plate.

We focused on the amide I band, which reflects the secondary
structure of the peptide blocks.>***> In all cases, the char-
acteristic absorption of the amide I band in the B-sheet struc-
ture was observed at approximately 1625 cm™". In addition, a
weak peak appeared at 1695 cm™ ' because of the antiparallel
B-sheet structure. It is noteworthy that the shoulders at
1660 cm ™' observed in these spectra, which were considerably
weaker than the B-sheet amide I band, were attributed to amide
I in the random coil form and/or the C=O stretching of the
urea linkage. The B-sheet content of peptide blocks in the film
states was evaluated to be approximately 62% ((Ala)s), 70%
((Ala)g), 74% ((Ala)yo), 70% ((Gly)s), 77% ((Val)g), and 81%
((Leu)g), based on the ratio of integrated peak intensities
assigned to a B-sheet conformation to that of non-sheet con-
formations, which were obtained by the peak deconvolution of
the amide I bands (Fig. S3, ESIt). The data revealed that the
B-sheet content depended slightly on the peptide sequence and
length, and that the shorter peptide ((Ala)s)-hybrid possessed a
slightly lower B-sheet content but remained higher than 60%.
In the HFIP solutions, these polymers appeared as random coil
conformations with a negative maximum at 198 nm, as con-
firmed via CD analysis. However, in the film state, the spectrum
showed a typical pattern of the -sheet structure with a negative
maximum at 216 nm (Fig. 2b). Hence, the peptide multiblocks
self-assembled into a predominantly antiparallel B-sheet struc-
ture during casting, as observed in oligo(Ala) domains in
MasSp1 and MaSp2 of the dragline fiber during the spinning
process from the gland of the spider.>*”° It is noteworthy that
the peptide-free starting PPG (MW 2300) failed to form a film;
therefore, it is assumed that multipoint cross-links by B-sheet
self-assembly are vital to film formation.

The surface wettability and thermal stability of various
[peptide-PPG],, films were characterized by water CA and
thermogravimetric analyses, respectively. Most of the films,
except the [(Gly)s-PPG],, film, afforded relatively high CAs of
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90°-105°, which correspond to hydrophobic surfaces
(CA > 90°) (Fig. S4a-e, ESIt). By contrast, the CA of the
[(Gly)s-PPG],, film was lower (85°) compared with those of
the other films; this is likely due to the lower hydrophobicity of
the constituent amino acid residue compared with those of the
other residues (Fig. S4f, ESI). TGA analysis showed that the weights
of these films began to decrease at 230-240 °C (Fig. S5, ESIt). The
decomposition temperatures of these films were lower than those of
previously reported native spider silk materials (T4 = 250-300 °C)*°
but were sufficient for practical use.

The mechanical properties of the multiblock polymer films
were subsequently evaluated via tensile tests. Fig. 3 shows the
representative stress—-strain curves for various films with differ-
ent peptide sequences (Fig. 3a) and chain lengths (Fig. 3b). All
films indicated good mechanical properties with relatively high
strength (6-10 MPa) and high extensibility (elongation at break:
300-700%). Fig. 3c and d summarize the tensile strength,
elongation at break, Young’s modulus, and breaking energy
evaluated from the stress-strain curves. The observed high
breaking energies of these films were attributable to the spider
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Fig. 3 Mechanical properties of [(peptide),—PPCl,, hybrid microfilms.
(a and b) Representative stress—strain curves of various [(peptide),—PPGl,,
films with different peptide sequences (a) and chain lengths (b).
(c) Summary of tensile tests. Statistical analyses performed using Student’s
t-test. *p < 0.01. (d) Comparison of breaking energy for [(peptide),—PPGl,,
films. Error bars represent standard deviation.
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silk-like nano-separation, in which the rigid B-sheet multi-
blocks serving as non-covalent cross-links were dispersed in
the non-crystalline elastic PPG matrix. However, their tensile
behaviors on the peptide sequence showed slight but clear
differences, despite the same peptide length (8 mer). Specifi-
cally, the Young’s moduli of the Ala-based films (15-25 MPa)
were significantly higher than those of the Gly-, val-, and Leu-
based films (5-8 MPa). Tirrell et al. comprehensively evaluated
the molecular architecture of artificial extracellular matrix
(aECM) protein films, which comprise an elastin-based
sequence cross-linked by hexamethylene diisocyanate, based
on their stress-strain curves.®® They evaluated the shear mod-
ulus, G, from the slope of a plot of ¢ vs. (2 — 1/4%) up to a low
strain of 0.25 (4 = 1.25), where ¢ is the stress, and 4 is the
elongation ratio. The obtained G value is inversely proportional
to the average molecular weight between cross-links (M.),
expressed as G = pRT/M., where p is the effective polymer
density, R is the gas constant, and T is the temperature
(25° C). Using this equation, the apparent M, values for all
multiblock polymer films were calculated using their G values
estimated from the stress-strain curves (Table 1, Fig. S6, ESIT).
To calculate the p values for each film, the polymer densities of
B-sheet peptides (1.34 (A), 1.30 (G), 1.05 (V), and 0.97 (L) g cm ®)
and PPG (1.0 g cm™ %) were used considering the ratio of their
molecular weights (~1/2 (peptide/PPG)).**> It was discovered
that the -calculated M. values for the Ala-based films
(~300-400 g mol ') were significantly lower than those for
the other peptide films (~1000-2000 ¢ mol ) (Table 1). This
indicates a high cross-linking density of the Ala-based films,
reflecting the high aggregation propensity of oligo(Ala) blocks
owing to their residual structure with moderate hydrophobicity
and sterically non-bulky side chains, which allow tight packing
between B-strands. It is noteworthy that this may have resulted
in the adoption of short and repetitive Ala sequences in the self-
assembling B-sheet crystalline domain in many natural silk
proteins, including spider silks. Moreover, the tensile data
revealed that an increase in the chain length of the oligo(Ala)
block increased the breaking energy of the film, which was
likely due to the strengthening of hydrogen bonding.

Self-healing behavior of the peptide-PPG multiblock hybrid
films

We anticipate the p-sheet-forming ability of peptide multi-
blocks to facilitate the self-healing function of the polymer
films through both multiple/reversible hydrogen bonds among
the self-assembling oligopeptide blocks and non-crystalline

Table 1 Physical properties of peptide-based multiblock hybrid films

Film G (MPa) M, (g mol ™)
[(Ala)s-PPG],, 7.6 + 0.1 365 + 45
[(Ala)g-PPG],, 6.8+ 2.3 447 + 183
[(Ala),-PPG,, 8.7 +2.1 330 + 79
[(Gly)s—PPGly, 154 0.3 1894 + 505
[(Val)g-PPGl,, 14402 1816 + 210
[(Leu)s—PPG],, 2.5+ 0.3 986 + 110
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flexible PPG blocks. Hence, the self-healing behavior of multi-
block polymer films was investigated. Fig. 4 shows the healing
of the mechanical damage on the [(Ala),,-PPG],, film at room
temperature. The multiblock polymer film was scratched using
tweezers with fine tips, and healing was observed via laser
microscopy. The damaged line (white circling in Fig. 4a)
observed immediately after scratching was almost undetectable
after 5 d (Fig. 4b). The self-healing properties of the films were
characterized more directly, particularly with respect to the
effect of the peptide sequence. The polymer films (dumbbell-
shaped, ~40 um thick) were cut into two pieces using a razor
blade, and the cutting surfaces were soaked in pure water for
3 s. The cut pieces were immediately placed in contact for 24 h
at room temperature. All multiblock polymer films exhibited
self-healing behavior, which was not broken by their own
weight. When the cutting surfaces of the film were soaked in
a urea solution (8 M) instead of pure water (urea solution is
known to be a hydrogen bond breaker), no efficient self-healing
occurred, and the film broke easily when lifted with tweezers.
These results indicate that the healing ability of these films was
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Fig. 4 Self-healing behavior of [(peptide),—PPGl,, microfilms. (a) Laser
microscope images of the [(Ala);o—PPGlI,, film immediately after scratching
by tweezers with fine tips and after 5 d (b) at room temperature. Scale bar:
200 pum. (c) Comparison of stress—strain curves of the original [(Ala)g—
PPGI,, film and self-healed film cut into two pieces (left), and the sche-
matic illustration of self-healing by multiple hydrogen bonds among
B-sheet peptide blocks (right). (d) Self-healing efficiencies of various
multiblock films.
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primarily attributed to the reversible hydrogen bonds among
the peptide multiblocks accompanied by B-sheet formation. For
a more comprehensive understanding, tensile tests were
conducted on various self-healed films. Fig. 4c shows repre-
sentative stress-strain curves for the original and self-healed
[(Ala)e-PPG],, films. The stress-strain curve of the self-healed
film almost overlapped with that of the original one in the low
stretching region; namely, the mechanical properties of the
film were well repaired, although the film broke at the cut
position with a lower breaking elongation than the original
one. The healing efficiency, which is defined herein as the ratio
of the breaking energy of the original (BE,) film to that of the
self-healed (BEy,) film, i.e., BE,/BE, x 100, was approximately
35%. Hence, it can be concluded that the peptide-based multi-
block hybrid exhibits intrinsic self-healing. Additionally, we
performed self-healing tests for five additional multiblock
polymer films using the same procedure, and the results are
summarized in Fig. 4d. The [(Ala),-PPG],, films with different
peptide lengths (n = 8 and 10) showed similar healing efficien-
cies, whereas the other films (Gly, Val, and Leu-based peptides)
indicated a much lower healing efficiency (~10%) compared
with the Ala-based films. This observation reflected the rela-
tively high self-assembling capability of the oligo(Ala) units, as
demonstrated in the tensile analysis. In conclusion, a novel
peptide-PPG multiblock hybrid system exhibiting various types
of mechanical strength and self-healing capability was success-
fully developed by manipulating the peptide sequence and
chain length.

Preparation and characterization of peptide multiblock hybrid
nanofilms

Because the multiblock hybrids possessed self-healing capability
and sufficient mechanical strength, we subsequently fabricated self-
supporting nanofilms using these hybrids and assessed their
structural and functional characteristics. In industrial and biome-
dical fields, polymer thin films of nanoscale thickness have recently
garnered significant attention owing to their high flexibility, adhe-
siveness, and transparency.”® Several fascinating nanofilms have
been developed using polymers and polymer/inorganic hybrids via
layer-by-layer assembly,”*> plasma polymerization of nonionic
amphiphile (tween20),°® cross-linked Langmuir-Blodgett films,*”
and spin coating on a sacrificial underlayer.®®7° Subsequently, they
were used as nano-wrapping and coating materials in analytical and
biomedical fields, such as for tissue and organism imaging. How-
ever, as the film thickness decreases to the nanoscale, the mechan-
ical strength generally tends to decrease. Therefore, although
challenging, new functional nanofilm materials to overcome such
tradeoff relationships must be identified.

The nanofilms were prepared as follows: [(Ala),~PPG],,
hybrids were used as the nanofilm material owing to their high
mechanical toughness, including stretchability, and their self-
healing capability. First, an HFIP solution of [(Ala),-PPG],, was
spin coated at 2000 rpm onto a PSt sacrificial substrate
(2.5 ecm x 2.5 cm). Next, the substrate was immersed in
chloroform, where the sacrificial PSt was dissolved; conse-
quently, a self-supporting [(Ala),~PPG],, film buoyant in
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Fig. 5 (a) Preparation of the self-supporting [(Ala),—PPGI,, nanofilm via
spin coating using a sacrificial under layer. (b) Photographs of the [(Ala),—
PPG],,, nanofilm in CHClsz (top) and that grasped using tweezers (bottom).
(c) Cross-sectional SEM and (d) AFM images of the [(Ala)g—PPGl,, nanofilm
obtained from 0.5 wt% solution. The inset in (d) shows the height profile at
the edge of the nanofilm.

chloroform was achieved, as shown in Fig. 5a. To control the
film thickness, we prepared nanofilms by varying the polymer
concentration (0.5-2 wt%) used for spin coating. These nano-
films were transparent, ultraflexible, and did not break when
lifted with tweezers (Fig. 5b). To characterize them, the floating
nanofilms were transferred onto a silicon wafer and dried at
room temperature. Fig. 5¢ and d show the SEM (cross-sectional
view) and AFM images of the [(Ala)s—PPG],, nanofilm (0.5 wt%)
as an example. The film thicknesses were estimated to be
50 nm (AFM) and 70 nm (SEM). As shown in Table S1 (ESIt),
the film thickness can be controlled easily to 50-300 nm by
adjusting the polymer concentration for all [(Ala),-PPG],
hybrids. It is noteworthy that the rotation speed during spin
coating, i.e., 1000-4000 rpm, did not significantly affect the
film thickness in this polymer system.

The conformational properties of the [(Ala),-PPG],, nano-
films were investigated via CD and FTIR analyses. Similar to the
behavior of the cast microfilm as described above, the
oligo(Ala) multiblocks in the nanofilm rapidly self-assembled
into an antiparallel B-sheet structure during spin coating, as
indicated by the CD pattern with a negative maximum at
216 nm (Fig. S7, ESIt) and the amide I peaks at 1690 and
1627 cm ™' in the FTIR spectrum. However, the orientation of
the B-sheet domains in the nanofilm differed from that in the
microfilm. Fig. 6 shows the TM and RA-FTIR spectra of the
[(Ala);o-PPG],, nanofilm (300 nm thick), which were normal-
ized to the absorbance of the CH, stretching band of the PPG
blocks (2970 em™"). The intensity of the amide I band at
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Fig. 6 (a) Transmission- and (b) reflection absorption-FTIR spectra of the

[(Ala)10-PPGl,, nanofilm (300 nm thickness) on a CaF, plate and Au plate,
respectively. The inset shows a schematic illustration of the orientation of
B-sheet multiblocks in the nanofilm.

1627 cm ™' based on the B-sheet structure of the TM spectrum
(Irm) was significantly higher than that of the RA spectrum
(Iras)- The TM method emphasizes vibrational modes parallel
to the film plane; conversely, the RA method emphasizes those
perpendicular to the film plane. The Ity/Iras values were 3.78
(Fig. 6) and 1.96 (Fig. S8, ESIt) for the nanofilm and cast
microfilm (~40 pum), respectively. This indicates that the
B-sheet domains in the nanofilm (i.e., amide bonds in the
B-strand) were oriented more parallel to the film plane than
those in the thick cast film (Fig. 6, inset), likely owing to the
centrifugal force generated during spin coating.

The flexibility and adhesiveness of the [(Ala);(-PPG],,
film were subsequently investigated based on the effect of the
film thickness via a followability test performed on the nanos-
tructured surfaces. Two types of line-patterned nanosurfaces
derived from CD-R (line pitch: 1600 nm, height: 170 nm) and
DVD-R (line pitch: 320 nm, height: 43 nm) were used for this
test, and the followability of the nanofilms transferred onto the
nanosurfaces was assessed via AFM and laser microscopy.
Fig. 7a shows a laser microscopy image of the edge of the
[(Ala);o—PPG],, nanofilm with a 300 nm thickness placed on the
CD-R surface. A line pattern based on the underlying structure
was clearly observed on the nanofilm surface, indicating that
the film reflected the nanoscale uneven structure well. Fig. 7b
shows the AFM images and cross-sectional height profiles of
bare and nanofilm (150 and 300 nm thickness)-covered sur-
faces. All films demonstrated favorable shape-following and
adhesion to the nanostructure without tearing, although the
followability to the surface structure, which is defined herein as

nano-
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Fig. 7 (a) Laser microscope images of the edge of the [(Ala);o—PPGl,,
nanofilm (300 nm thick) on a CD-R surface. (b) and (c) AFM images of bare
and [(Ala);o—PPGl,, nanofilms (150 nm and 300 nm thick)-coated CD-R (b)
and DVD-R (c) surfaces and their corresponding height profiles.

the ratio of the height of the bare line pattern to that of the
nanofilm-covered surface, depended significantly on the film
thickness. The decrease in the film thickness resulted in an
increase in flexibility, and the followability of the nanofilm with
a thickness of 150 nm reached 86% (77% for 200 nm thickness,
53% for 300 nm thickness) over the micro/nanoscale structure.
More interestingly, this ultraflexible film (150 nm thick)
reflected a finer nanoscale structure (DVD-R surface), as shown
in Fig. 7c. The followability of the 150 nm-thick film over the
nanoscale roughness maintained at 88%, although for the
200 nm- and 300 nm-thick films, it decreased to 51% and
12%, respectively.

Because these nanofilms possessed robustness, good shape-
following capability, and adhesiveness, we further investigated
their ability as coating nanomaterials. Permeation experiments
using the [(Ala);;-PPG],, nanofilm (300 nm thick) were per-
formed using pure water and aqueous solutions of sodium
chloride (NaCl) and sodium p-toluenesulfonate (pTSNa). Fig. 8
shows the typical time courses of the electrical conductance. As
shown in Fig. 8, the conductance increased rapidly and reached
stabilized within 3 min in the absence of the nanofilm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Time courses of ion permeation (NaCl) through the [(Ala);o—PPGI,,
nanofilm (300 nm thickness). The inset shows the time course of electrical
conductance over a long duration (180 min). Errors indicate standard
deviation.

By contrast, the conductance change across the nanofilm was
remarkably small, and the permeation of both NaCl and the
relatively hydrophobic pTSNa (Fig. S9, ESIT) was completely
suppressed by the nanofilm for more than 3 h. Hence, the
unique nanofilm structure with an oriented B-sheet network, in
addition to its stretchability, ultraflexibility, and adhesiveness,
is favorable for surface protection, sealing, and wrapping
applications, with significant potential in nanotechnology
and biomedicine.

Conclusions

In summary, we comprehensively described the synthesis of
spider silk-inspired peptide-PPG hybrid multiblock copolymers
and their film properties. Six types of hybrids with different
peptide chain lengths and sequences were successfully synthe-
sized using a simple SPPS and a subsequent polyaddition
reaction. These multiblock hybrids formed stable and reversi-
ble B-sheet network structures via self-assembly through cast-
ing and yielded unique thin films with mechanical toughness
and self-healing capability. Both the type and length of the
peptide block affected not only the mechanical properties, but
also the self-healing efficiency of the resultant microfilms. The
oligo(Ala)-based microfilms indicated significantly lower M,
values and higher self-healing efficiency compared with the
other peptide films (i.e., Gly, Val, and Leu-based films), thereby
suggesting the high self-assembling propensity of oligo(Ala)
blocks in the film. Owing to such unique film characteristics,
self-supporting and ultraflexible nanofilms can be prepared as
functional coatings for nanostructured surfaces. We believe
that this peptide-polymer hybrid strategy will enable the crea-
tion of structurally and functionally diverse multiblock poly-
mers that will be beneficial to nanotechnology and

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

biomedicine, as well as provide new directions for the design
of smart self-assembling nanomaterials.
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