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ABSTRACT: Spider silk, known for its exceptional tensile
strength, extensibility, and toughness, continues to inspire
advancements in polymer and materials science. Despite extensive
research, synthesizing materials that encompass all these properties
remains a significant challenge. This study addresses this challenge
by developing high molecular-weight multiblock synthetic
copolypeptides that mimic the hierarchical structure and
mechanical properties of spider silk. Using autoaccelerated ring-
opening polymerization of N-carboxyanhydrides, we synthesized
copolypeptides featuring transformable p-sheet blocks. These
blocks retain a helical structure during synthesis but transition
into p-sheet nanocrystals in situ during solvent-free thermal
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mechanical processing. Compression molding was employed to induce hierarchical ordering within the copolypeptide films, resulting
in a solid “liquid crystalline” structure that undergoes a temperature-induced a-to-f structural transformation. This transformation
integrates f-sheet nanocrystals throughout the helical block matrix, significantly enhancing the material’'s mechanical performance.
Our innovative synthesis and processing strategy, which involves alternating sequences of a-helical and $-sheet blocks with various
P-sheet-forming NCAs, enables the customization of diverse mechanical characteristics. These advancements not only deepen our
understanding of the fundamental design principles of spider silk but also pave the way for a new generation of high-performance,
silk-inspired synthetic copolypeptides with broad application potential.

B INTRODUCTION

Spider silk is renowned as nature’s high-performance protein
fiber, distinguished by its excellent tensile strength, extensi-
bility, and toughness. This unique combination of mechanical
properties has spurred extensive research into the structural-
property relationship of spider silk,'™® with the goal of
leveragin% these insights to develop reconstituted,” "
artificial,’ " ~*° or silk-inspired materials®' ~*” that could
potentially surpass the mechanical capabilities of their natural
counterparts. Over recent decades, focused research on spider
dragline silk has led to significant advancements in under-
standing its intricate molecular architecture and fundamental
design principles.”*™*” These advancements have been
facilitated by methodologies such as solid-state nuclear
magnetic resonance (NMR) spectroscopy,” > advanced
molecular simulations,® ™ and innovative techniques for
precise mechanical property quantification.”*>¢

Critical design features that contribute to spider silk’s
superior performance include its hierarchical structure, which
arises from a complex synthesis, morphology and process
controls. For instance, Spidroin I and II are high molecular
weight (MW) polypeptides characterized by distinct poly
alanine (poly-Ala) blocks interspersed with glycine-rich (Gly)
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regions.z’28 The mechanical strength of the silk is largely 47
attributed to antiparallel fB-sheet nanocrystals formed during 4s
the spinning process, primarily consisting of poly-Ala and 4
poly(Gly-Ala) sequences.””**** These nanoscale structures so
act as stiff cross-linking domains within a semiamorphous s;
matrix. The matrix, featuring less structured f-configurations s,
and helical structures with trifold symmetry primarily formed s3
54

silk’s mechanical properties.”””” Remarkably, reducing the size ss

by glycine residues, also plays a crucial role in dictating the
of the f-sheet nanocrystals correlates with increased material s¢
57
the ability of spiders to produce more than seven distinct types sg
of silk," each with unique properties, highlights the versatility

toughness and enhanced ultimate st1‘ength.31’34 Additionally,

59
60
silk production. Seldom can a synthetic polymer platform 6

and the sophisticated biological engineering inherent in spider
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Scheme 1. Schematic Representation of the Synthesis of Spider Silk-Inspired Polypeptide Materials via Controlled Multiblock
Copolypeptide Synthesis, Solvent-Free Thermal Processing, and In Situ Thermal Induction of #-Sheet Formation
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Figure 1. Synthesis of block copolypeptides and temperature-induced a-helix to f-sheet transformation in the solid state. (a) Schematic
representation of the synthetic route for PBLT-based f-sheet-forming block copolypeptides, initially confined in an @-helical conformation, using
the SIMPLE polymerization method with a helical PBLG macroinitiator. (b) Schematic representation of the free energy diagram illustrating the a-
to-f transition experienced by PBLT in the block copolypeptides. (c) FTIR-ATR spectra of the PBLG,,-b-PBLT, before and after a-to-f
transition, induced by temperature. (d) DSC profiles of as-synthesized PBLG,-b-PBLT, with various PBLT chain lengths. Solid lines indicate the
first heating cycles, while dashed lines represent the second heating cycles. Heating rate: 3 °C/min. (e) DMTA profiles of PBLG,,-b-PBLT, films
before and after the a-to-f transition, demonstrating the thermal-hardening effect. Heating rate: 3 °C/min.

62 match the combination of tensile strength, extensibility,
63 processability, and versatility found in spider silk.

64 Building on these discoveries, our study seeks to bridge the
65 gap between the natural marvel of spider silk and the domain
66 of synthetic biopolymers, specifically those with well-defined
67 secondary structures, such as synthetic polypeptides prepared
6s through ring-opening polymerization of amino acid N-
6o carboxyanhydrides (ROP-NCAs).”*~** By investigating high
70 MW multiblock synthetic copolypeptides and employing the

latest technique of autoaccelerated ROP-NCAs, "

replicate the hierarchical structure and the intricate balance of 72
order and disorder in chain configurations that endow spider 73
silk with its remarkable mechanical properties. A distinctive 74
feature of our methodology is the incorporation of trans- 7s
formable S-sheet blocks, which retain a helical structure during 76
synthesis but transition into #-sheet nanocrystals in situ during 77
thermomechanical processing. This solvent-free transformation 7s
is crucial for achieving the hierarchical ordering observed in 79

we aim to 71
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8o natural spider silk, with significant scale-up potential. More-
81 over, our methodology allows for precise control over the
82 chemical domains, enabling the fine-tuning of mechanical
83 properties across a wide spectrum. This control not only
84 enhance the material’s mechanical performance but also
85 expands the potential applications of these silk-inspired
86 synthetic polypeptides.

87 Our design, illustrated in Scheme 1, represents a significant
88 advancement over previous studies employing multiblock
89 polypeptides. First, by leveraging the autoaccelerated helical
90 chain growth of NCA monomers through a cooperative
91 polymerization mechanism,***>*' we have achieved fast and
92 precise incorporation of S-sheet-forming NCAs, such as O-
93 benzyl-L-tyrosine (BLT) NCA.>” This methodology maintains
94 the polymer chains in a helical configuration alongside leading
9s helical blocks, like poly(benzyl-L-glutamate) (PBLG), prevent-
96 ing premature chain termination and polymer segregation
97 common in the synthesis of f-sheet polypeptides. This
98 innovation facilitates streamlined processing postsynthesis.
99 Second, we utilize thermomechanical processing techniques,
100 such as compression molding, to directly convert the
101 synthesized copolypeptides (e.g, PBLG-b-PBLT) into films
102 with hierarchical ordering. Within these films, the helical
103 copolypeptides form a unique solid “liquid crystalline”
104 structure (e.g., chiral nematic),”*™>" as illustrated in Scheme
105 1. This structure is further refined by applying heat to induce
106 an a-to-f# structural transformation in the PBLT blocks,
107 resulting in the distribution of -sheet nanocrystals throughout
108 the helical PBLG matrix. Lastly, our synthesis and processing
109 strategy is highly adaptable, suitable for sequences alternating
110 between a-helix and f-sheet blocks, with the capability for up
111 to four repeats, as demonstrated in this study. This versatility
112 extends to a broad range of /i-sheet—forming NCAs, including
113 L-alanine (Ala) and r-valine (Val) NCAs.*™** Such adapt-
114 ability provides precise control over the mechanical properties
115 of synthetic materials. The combination of precision synthesis,
116 remarkable tunability, and compatibility with industrial
117 processing methods underscores the potential of this research
118 to create a new class of high-performance, silk-like synthetic

119 polymers.

=

120 l RESULTS AND DISSCUSION

121 Synthesis of f-Sheet-Forming Block Copolypeptides
122 Confined under a-Helical Conformation. Efforts to
123 develop synthetic polypeptides capable of transitioning
124 between a-helix and f-sheet structures in the solid state have
125 been on§oin since the 1950s but have achieved limited
126 success.” """ Polypeptides predisposed to form p-sheets
127 often aggregate and halt chain growth prematurely during
128 synthesis, complicating the production of high MW poly-
129 peptides in large quantities.”"”**~” Conversely, polypeptides
130 less prone to f-sheet formation require very demanding
131 processing conditions—such as simultaneous heating, swelling,
132 and stretching—to facilitate structural transformations, often
133 resulting in low success rates.””®!

134 Our method utilizes the autoaccelerated, helical growth of
135 polypeptide chains formed by NCAs through a cooperative
136 polymerization mechanism.***>*' In previous studies, we
137 successfully integrated several -sheet-prone NCAs with helical
138 NCAs in a random copolymerization process, using an a-
130 helical PBLG as a guiding scaffold.”*® The approach
140 incorporates f-sheet-prone NCAs such as BLT-NCA, Val-
141 NCA, and Ala-NCA, confining them within an a-helical

L. . 70-72 .
structure due to the activation energy barriers associated 142

with switching configurations. After synthesis, a-to-f structural 143
transformations can be induced by changes in temperature or 144
solvent conditions. 145

Extending this approach to block copolypeptides, we 146
employed a PEG—PBLG,, macroinitiator to initiate the ring- 147
opening polymerization of BLT-NCA with accelerated reaction 148
kinetics, controlling the polymerization of PBLT blocks at 149
various monomer-to-initiator (M/I) ratios in a water/ 150
dichloromethane (DCM) biphasic system (Figure la). This 1511
method uses our previously developed SIMPLE (Segregation- 1s2
Induced Monomer-Purification and initiator-Localization 153
promoted rate-Enhancement) method.””*® The resulting 154
PBLG,-b-PBLT, block copolypeptides, with “n” indicating 1ss
the degree of polymerization (DP) of the PBLT segment (n = 1s6
100, 200 and 300), retained a-helical structures after 157
polymerization in DCM (Figure S3). Following the reaction, 158
the DCM solution containing the polypeptides was precipi- 159
tated into a mix of hexane and ethyl ether, then washed and 160
vacuum-dried. These copolypeptides demonstrated a con- 161
trolled DP and precise composition, as confirmed by NMR 162
(Table S1 and Figures S33—S35). Detailed synthesis 163
procedures, GPC, and 'H NMR characterizations of these 164
macromolecules are provided in the Supporting Information 165
(Materials and Methods, Figures S1 and S2, and Table S1). 166

The PBLT block in PBLG,-b-PBLT, undergoes a trans- 167
formation from its initial @-helical conformation to a f-sheet 168
structure upon heating, due to PBLT’s propensity to form 169
thermodynamically more favorable p-sheets (Figure 1b). 170
Initially, the helical state after synthesis is confirmed by the 171
characteristic a-helix peak at 1655 cm™, as identified by 172
attenuated total reflectance Fourier-transform infrared spec- 173
troscopy (ATR-FTIR) (Figure lc and Figure S4). Upon 174
heating above 110 °C, the sample undergoes a conformational
transition, forming f-sheets as indicated by the emergence of a 176
new amide I peak at 1630 cm™ (Figure Ic). Differential
scanning calorimetry (DSC) analysis (Figure 1d and Figure 178
SS) reveals an endothermic peak at around SO °C during the 179
first heating cycle, corresponding to the melting of the short 180
PEG segment introduced from the macroinitiator,” >’ 1s1
followed by a significant exothermic peak above 110 °C, 182
signifying the PBLT’s transition to a f-sheet configuration—a 183
finding corroborated by FTIR analyses. The absence of phase 184
transitions during the second heating suggests the permanence 185
of this transformation (Figure 1d). When tested on samples of 1s6
different lengths of PBLT blocks, the exothermic peaks 187
associated with the a-helix to f-sheet transition are broader 1ss
and occur at higher temperatures for PBLG,y-b-PBLT, with 189
higher n (Figure 1d). 190

The a-helix to S-sheet conversion within the copolypeptide 191
is irreversible and is achieved through simple heating, resulting 192
in a substantial alteration of the material’s structure. The 193
formation of fJ-sheets between PBLT chains creates a stable 194
interlocking network that prevents the PEG segment from 195
recrystallizing (Figure 1d). Dynamic mechanical thermal 196
analysis (DMTA) conducted on films prepared from 197
compression molding of PBLG,-b-PBLT,y, at 80 °C, both 198
pre- and post-thermal induction of the a-to-# transformation 199
(Figure le, first and second heating cycles, respectively), 200
corroborates the structural shift. The DMTA results for 201
PBLG,y-b-PBLT,;, and PBLG,y-b-PBLT;,, further confirm 202
that the transformation yields a material with an elevated 203
modulus, enhancing mechanical integrity and its capacity to 204
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205 endure higher temperatures (Figure S6). This mechanical
206 reinforcement, as evidenced by the DMTA, underscores the
207 potential of thermally induced f-sheet formation in enhancing
208 the structural robustness of polymer materials.

200 Thermomechanical Processing for Controlled g-
210 Sheet Transformation in the Solid State. Once formed
211 within polypeptides, #-sheet structures are often incompatible
212 with standard thermomechanical processing techniques such as
213 compression molding or extrusion due to the intermolecular
214 H-bonds actin% as physical cross-links, which limit polymer
215 processability.”’ When processing f-sheet polypeptides into
216 materials via solution methods, the dense network of hydrogen
217 bonds often necessitates the use of aggressive and potentially
218 hazardous reagents to disrupt these bonds.”'*~'* In contrast,
219 a-helical polypeptides, with their rod-like architectures and
220 weak interactions, offer significantly better thermal process-
21 ability, facilitating ‘slipping’ under heat and pressure.”"’>7°
222 Moreover, their predisposition to form cholesteric or nematic
223 liquid crystalline structures enhances processability and
224 promotes cooperativity in structural transitions through long-
25 range supramolecular ordering.”* ™

26  Our findings confirm that the as-synthesized helical state of
227 the copolypeptides grants these materials exceptional process-
228 ability. When PBLG,y-b-PBLT,, powders are hot-pressed at
229 80 °C between Kapton films, they form uniform, clear films
230 (inset of Figure 2a). The PEG segment, incorporated through
231 SIMPLE polymerization, acts as a plasticizer when melted at
232 this temperature, enhancing the malleability of the helical
233 copolypeptides. FTIR-ATR and wide-angle X-ray diffraction
234 (WAXD) analyses confirm that the films predominantly retain
235 the a-helical structure (Figure 2¢,d).>>7°7% Polarized optical
236 microscope (POM) images of the PBLGy-b-PBLT), films
237 reveal strong birefringence both before and after the a-to-f
238 transition (Figure 2a,b), induced by thermal annealing at 160
239 °C for 15 min. The fingerprint textures observed at higher
240 magnifications (Figure S7) suggest the chiral nematic nature of
241 these solid ‘liquid crystalline’ materials, similar to the hot-
242 pressed PBLG films we previously studied.”

243 FTIR and WAXD confirm that a brief annealing of PBLG,-
244 b-PBLT |, films at 160 °C for 15 min leads to approximately
245 88% conversion of PBLT,y to f-sheets (Figure 2c,d and
246 Figure S8). Lower annealing temperatures, such as 110 °C for
247 § or 15 min, achieve lesser conversions—around 54 and 68%,
248 respectively. Temperature-controlled X-ray diffraction (XRD)
249 was applied to monitor the structure evolution from a-helical
250 to f-sheet conformation in situ (Figure S9), confirming the
251 findings from WAXD.

252 Tensile tests on PBLG4;-b-PBLT g, films with varying p-
253 sheet content reveal a positive correlation between increased f-
254 sheet percentage and mechanical strength at room temperature
255 (Figure 2e, Figure S10, and Table S3). For example, films from
256 hot-pressing at 80 °C exhibited an ultimate tensile strength (o)
257 of ~4 MPa and a Young’s modulus (E) of ~360 MPa, whereas
258 films annealed at 160 °C for 15 min with 88% f-sheet
259 conversion showed doubled 6 (~10 MPa) and increased E
260 (~580 MPa). Post a-to-f8 transition, a slight reduction in
261 ductility—from ~13 to ~8%—is noted, attributed to the
262 limited plastic deformation of the now physically cross-linked
263 polypeptide network. At 100 °C, the tensile discrepancy
264 between «-helix and f-sheet films becomes even more
265 pronounced (Figure 2f), with the films with 88% p-sheet
266 conversion showing ¢ and E values (~4.8 and ~150 MPa) far
267 surpassing those of the a-helix films (~0.4 and ~25 MPa).
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Figure 2. Comparative analysis of morphological structures and
mechanical properties of PBLG-b-PBLT block copolypeptides before
and after a-to-f transition. (a) POM images illustrating the surface of
PBLG,-b-PBLT ), films in a-helix form. (b) POM images of the
same films after the a-to-f transition induced by annealing at 160 °C.
Insets in (a) and (b): photographs showing the films’ appearance
before and after the transition. (c) ATR-FTIR spectra of PBLG,-b-
PBLT,y, films processed under different thermal conditions,
demonstrating structural changes. (d) WAXD patterns of the same
films, highlighting the crystalline transformations associated with
thermal processing. (e, f) Tensile stress—strain curves of PBLG,q-b-
PBLT),, films, measured at 30 and 100 °C, respectively, to evaluate
mechanical properties under different thermal processing histories.
PBLG,4-b-PBLT g, films without annealing were prepared by hot-
pressing at 80 °C.

This significant tensile modulus enhancement at elevated 268
temperatures following the a-to-f transition was corroborated 269
by earlier DMTA results (Figure le). 270

The in situ generation of p-sheets via a straightforward 271
temperature-induced a-to-# transition in the solid state 272
significantly reinforces the polymer network, enhancing the 273
thermal-mechanical stability of polypeptide materials. PBLG-b- 274
PBLT serves as a model system for this controlled modulation 275
of material properties. Inspired by the multiblock architecture 276
of dragline silk, we then synthesized sequences with alternating 277
a-helix and f-sheet blocks, aiming to improve both ultimate 278
tensile strength and the extensibility of the copolypeptides 279
materials. By incorporating longer chains that potentially 280
participate in multiple f-sheet nanocrystals, we expect to create 281
a more cohesive and resilient polymer network. 282

Enhancing Mechanical Performance with Multiblock 253
Copolypeptides and Repetitive f-Sheet Segments. 234
Utilizing the SIMPLE living polymerization technique,A'S’46 285
we synthesized multiblock copolypeptides designated as 286
(PBLGyy-b-PBLT,),, with “x” varying from 1 to 4 to 287
represent the number of repeating blocks. The DP for PBLT 288
blocks was designed to be around 200 to increase the chain 289
lengths. Detailed synthesis procedures and '"H NMR character- 290
izations of these polymers are provided in the SI (Materials 291
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292 and Methods, Table S1, and Figures S35—S38). These
203 copolypeptides maintained their designed a-helical conforma-
294 tion postsynthesis (Figure S11). For polymer film preparation,
205 we applied a hot-press at 160 °C and followed by an hour of
206 annealing to facilitate the a-to-f transition. This process
297 produced uniform films across all polymer variants, with ATR-
298 FTIR and WAXD confirming the formation of S-sheets
299 (Figure 3b and Figure S12). FTIR peak deconvolution
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Figure 3. Mechanical performance and morphology of (PBLG,q-b-
PBLT,y,), multiblock copolypeptides with in situ formed f-sheet
nanocrystals. (a) Schematic of the designed (PBLGyy-b-PBLT,y),
multiblock copolypeptides, varying by the number of repeating blocks.
(b) FTIR-ATR spectra of the multiblock copolypeptide films
following in situ a-to-f transition, exhibiting structural changes. (c)
Tensile stress—strain curves of (PBLG,y-b-PBLT,,), films at 30 °C,
showing variations in mechanical properties across different block
configurations. (d, e) POM (left) and TEM (right) images showing
the surfaces and microtome sections of (PBLG,y-b-PBLT,y); and
(PBLGy-b-PBLT,q), films, respectively, showing surface details and
cross-sectional nanostructures. (f) High-magnification TEM image of
the microtome sections of (PBLG,o-b-PBLT,), film, showing the
distribution of f-sheet nanocrystals (dark domains) and the resulting
network. The films were fabricated through hot-pressing at 160 °C to
achieve maximum a-to-f conversion.

300 revealed a f-sheet conversion of 55—70% in the PBLT,,
301 segments (Figure S13 and Table S2). Room temperature
302 tensile tests showed significant mechanical enhancements with
303 the number of repeating blocks; ultimate tensile strength
304 tripled to approximately 30 MPa, and Young’s modulus
305 doubled to about 2 GPa in (PBLG,-b-PBLT,), compared to
306 (PBLGyy-b-PBLT,y,), (Figure 3¢, Table 1, and Figure S14).

Additionally, ductility improved, likely due to the entangle- 307
ment effect from the multiblock design, which fortified the 308
polymer network. 309

Morphological analyses were conducted to understand the 310
influence of the multiblock architecture on material nano- 311
structures and resultant macroscopic properties. POM studies 312
indicated a transition from cholesteric to almost nematic 313
supramolecular organization as the number of blocks increased 314
from x = 1 to x = 4 (Figure 3d,e and Figure S15). TEM cross 315
sections revealed the formation of more uniformly distributed 316
p-sheet crystals in (PBLGyo-b-PBLT ), presenting as dark 317
nanometer-scale domains within an interlaced network, 318
measured with approximately 28—42 nm in size (Figure 3e,f 319
and Figure S16c,d). This contrasted with the less regular f- 320
sheet domains in films of (PBLG4-b-PBLT,y,), (Figure 3d 321
and Figure S16a,b). The well-integrated network observed in 322
(PBLGyy-b-PBLT,), significantly enhances the material’s 323
ultimate tensile strength and modulus. 324

In the (PBLG,y-b-PBLT,,), polymer series, despite the 325
multiblock architecture leading to increased extensibility, the 326
elongation at break remains relatively low, not exceeding 20%. 327
This observation prompted us to draw inspiration from spider 328
silk, where f-sheet crystals typically make up less than 20% of 329
the structure and are embedded within a matrix of structured 330
but less ordered domains.”" Motivated by this, we increased 331
the proportion of PBLG domains, hypothesizing that 332
elongating the a-helical segments would decrease the S-sheet 333
domain sizes due to a reduced probability of adjacent PBLT 334
block alignment necessary for -sheet formation. 335

Optimized Multiblock Copolypeptides with Smaller 336
p-Sheet Nanodomains: Balancing Strength and Ductil- 337
ity. The strategic modification of the (PBLGyo-b-PBLT ), 338
series, with “x” ranging from 1 to 3, has significantly enhanced 339
the ductility of the materials by extending the a-helical PBLG 340
segments (Figure 4). Detailed synthesis procedures and 'H 341 f4
NMR characterizations of the polymers are provided in the SI 342
(Materials and Methods, Table S1, and Figures S39—S41). 343
These copolypeptides maintained a-helical conformation 344
postsynthesis (Figure S17). This adjustment has been crucial 34s
in achieving an optimal balance between strength and 346
toughness. As the number of repetitive blocks increased from 347
1 to 3, the B-sheet content in the materials decreased from 38 348
to 31% (Figure 4b, Figures S18 and S19, and Table S2), 349
corresponding with substantial gains in material performance: 3s0
elongation at break increased from approximately 45 to 80%, 3s1
and ultimate tensile strength rose from about 13 to 23 MPa 352
(Figure 4c, Figure S20, and Table 1). 353

Morphological analyses highlighted a shift from cholesteric 354
to nematic organizational patterns in the polymers with more 3s3
repetitive blocks, as evidenced by POM (Figure 4d,e and 3s6
Figure S21). TEM studies revealed that (PBLGy¢-b-PBLT )5 357
featured a consistently dispersed nanodomain lattice about 3s8
13—20 nm in size within the nematic layers (Figure 4e,f and 359
Figure S22c,d). Remarkably, these domains were roughly half 360
the size of those in (PBLGyo-b-PBLT,),, suggesting enhanced 361
interdomain connectivity that likely facilitates macromolecular 362
threading across structural domains. This connectivity is 363
expected to inhibit crack propagation and enhance the polymer 364
network’s integrity, as supported by tensile testing results. 365

The strain hardening exhibited by films from (PBLG,q-b- 366
PBLT,y), and (PBLG,g,-b-PBLT,,); (Figure 4c) suggests a 367
potential transformation mechanism within the PBLT in the 368
less structured matrix, as more than 30% of PBLT strands are 369
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Table 1. Summary of the Mechanical Properties of Multiblock Copolypeptide Materials Tested at 30 °C”

entry composition a-to-f} conversion”
1 PBLG,-b-PBLT 69%
2 (PBLGy9-b-PBLT,y), 56%
3 (PBLGy-b-PBLT,); 57%
4 (PBLG4-b-PBLT ), 62%
S PBLG,0p-b-PBLT 76%
6 (PBLGyg-b-PBLT ), 68%
7 (PBLG,0-b-PBLT,q); 63%
8 PBLG,-b-PValy, 89%
9 (PBLGyp-b-PValy), 91%
10 (PBLG,y-b-PValy); 78%
11 PBLG,-b-PAla, 32%
12 (PBLGyy-b-PAlayq), 56%

E (MPa) o (MPa) € (%)
920 + 50 11.6 + 0.9 2+1
1450 + 190 20.0 + 0.9 14 +7
2000 + 240 23.6 + 3.0 16 + 2
2210 + 230 29.7 + 0.6 12+3
990 + 100 142 + 1.1 56 + 11
1330 + 250 19.1 + 2.0 70 + 7
1510 + 160 233+ 1.8 86 + 14
660 + 20 102 + 02 6+1
840 + 200 132 + 02 9+1
1520 + 400 21.7 + 0.6 131
240 + 40 5.1+ 04 3+S
1650 + 190 260 + 2.8 18+9

“The a-to-f} conversion values for PBLT, PVal, and PAla were determined from peak deconvolution of FTIR spectra. *Data represent the mean of
at least three replicate experiments. E: Young’s modulus measured at 30 °C. o: Ultimate tensile strength measured at 30 °C. e: Elongation at break

measured at 30 °C.

not initially incorporated into f-sheet nanocrystals. During
stretching, some of these strands likely reorganize with
neighboring strands into p-sheets, aligning and locking
together through interstrand hydrogen bonds under the
applied tension. This reconfiguration organizes polymer chains
into structures with enhanced intermolecular interactions,
thereby increasing the material’s resistance to further
deformation. More pronounced strain hardening was observed
in these samples during tensile tests conducted at 100 °C
(Figure S23a,b)—a condition that enhances chain “slipping”.
A similar phenomenon was also found in (PBLGy,4-b-
PBLT,y), under the same conditions (Figure S$23c,d).
Although this mechanism requires further validation, it implies
that the initial reduction of f-sheet formation in unstressed
conditions may provide a ‘reserve’ of structural reorganization
potential, which can be activated upon stretching. This
adaptive reconfiguration of molecular structure under stress
underscores the dynamic potential of multiblock copolypeptide
materials, signifying their capacity for mechanical adaptation—
an essential attribute for applications aiming to mimic the
remarkable properties of natural spider silk.

Tailoring Mechanical Profiles with g-Sheet-Forming
Amino Acids. Spider silk’s diverse amino acid composition
enables a broad spectrum of mechanical properties, each
tailored to specific functional needs. Utilizing advanced helical
ROP-NCA techniques, we have expanded the chemical
domains of block copolypeptides by incorporating f-sheet-
forming amino acids like valine (Val) and alanine (Ala), which
are known for their distinct folding propensities (Figure
54,d).”*™>® The detailed synthesis procedures and 'H NMR
characterizations of these polymers are provided in the SI
(Materials and Methods, Table S1, and Figures S42—S46).

Similar to the trends observed in longer-chain (PBLG-b-
PBLT), polymers, (PBLGy-b-PValy), (x = 1, 2, and 3)
copolypeptide films exhibited controlled temperature-induced
a-to-f transformation as evidenced by FTIR and WAXS, with
a f-sheet conversion of 80—90% in the PValy, segments
(Figure Sb, Figures S24 and S25, and Table S2). This led to
the enhancement of material properties and morphological
tunability as the number of repeating blocks increases from 1
to 3 (Figure Sc and Figure S26). This outcome is particularly
noteworthy given the relatively short polymer chain length,
even for (PBLG,-b-PValy));. Further investigations into
(PBLGyy-b-PAla o), (x = 1 and 2), as illustrated in Figure

Sef, underscore the versatility of our synthetic and processing
strategy. Interestingly, in multiblock architectures, the PAla
block of (PBLG,,-b-PAla,y,), shows a significantly higher yield
of a-to-f transformation compared to (PBLGy-b-PAla,y),
(Figure Se and Figures S27 and S28), resulting in an
approximately S-fold increase in ultimate strength (Figure
Sf). A detailed comparison of mechanical benchmarks—
ultimate strength, extensibility, and tensile modulus—across
various copolypeptide compositions and from multiple
measurements is summarized in Table 1.

Table 1 demonstrates that, generally, tensile modulus,
ultimate strength, and extensibility increase with the number
of repeating blocks in the same copolypeptide compositions.
This trend is primarily attributed to the multiblock design and
the formation of f-sheet nanostructures, rather than merely to
an increase in the molecular weight of the polypeptide chains.
To prove this, we synthesized random copolypeptides of
P(BLGys-r-BLTy5) 1500 (Figure S29a), comprising 50% BLG
and 50% BLT residues, with a total degree of polymerization of
1200, as a control group. Contrary to the block copolypeptides,
the P(BLGgs-r-BLT(s) 1200 chains retained an a-helical
conformation during hot-pressing at 160 °C (Figure S29b).
Despite having a similar molecular weight and composition to
the (PBLG,gy-b-PBLT,(); films, the random copolypeptide
P(BLGys-r-BLTy) 500 exhibited considerably lower ultimate
strength and extensibility (Figure S29c). The absence of f-
sheet structures in this polymer, crucial for reinforcing
mechanical strength, underscores this observation. This control
experiment demonstrates that the multiblock architecture,
rather than the molecular weight alone, plays a pivotal role in
enhancing the mechanical properties of the copolypeptide
materials.

Regardless of the types of f-sheet-forming blocks used—
PBLT, PVal, or PAla—the ultimate strength measured at 30
°C for our multiblock film samples appears to peak at
approximately 30 MPa, with the tensile modulus reaching
between 1.5 and 2 GPa (Table 1). These values are on par

430
431
432

with most regenerated silk or polypeptide-based mimics of 4s1

spider silk, typically produced through wet-spinning methods
or slow solution casting.13’17’82’83 In contrast, the thermome-
chanical processing of our multiblock films is simple, fast and
solvent-free, applicable to various -sheet-forming polypeptide
designs. Furthermore, our DMTA measurements on these film
samples (Figure S30), specifically (PBLG,y-b-PValy);, and
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Figure 4. Balancing strength and ductility through copolypeptide
compositions. (a) Schematic of the designed (PBLG,o-b-PBLT,),
multiblock copolypeptides, depicting an increase in the number of
repeating blocks. (b) FTIR-ATR spectra of the multiblock
copolypeptide films following the in situ @-to-f transition, confirming
structural changes. (c) Tensile stress—strain curves of (PBLG,gg-b-
PBLT,q), films at 30 °C, highlighting variations in mechanical
properties with changes in block numbers. (d, e) POM (left) and
TEM (right) images showing the surfaces and microtome-sectioned
structures of (PBLGygy-b-PBLT,0); (d) and (PBLG,go-b-PBLT,q0)5
(e) films, respectively. (f) High-magnification TEM image of the
microtome sections of the (PBLG,0y-b-PBLT,q); film, revealing
detailed nanostructures and f-sheet distribution. The films were
fabricated through hot-pressing at 160 °C to achieve maximum a-to-f
conversion.

458 (PBLGyq-b-PAla,y,),, demonstrate that incorporating different
459 f-sheet-forming amino acids allows for tunability of the
460 modulus at elevated temperatures. Notably, (PBLG,o-b-
461 PAla, o), maintains a GPa-level storage modulus even when
462 heated to 180 °C. The detailed tensile behaviors of these
463 different fB-sheet-forming blocks at elevated temperatures will
464 be discussed in a separate report.

465 While our film materials currently do not achieve the
466 ultimate stren§th of natural spider silk, which ranges from 140
467 to 1500 MPa,”* largely due to absence of chain orientation and
468 cysteine-based covalent cross-linking, their notable extensibility
469 and adaptability highlight the innovative potential of these
470 copolypeptides with transformable structures. To further
471 enhance their mechanical properties, we experimented with a
472 prestretching technique that applies approximately 70% strain
473 at 100 °C to (PBLG,0y-b-PBLT,); films, effectively doubling
474 their ultimate tensile strength from 22 to 45 MPa (Figure S31).

~
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Figure S. Expanding the amino acid library for multiblock p-sheet
materials. Synthetic route of (a) PVal-based multiblock copolypep-
tides using SIMPLE polymerization methods and (d) PAla-based
multiblock copolypeptides using crown ether (CE)-catalyzed
polymerization methods. FTIR-ATR spectra of the (b) (PBLG,-b-
PValy,), and (e) (PBLGq-b-PAla,q), multiblock copolypeptide films
with increasing number of repeating blocks after in situ a-to-f
transition by annealing. Tensile stress—strain curves for (c) (PBLG,,-
b-PValy), and (d) (PBLGyy-b-PAla,y), films at 30 °C. The films
were fabricated through hot-pressing at 200 °C to achieve maximum
a-to-f# conversion.

POM analysis of the stretched film confirmed the orientation 475
of liquid crystalline domains postdeformation (Figure S32). 476
Additionally, it is well-established that producing thinner fibers 477
can significantly enhance a polymer’s strength,*>*® and 478
evidence suggests that the smaller diameters of spider silk 479
contribute substantially to its exceptional tensile strength.”* 4so
Therefore, it is anticipated that extrusion techniques, which 481
process these transformable copolypeptide materials into 4s2
fibers, could achieve significant increases in mechanical 483
strength due to the orientation of copolypeptides along the 4s4
fiber axis and the nature of fracture mechanics. 485

Our study also demonstrates that moving beyond the natural 486
poly(Ala) constructs found in spider silk, the introduction of 4s7
novel f-sheet-forming amino acids paves the way for custom- 488
designed copolypeptide mechanical profiles, offering the 4s9
potential to tailor these materials for targeted functional 490
demands. Future efforts will focus on unraveling the complex 491
relationship between amino acid composition and material 492
properties, their performance at high temperatures, and their 493
ability to mimic the remarkable strain-induced hardening 494
observed in spider-silks. Such insights will likely set the stage 495
for the development of a new class of biomimetic materials 496
suitable for demanding, high-performance applications. 497
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49 l CONCLUSIONS

499 Inspired by the design principles of spider silk, our study has
500 advanced the development of block copolypeptides that exhibit
so1 substantially enhanced mechanical properties. Traditional
s02 methods for processing f-sheet structures, like wet spinning
503 or solution casting from regenerated silk, typically require
504 harsh chemicals or involve cumbersome, multistep procedures,
s0s creating substantial challenges for scalability and industrial
s06 viability. We have overcome these hurdles by employing a
507 novel conformational confinement strategy during f-sheet-
so8 forming polypeptide synthesis. This approach enables a
509 controlled a-to-f transition via a straightforward solvent-free,
s10 hot processing method, facilitating systematic exploration of
s11 spider-silk-like multiblock architectures and the influence of
s12 diverse monomeric units on material properties. Our multi-
513 block series, (PBLG,gy-b-PBLT,q,),, has demonstrated marked
s14 improvements in strength and ductility, attributed to an
s15 optimized balance of a-helical and p-sheet contents. This
s16 optimization has led to significant mechanical enhancements
517 and morphological transformations, highlighting the effective-
s18 ness of precise molecular design in tailoring polypeptide
s19 properties to meet specific demands.

520  Furthermore, by employing autoaccelerated helical ROP-
521 NCA polymerization, we have increased the versatility of these
522 synthetic materials by the incorporation of various f-sheet-
523 forming amino acids. The strategic integration of different
524 amino acids has enabled the development of tunable
525 mechanical profiles, expanding the potential applications of
526 our materials. This research represents a step toward bridging
527 the gap between fibrous proteins and synthetic polypeptides—
528 not only mimicking the mechanical properties of biological
529 materials but also extending the capability to tailor them for
530 specialized applications. Future research will aim to further
531 enhance these responsive properties, promoting the emergence
s32 of a new class of high-performance, silk-inspired materials the
533 embody the resilience and adaptability of natural spider silk.
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