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Inspired by a diverse array of hierarchical structures and mechanical function in spider silk, we leverage
building blocks that can form non-covalent interactions to develop mechanically-tunable and water-
responsive composite materials via hydrogen bonding modulation. Specifically, self-assembling peptide
blocks consisting of poly(B-benzyl-L-aspartate) (PBLA) are introduced into a hydrophilic polyurea system.
Using these peptide-polyurea hybrids (PPUs) as a hierarchical matrix, cellulose nanocrystals (CNCs) are
incorporated to diversify the self-assembled nanostructures of PPUs through matrix-filler interactions. Our
findings reveal that higher PBLA content in the PPUs reduces the magnitude of the stiffness differential due
to the physical crosslinking induced by the peptide blocks. Additionally, the inclusion of CNCs in the PPU
matrix increases the storage modulus in the dry state (Ed’ry) but also diminishes the wet-state modulus
(Ewet) due to the shift of physical associations from peptidic arrangements to PBLA-CNC interactions,
Received 1st November 2024, resulting in variations in the morphology of the PPU/CNC nanocomposites. This molecular design strategy
Accepted 5th February 2025 allows for the development of adaptable materials with a broad range of water-responsive storage modulus
DOI: 10.1039/34me00177] switching (E{jry - E\,’Vet), spanning from ~70 MPa to ~400 MPa. This investigation highlights the potential of
harnessing peptide assembly and peptide-cellulose interactions to achieve mechanical enhancement and
rsc.li/molecular-engineering water-responsiveness, providing insights for engineering next-generation responsive materials.

Design, System, Application

We present a bio-inspired strategy for engineering water-triggered, mechanically adaptive materials that draws inspiration from the tunable properties of
spider silk. Our design focuses on developing a new class of water-responsive nanocomposites that utilize a peptide-containing polymer matrix combined
with nanocellulose. By leveraging non-covalent interactions and dynamic hydrogen bonding similar to spider silk, we can achieve a diverse range of
architectures and mechanical responses. This molecular design approach enables the nanocomposites to exhibit reversible changes in storage modulus
when exposed to water, with values spanning from approximately 70 MPa to 400 MPa depending on the extent of peptide—cellulose interactions and
hierarchical arrangements. The potential applications of these materials are vast, including biomedical devices, smart textiles, and aerospace structures,
where adaptability and responsiveness to moisture are crucial. Our work will offer a deeper understanding of how molecular-level design can inform
systems-level functionality, driving forward the development of next-generation smart materials.

1. Introduction responsive materials can change their mechanical properties
(e.g., storage modulus) upon exposure to an aqueous
environment, holding great potential for diverse application
fields, including biomedical devices, smart textiles, aerospace
A e s ) ) ) structures, and adhesives.”” These mechanically-adaptive
electricity, and magnetic fields.”” Water is an ideal trigger, polymeric materials are often developed viz a composite

particularly for biological applications, because it is a safe approach by introducing hydrophilic nanocellulose (i.e.,
and ubiquitous stimulus for living organisms." Water- filler) into a continuous polymer matrix, such as

poly(ethylene oxide-co-epichlorohydrin) (EO-EPI),® poly(vinyl
“ Department of Materials Science and Engineering, University of Delaware, 127 acetate),’ polybutadiene,"’ natural rubber,’ and
The Green, 201 Dupont Hall, Newark, Delaware, 19716, USA. polyurethane.“ In these systems, their water-triggered
Ermail: lkorley@udel.edu modulus switching is driven by disruption of reversible

b . . R N
Department of Chemical and Biomolecular Engineering, University of Delaware, .
150 Academy Street, Newark, Delaware, 19716, USA hydrogen bonds. Thus, the extent of hydrogen bonding plays

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ a crucial role in the mechanical response to water. Despite
10.1039/d4me00177j the development of various mechanically-adaptive materials,

Stimuli-responsive materials are an exciting area of research
due to their ability to change their shape and properties upon
application of external triggers, including heat, light, water,
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the range of mechanical properties and sensitivity (i.e., the
magnitude of their stiffness change) is still limited,
hindering their practical use as smart materials.®" Tackling
these challenges necessitates new molecular design
approaches  toward modulating hydrogen  bonding
arrangements and enhancing our fundamental
understanding of the relationship between structural
organization and water-adaptive properties.

Currently, a promising strategy towards developing
responsive systems with tailorable mechanical performance
is to harness self-assembly and non-covalent interactions
(e.g., hydrogen bonding) as seen in biological systems.'* For
instance, spider silk exhibits tunable mechanical properties
and stimuli-responsiveness because of its self-assembling
motifs, which provide a wide array of hydrogen bonding
arrangements. Inspired by the hierarchical arrangements in
spider silk, self-assembling peptide motifs have been used as
building blocks in conventional polymeric materials to tailor
microstructure and mechanical properties and to generate
responsive behavior."*™"® Peptides exhibit an array of
hierarchical structures and properties via modulation of their
secondary structures (e.g., o-helix and B-sheet).>*" Natural
polypeptides from silk fibroins containing B-sheet crystals
were introduced into poly(vinyl alcohol) (PVA) to induce
water-responsiveness.”> In these hybrids, B-sheet crystals
served as a “permanent”, crosslinked network that was
unaffected by the presence of water, while PVA aided the
formation of hydrogen bonds in amorphous regions, which
were easily dissociated by water molecules. The introduction
of B-sheet crystals enabled a shape change when exposed to
water. This research suggests that peptides can serve as an
architectural motif to induce water responsiveness in
passive materials and can provide an opportunity to tailor
responsive properties. Furthermore, peptides have been
integrated into polyurethanes/polyureas to broaden their
mechanical and stimuli-responsive properties."””*°  For
example, the Hu group employed peptide-containing block
copolymers [poly(y-benzyl-L-glutamate)-b-poly(propylene
glycol)-b-poly(y-benzyl-i-glutamate)triblocks] as the soft
segment of polyurethanes to develop thermo-responsive
materials with high extensibility (>1600%)."> The Young's
modulus and the ability to recover to the original shape
increased with increasing peptide content due to the
“pseudo” hard segment character of the peptide blocks. As
another example, our group utilized a peptide-polyurea
platform where poly(B-benzyl-L-aspartate)-b-
poly(dimethylsiloxane)-b-poly(B-benzyl-.-aspartate) was the
soft block in traditional non-chain extended polyureas to
investigate the role of peptide secondary structure and
hierarchy on thermo-responsive, shape memory behavior."”
This research demonstrated that an increase in shape
memory response (e.g., shape fixity) is driven by a
synergistic effect of a phase-separated morphology and
peptide secondary conformation. These studies of peptide-
polymer hybrids highlight the potential of nature's building
blocks to serve as handles to tailor mechanical properties
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and heat-triggered responsive behavior. However, the
influence of peptidic ordering and hierarchical arrangement
on water-responsive mechanics in peptide-polymer hybrids
remains an open question.

One pathway toward tailoring water-responsive properties
in peptide hybrid materials is to employ co-organization with
nanomaterials via non-covalent interactions.**** For
example, the mechanical properties of silk fibroins were
altered through the addition of cellulose nanofibers (CNFs).>®
Strong and selective interfacial interactions between silk
fibroins and CNFs led to the formation of “shish kebab-like
hierarchical nanostructures. This interlocked, network
morphology contributed to an increase in the Young's
modulus (from 8 GPa up to 30 GPa) and strength (from 86
MPa up to 260 MPa). Additionally, these wunique
nanostructures induced added functionality (e.g., high water
flux, water permeation) that highlighted their potential for
nanofiltration applications. With this framework, new
strategies can be envisioned to tune self-assembly,
mechanics, and water-adaptive response via nanostructured
architectures driven by non-covalent interactions.

Towards the goal of hierarchical, peptide hybrid
nanocomposites, we designed a hydrophilic, non-chain
extended, poly(ethylene glycol)-based polyurea matrix

containing poly(p-benzyl-L-aspartate) (PBLA) blocks within the
soft segment. The peptide content was modulated to vary
hydrogen bonding arrangements in these peptide-polyurea
hybrids (PPUs). Cellulose nanocrystals (CNCs) were
incorporated into the PPUs to tailor self-assembly and expand
their water-responsive behavior. Herein, we aim to elucidate
the role of hierarchical architectures in water-triggered
mechanical response. This exploration of the interplay
between hierarchical architectures and water-induced,
mechanically-adaptive properties will provide insight toward
the design of next generation responsive materials with
environmentally-tunable properties.

2. Experimental section
2.1. Materials

Anhydrous N,N-dimethylacetamide (DMAc, anhydrous,
99.8%, packaged under Argon) was purchased from Fisher
Scientific LLC. Tetrahydrofuran (THF, anhydrous, >99.9%)
and reagents including B-benzyl-i-aspartate  (BLA),
triphosgene, 1,6-hexamethylene diisocyanate (HDI), and
dibutyltin dilaurate (DBTDL) were obtained from Sigma-
Aldrich. All solvents and reagents above were used as
received. o,®-Bis(amine)poly(ethylene glycol) (PEG, 2000 g
mol ™) was purchased from Sinopeg (China) and was dried
under vacuum at ~80 °C for 3 hours and then at room
temperature for 16 hours prior to use. pB-Benzyl-i-aspartate
N-carboxyanhydride (BLA-NCA) was synthesized according to
established  literature  procedure.”®  TEMPO-cellulose
nanocrystals (CNCs) with a carboxyl group content of 2.0
mmol g~ were obtained from Cellulose Lab (Canada). These
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CNCs had dimensions of 5-20 nm in width and 140-200 nm
in length.

2.2. Synthesis of poly(f-benzyl-L-aspartate)-b-poly(ethylene
glycol)-b-poly(B-benzyl-L-aspartate) (PBLA-b-PEG-b-PBLA)

PBLA-b-PEG-b-PBLA triblock copolymers were synthesized via
amine-initiated NCA ring-opening polymerization.”” The
polymerization was conducted in a nitrogen (N,) atmosphere
glovebox. BLA-NCA (6.1 g, 24 mmol), and a mixture of THF
and DMAc in a volumetric ratio of 1:3 (31 mL) was added in
an oven dried 100 mL round-bottom flask equipped with a
magnetic stirrer and a condenser. To the BLA-NCA solution, 1
g (0.5 mmol) of PEG predissolved in 29 mL of 1:4 THF:
DMACc solution was added. The mixture was stirred at room
temperature for 24 hours before precipitation into diethyl
ether. The precipitate was filtered, washed with diethyl ether
three times, and then dried under vacuum until constant
weight was obtained.

2.3. Synthesis of non-chain extended PBLA-PEG-based
polyurea hybrids

Using the PBLA-b-PEG-b-PBLA triblock as the soft segment,
non-chain extended peptidic polyureas (PPUs) were
synthesized. For a polyurea control (PEG-HDI PU), only PEG
was used as the soft segment. For all samples, an isocyanate/
amine ([NCO]J:[NH,]) ratio of one was used. The desired
peptide content was achieved by adding an excess of PEG
and modulating the ratio of PBLA-b-PEG-b-PBLA to PEG in
the following eqn (1):*°

XMppra ) (1)
XMppLa + YMprg + ZMupi

wt% (PBLA) = 100 x (

where x, y and z are the molar quantities of the PBLA, PEG,
and HDI, respectively, and Mppra, Mprg and Mpyp; are the
molecular weights of PBLA, PEG and HDI, respectively. As
reported previously,?® all non-chain extended PBLA PPUs and
the control were synthesized in a nitrogen atmosphere
glovebox via step-growth (condensation) polymerization.
Briefly, the PPU with 20 wt% of PBLA content was
synthesized by adding HDI (0.46 g, 2.8 mmol) and 15 ml of 1/
2 THF/DMAc to an oven dried 100 mL round bottom flask
equipped with a magnetic stirrer and a Virgreux condenser.
The triblock (1.84 g, 0.2 mmol) and PEG (5.16 g, 2.6 mmol)
were predissolved in 46 mL of 1:3 THF: DMAc solution with
5 drops of DBTDL (catalyst), and then added dropwise to the
flask for around 1 hour using a dropping funnel. This
solution was stirred for 24 hours at 60 °C and then
precipitated into diethyl ether. The precipitate was filtered,
washed with diethyl ether three times, and then dried under
vacuum until constant weight was obtained (around 2 days).

2.4. Preparation of PPU/CNC nanocomposite films

The PPU/CNC nanocomposites were prepared via solvent
casting and subsequent thermal treatment. First, PPUs were
dissolved in 1:3 THF:DMAc at a concentration of 50 mg
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ml™ by overnight stirring at room temperature. Next, the
aqueous CNC dispersions were re-dispersed in DMAc via a
solvent-exchange process.' 2829 The PPU/CNC
nanocomposite films containing 10 wt% of CNCs were
prepared by adding CNCs into the polymer solutions. These
mixtures were stirred overnight and cast into Teflon dishes.
The dishes were placed in a hood for around 10 days to
evaporate the solvent, and then placed in a vacuum oven at
60 °C (above the PEG melting point) for 1 day and at room
temperature for 2 days to remove any residual solvent and
obtain the equilibrium nanostructures. The neat PPU and
control films were prepared similarly. The average thickness
of the dried films was ~0.15 mm.

2.5. Molecular weight characterization

"H nuclear magnetic resonance ("H NMR) spectrum of PBLA-
b-PEG-b-PBLA triblock was recorded on a Bruker 600 MHz
spectrometer using DMSO-ds; J 2.5 as the solvent, and the
block length of PBLA in the PBLA-b-PEG-b-PBLA was
calculated using end-group analysis: § = 7.3 ppm (Harom),
5.7-5.2 ppm (Hpenzyi), 4.6 ppm (0-CH,-), 3.9 ppm (188H, CH,-
CH,0), 3.1 ppm (B-CH,-).

To characterize the number-average molecular weight (M,,)
and dispersity (P = M,/M,) of neat PPU samples, gel
permeation chromatography (GPC) measurements were
performed on a TOSOH Bioscience EcoSEC Elite system
equipped with TSKgel columns (three SuperH and one
SuperAW5000 columns) and a refractive index (RI) detector.
DMAc with 0.5 wt% lithium bromide (LiBr) was used as the
eluent at a flow rate of 0.4 mL min™" at column temperature
of 50 °C. A calibration curve was obtained using six
poly(methyl methacrylate) (PMMA) standards (4760 g mol™;
9150 g mol™; 30780 g mol™; 146500 g mol™*; 260900 g
mol™; 675500 g mol™*). PMMA standards were used instead
of PEG standards due to the limited solubility of higher
molecular weight PEG (~30000 g mol™) in this GPC solvent
system.

2.6. Attenuated total reflection - Fourier transform infrared
spectroscopy (ATR-FTIR)

ATR-FTIR spectra were obtained using a Thermo Nicolet
NEXUS 470 FTIR spectrometer with a Smart Orbit Diamond
ATR accessory. All spectra of the dried films were collected
averaging 128 scans with a resolution of 4 cm™ in the range
of 400-4000 cm™". To determine the secondary structures in
each resultant film, the acquired ATR-FTIR spectra were
analyzed in the amide I region (1700-1600 cm'). The spectra
were baseline-corrected to eliminate background noise. Then,
characteristic absorption peaks corresponding to the a-helix
and B-sheet structures were identified via second derivative
analysis, which aids in resolving overlapping peaks in the
amide I band and improving the precision of peak
identification. A peak appearing at 1620-1645 cm ' was
indicative of B-sheets, whereas a peak at 1650-1660 cm ™" was
assigned to a-helices. To quantify the fraction of each

This journal is © The Royal Society of Chemistry and IChemE 2025
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secondary structure, the amide I band was deconvoluted into
Gaussian curves using Origin Lab software. The relative
fraction of a-helices to B-sheets was calculated using the
following eqn (2):

A1650—1660Cm’1

x100(%) (2)
A1620-1645cm T A1650-16600m 1

where Ajgr0-1645cm- and Ajeso-16s0em- iNdicate the integral
areas under the peaks in the ranges of 1620-1645 cm™' and
1650-1660 cm ™, respectively.

2.7. Differential scanning calorimetry (DSC)

DSC experiments were performed on a TA instruments
Discovery series calorimeter. The dried films were tested at a
heating rate of 10 °C min™" over the temperature range of
-80 to 160 °C under a N, atmosphere. The degree of
crystallinity was calculated by dividing the melting enthalpy
of each sample by the enthalpy of melting required for a
100% crystalline PEG sample (AH, = 196.8 ] ¢ *).*”

2.8. Wide-angle X-ray scattering (WAXS) and small-angle
X-ray scattering (SAXS)

WAXS and SAXS data were collected using a Xenocs Xeuss 2.0
type of instrument. X-ray were generated at 50 kV/0.6 mA at a
beam wavelength of 1.542 A (Cu Ko radiation). A sample-to-
detector distance was adjusted to 72 and 550-1200 mm for
the WAXS and SAXS measurements, respectively. The
scattered beam was recorded on a CCD detector with a pixel
resolution of 172 x 172 um. The scattering patterns of dried
films were recorded over 15 minutes of exposure time at
room temperature. Using Foxtrot 3.4.9., 2D patterns were
azimuthally integrated to obtain the scattering intensity as a
function of scattering vector, g, where ¢ = 4nsin(6)/2 and 260
is the scattering angle. Origin 9.6 was utilized for data
processing.

2.9. Atomic force microscopy (AFM)

The AFM images of dried films were taken on a Bruker
Multimode in tapping mode in air. Bruker antimony doped
silicon tips (320 kHz, 125 um) were used. 1 um x 1 pm and 2
pm x 2 um images were collected with 256 scans per line at a
frequency of 1 Hz. All images were processed using the
Bruker Nanoscope Analysis 1.5 software.

2.10. Tensile testing

Tensile testing was conducted on a Zwick mechanical testing
instrument equipped with a 100 N load cell. For the testing,
all dried films were cut into a dog bone shape according to a
modified ASTM D1708 with the dimensions scaled down by a
factor of 2. All samples were elongated to failure at room
temperature in constant strain mode with a strain rate of
100% of the initial gauge length per minute. Mechanical
properties and stress-strain curves were averaged from at
least three sample measurements.

This journal is © The Royal Society of Chemistry and IChemE 2025
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2.11. Swelling behavior

Prior to dynamic mechanical analysis (DMA) testing, the
degree of aqueous swelling of the dried films was calculated
gravimetrically by measuring their weight before and after
immersion in deionized water (DI water) at room
temperature for 24 h and using the following eqn (3):"*

weight of wet sample —weight of dry sample
weight of dry sample

x100%  (3)

To minimize the error in measuring the swelling ratio, the
wet samples were placed on a filter paper to wick the water
from the surface of the swollen samples before weighing.

2.12. DMA

The water-responsive mechanical properties of all dried
samples were determined using an RSA-G2 solid analyzer (TA
Instrument) equipped with a submersion chamber that
enabled measuring of the storage modulus while the films
were immersed in DI water. All samples were dried under
vacuum at room temperature prior to DMA testing. Tests
were conducted in tensile mode using with a strain of 0.2%
and a fixed frequency of 1 Hz under isothermal conditions at
room temperature (21-24 °C). Also, all tests were performed
in triplicate and error bars were plotted to indicate standard
deviations.

3. Results and discussion

3.1. Molecular design for water-responsive PPU/CNC
nanocomposites

In this research, the influence of hierarchical arrangements
on the water-responsive mechanical properties of polyureas
was investigated via two pathways: 1) the incorporation of
peptide motifs into a water-soluble PEG-based polyurea,
yielding PPUs, and 2) the addition of cellulose nanocrystals
into the series of PPU matrices.

Specifically, we used peptide-based triblocks (ABA-type
triblocks) as the soft segment of non-chain extended
polyureas (Fig. 1), where A refers to a PBLA peptide block and
B is a semi-crystalline PEG. The 'H nuclear magnetic
resonance ("H NMR) spectrum of the triblock confirmed the
average PBLA repeat length of ~21 (Fig. S1t). For the hard
segment, HDI was employed without a chain extender. The
non-chain extended polyureas were chosen to mitigate the
impact of the hard domain on the water-responsive behavior
so that the soft segment arrangements can be considered as
the primary factor affecting the microphase-separated
morphology and properties of PPUs. Also, water-soluble PEG-
based polyurea was used to examine the role of peptidic
ordering on water-responsive properties. The PBLA weight
fraction was controlled to probe the relationship between
hierarchical ordering and water-triggered storage modulus
changes in the neat PPUs. Moreover, 10 wt% of CNCs were
incorporated into the PPU matrices to investigate the impact
of matrix-filler (PPU-CNC) interactions on the hierarchical
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Fig. 1 (A) Overview of the PPU synthesis process, which is utilized as the matrix material in our nanocomposite system. (B) Step-by-step
illustration for the preparation of the PPU/CNC nanocomposite film, highlighting the formation of hydrogen bonding interactions between the

PPU and CNCs.

organization and mechanical response of PPU/CNC
nanocomposites. For the nomenclature, An-X was used for
the PPUs and An-X/CNCY was employed for the PPU/CNC
nanocomposites, where A indicates non-chain extended
peptide-polyurea hybrids consisting of PBLA-b-PEG-b-PBLA as
the soft segment, 7 is the peptide repeat length (21), X is the
peptide weight fraction in the resultant sample (20 or 40
wt%), and Y is CNC content (in wt%). The control film
without PBLA was denoted as PEG-HDI PU. The molecular
weight and dispersity of the series of PPUs and the control
are listed in Fig. S2.}

268 | Mol Syst. Des. Eng., 2025, 10, 264-278

3.2. Characterization of hydrogen bonding arrangements:
peptide secondary structure and matrixfiller interactions

To examine the PBLA secondary structures present in all
dried films, ATR-FTIR analysis was conducted. Specifically,
the amide I band (1600-1700 cm™'; associated mainly with
carbonyl (C=0) stretching) was utilized to identify the
peptide secondary structure due to its sensitivity to peptide
conformation and hydrogen bond patterns.*® B-sheets and
o-helices are stabilized through inter- and intra-molecular
hydrogen bonding, respectively. B-sheets appear between

This journal is © The Royal Society of Chemistry and IChemE 2025
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1620 and 1645 cm™', whereas o-helices exhibit an
absorption band at 1650-1660 cm *.*'* Fig. 2 shows that
all neat PPUs (A21-20 and A21-40) exhibit two distinct
peaks at 1633 and 1659 c¢cm ', indicating the presence of
both B-sheets and o-helices. The intensity of the two peaks
was modulated with increasing PBLA content, which is
indicative of an increased PBLA volume density. The
relative fraction of a-helices to B-sheets in A21-20 and A21-
40 was 0.51 and 0.48, respectively. The ratio of f-sheet to
o-helical content remained ~50/50 although the PBLA
content increases. This trend is different from our previous
investigation where poly(e-carbobenzyloxy-r-lysine)n-b-
poly(ethylene glycol)-b-poly(e-carbobenzyloxy-L-lysine) (PZLL-
b-PEG-b-PZLL) was used as a soft segment.”” In these
peptide-polyurea hybrids, the a-helix content was 58% at
20 wt% of the overall peptide weight fraction, and the
o-helical conformation dominated with increasing peptide
content to 40 and 60 wt%. The secondary structure in
peptide-containing block copolymers is generally influenced
by several factors: 1) the chemical structure of the peptide
segment, 2) the volume fraction of each block, and 3) the
structure, polarity, and molecular weight of the adjacent
polymer block.'”***3%** Unlike PZLL, which predominantly
forms o-helical conformations, PBLA tends to adopt both
a-helical and P-sheet structures.”” The benzyl ester side
groups in PBLA introduce additional hydrophobicity
compared to PZLL, which significantly affects its self-
assembly behavior. The propensity of PBLA to form B-sheet
structures and its preference for intermolecular hydrogen
bonding in these PPUs systems also may be attributed to
the lower PEG molecular weight (~2000 g mol™). Lower
molecular weight PEG is less readily crystallized, promoting
greater phase mixing between the PEG and PBLA segments
compared to analogous PPUs with a higher PEG molecular
weight.*> This enhanced phase mixing facilitates the

0.6 - A21-20 — A21-40
— — A21-20/CNC10 — — A21-40/CNC10

1633 cm™
1659 cm™

e
a
L

Normalized absorbance (a.u.)
o
N
:

a-helix

ﬁ-si:1eet

0 T T T 1
1700 1675 1650 1625 1600

Wavenumber (cm™)

Fig. 2 ATR-FTIR spectra of PPUs (solid lines) and PPU/CNC
nanocomposites (dash lines) in the amide | region (1700-1600 cm™) to
identify peptidic ordering with varying the PBLA and CNC content.
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formation of B-sheets and intermolecular hydrogen bonding
in PBLA.

The addition of 10 wt% CNCs to A21-20 caused the
absorption peaks at 1633 and 1659 cm™' to weaken and
broaden (Fig. 2), indicating disruptions in the organization of
the PBLA segments. A similar trend was observed for A21-40/
CNC10. These findings suggest that the presence of CNCs
introduces new hydrogen bonding interactions (Fig. 1B) that
compete with PBLA-PBLA hydrogen bonding, disrupting
PBLA segment organization. Overall, the ATR-FTIR results
reveal that hydrogen bonding arrangements can be readily
varied through altering peptide structure and content, and
promoting peptide-CNC interactions. This flexibility in
peptide-based systems allows fine-tuning of molecular
interactions, influencing phase separation, ordering, and
morphology—key factors in mechanical and stimuli-
responsive properties.'”?”*® Further details on hierarchical
organization are discussed in section 3.3.

3.3. Identifying structural organization across multiple length
scales

DSC was used to explore the influence of physical
associations on the phase separation behavior of PPUs and
PPU/CNC nanocomposites. First heating and cooling curves
of all dried samples are shown in Fig. 3A, and the analyzed
DSC data are summarized in Fig. 3C. The PEG
homopolymer (~2000 g mol™) typically undergoes melting
at around 50 °C and crystallization at 20-30 °C.*”*® The
control, non-chain extended PEG-HDI polyureas displayed a
PEG melting temperature (T,,) at 42-45 °C with a percent
crystallinity of 40%. This crystallinity is considerably lower
than in PEG-HDI polyureas (86%) with a higher molecular
weight PEG segment (3400 g mol™"), which was previously
reported.”” Similarly, in chain-extended poly(ethylene oxide)
(PEO)-based polyurethanes, a decreased soft segment (PEO)
molecular weight resulted in a less pronounced melting
transition and a lower crystallinity within the soft phase
because the shorter PEO block tends to crystallize less in
the segmented polyurethanes.®® It also is important to
highlight that the PEG-based polyurea control exhibited an
absence of hard segment melting temperature, which is
likely a result of extensive associations between the PEG
and hard blocks (urea linkages).”® This observation is in
contrast to non-chain extended polyureas consisting of
poly(dimethyl siloxane) (PDMS), which underwent a hard
segment melting transition at around 85-90 °C due to
incompatibility between the PDMS blocks and urea
linkages."”

The introduction of the PBLA block reduced the T, to
~40 °C and the PEG crystallinity below 30%, indicating that
the PBLA segment hinders PEG crystallization. As the PBLA
content increases from 20 to 40 wt%, the crystallinity was
gradually reduced from 28% to 21%, but the T, was
essentially constant (~40 ©°C). The reduction of PEG
crystallinity with increasing PBLA weight fraction implies an
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Fig. 3 DSC thermograms of PPUs and PPU/CNC nanocomposites during (A) first heating and cooling cycles and during (B) second heating and
cooling cycles. (C) Table summarizing the DSC analysis results: the PEG melting temperature (T,,,) and PEG percent crystallinity (AH,,/AHo where
AH,, is the enthalpy of fusion of the PEG segment and AH, is the enthalpy of fusion of a 100% crystalline PEG, which is 196.8 J g3).27 In the

second heating cycles, cc indicates cold crystallization.

increase in phase mixing through hydrogen bonding
interactions between the PBLA and PEG blocks.>”*° As we
speculated in the ATR-FTIR analysis, the shorter PEG block
and higher PBLA content can lower PEG crystallinity and
induce the increased associations between the soft segments,
which may hinder the formation of a-helical structures and
promote inter-molecular hydrogen bonding arrangements.
Interestingly, in the first cooling curve (Fig. 3A), the PEG
crystallization temperature (7.) disappeared and a glass
transition began to emerge below —50 °C with increasing
PBLA content from 20 to 40 wt%, indicating that the re-
formation of the crystalline PEG domain is prevented at the
higher PBLA fraction.”® Furthermore, in the second heating
curve (Fig. 3B), the glass transition (-52 °C) and subsequent
PEG cold crystallization (T, = -19 °C) were observed only in
A21-40. Cold crystallization occurs below T, when
supercooled molecules that are not crystallized and exist in a
frozen amorphous state begin to form crystal nuclei as
temperature increases above T,.'' Polymeric materials
exhibiting cold crystallization generally tend to have a slow
rate of crystallization.”> Unlike the A21-40, the cold
crystallization behavior was not seen in PPUs with a longer
PEG soft segment (3400 g mol™") and 40 wt% of peptide
(poly(e-carbobenzyloxy-i-lysine)).>” The shorter PEG segment
(2000 g mol™) used in this investigation can facilitate phase
mixing between the PEG and PBLA blocks and reduce the
rate of crystallization, hindering the PEG crystallization at the
cooling rate of 10 °C min™" and subsequently leading to an
amorphous soft phase. It is worth noting that the thermal
treatment (ie., drying at 60 ©°C) suppresses the cold
crystallization as depicted in the first heating curve,
indicating that a relatively slow cooling enables PEG
crystallization.”® Thus, this further examination of DSC data
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supports the assertion that the molecular weight of the PEG
block and the peptide content have a significant impact on
PEG crystallization and phase separation.

Upon 10 wt% CNC loading into A21-20, the Ty, and PEG
crystallinity remained relatively constant (Fig. 3A), suggesting
that the CNCs have limited interactions with the PEG
segment.** In contrast, CNC incorporation into A21-40
reduced the Ty, to 35 °C from 40 °C with a slight decrease in
the enthalpy of fusion (AH,,) of the PEG segment and the
PEG percent crystallinity due in part to moderate interactions
between the PEG and CNCs.”® The first cooling cycles
(Fig. 3A) highlight that CNC incorporation significantly varied
the PEG crystallization behavior. For A21-20/CNC10
composites, the T. considerably increased to 12 °C from -4
°C for the neat A21-20. In A21-40/CNC10 composites, the
crystallization peak appeared at ~-4 °C, in contrast to the
pure A21-40 in which T, is absent. The earlier onset of PEG
crystallization and the appearance of a crystallization peak
suggest that the CNCs act as nucleating agents in the PPU/
CNC nanocomposites, which also was observed in
conventional cellulose-reinforced polymers.**** Additionally,
a smaller cold crystallization peak was observed in the
second heating curve of A21-40/CNC10 compared to the
second heating curve of A21-40 (Fig. 3B) as a result of the
CNC nucleation.”® Overall, the DSC results illustrate that
increasing PBLA content in neat PPUs induces more phase
mixing and diminishes PEG crystallinity, whereas the
presence of CNCs in PPUs minimally impacts the PEG
crystallinity due to modest PEG-CNC interactions.

While the DSC data provide indirect information on
structural variations upon PBLA and CNC incorporation
into non-chain extended PEG-based polyureas, WAXS is a
powerful tool to elucidate the crystal structure of the PEG
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block and peptide secondary structures. As seen in
Fig. 4A, intense and sharp diffraction peaks arose at 26 =
19.2° (0.46 nm) and 23.4° (0.38 nm), corresponding to
(120) and (032) crystal plane reflections of PEG
crystallites.”””*® This observation suggests that PEG chains
are crystallized in the PPUs, which is consistent with the
DSC results. As the PBLA content varied from 20 to 40
wt%, the PEG crystalline peak intensities were reduced,
indicating that a higher PBLA content leads to a decrease
in the PEG crystallinity due in part to increased physical

associations between PBLA and PEG segments or
increased phase mixing.>”?’ CNC addition into PPU
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matrices did not alter the PEG crystalline peak positions
and intensities, indicating that CNC incorporation does
not change the crystal structure of PEG. The PEG
crystallization behavior from WAXS as a function of PBLA
and CNC content agrees well with the DSC analysis.
Probing reflections at lower scattering angles in WAXS
provides information on secondary conformations present in
the neat PPUs and PPU/CNC nanocomposites. For peptide-
containing materials, the reflection peak at ~4.9° (g = 3.48
nm™', a distance of 1.80 nm) is assigned to the distance
between backbones in the antiparallel, intermolecular
hydrogen-bonded B-sheets, while the peak at ~6° (g = 4.37
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Fig. 4 Characterization of hierarchical structures of PPUs and PPU/CNC nanocomposites from nano- to micro-scale: (A) WAXS data probing the
crystallization behavior of the soft phase (i.e., PBLA and PEG segments). (B) 1-D SAXS profiles of PPU and PPU/CNC films with varying PBLA and
CNC content. (C) AFM phase images of the surface of dried PPU and PPU/CNC nanocomposite films (2 x 2 pm).
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nm™', a distance of 1.47 nm) is indicative of o-helical
arrangements.”® For all of the neat PPU samples, a broad
reflection peak appeared in the region of 20 = 4.0-8.0°
(Fig. 4A). The appearance of this broad peak may result from
the overlap of B-sheet and a-helix reflections, supporting the
existence of a mixture of -sheets and o-helices as observed
in the ATR-FTIR spectra (Fig. 2). The peak intensity increased
with increasing PBLA content, indicating enhanced peptidic
organization within the soft phase. In the neat PPUs, the
emergence of PEG and PBLA crystalline diffraction peaks
indicates that PBLA domains are not completely compatible
with PEG domains and all PPU samples exhibit some degree
of phase segregation.*’”' Interestingly, in the composite
films (A21-20/CNC10 and A21-40/CNC10), the reflection
peaks related to o-helices and B-sheets disappeared,
signifying the disruption of peptidic ordering as a result of
extensive PBLA-CNC interactions. This finding agrees well
with the ATR-FTIR results (Fig. 2). Thus, the WAXS results
reveal that: 1) the neat PPUs exhibit both PEG crystallinity
and PBLA ordering, and 2) the CNCs preferentially interact
with the PBLA blocks compared to the PEG segments in the
PPU/CNC composites, reducing peptidic ordering.

While the WAXS studies revealed the molecular
organization at the angstrom scale, SAXS experiments were
carried out to explore the nanometer-scale organization of
the PPU/CNC composites. SAXS is widely used to evaluate the
domain spacing and the degree of phase separation in
polymeric materials.”*>* A two-phase model is typically
adopted to interpret the SAXS data of traditional segmented
polyureas and polyurethanes, involving ordered hard and
amorphous soft phases.”> On the basis of ATR-FTIR, DSC,
and WAXS results, PPUs are better represented by a pseudo
three-phase system comprised of crystalline PEG domains,
ordered peptidic domains, and mixed phases (i.e., the hard
segments hydrogen bonded with the soft segments).
Furthermore, the peptide block itself has the ability to
display long-range ordering and microstructure via physical
interactions, such as hydrogen bonding and n-n stacking.’®
As a route to analyzing the SAXS data of PPUs, the rigid
PBLA block was considered as a part of the hard domain,
and thus, the d-spacing in this system indicates the spacing
of “pseudo” hard domain.”” The inter-domain spacing (L =
2n/q) was calculated using Lorentz-corrected SAXS
curves.”>*®%% As illustrated in Fig. 4B, A21-20 and A21-40
displayed a single, broad peak at ¢ ~0.7 nm™ (L = ~9 nm),
denoting microphase segregation and long-range ordering.
Increasing PBLA loading resulted in peak broadening, which
provides evidence of a wider distribution of pseudo hard
domains or a more phase-mixed morphology in the A21-40
film compared to the A21-20 film.***® Upon CNC loading,
the reflection peak of the A21-20 and A21-40
nanocomposites disappeared, which was attributed to a
reduction in the regularity of the nanodomain and/or a larger
domain size exceeding the detector limit.*>>” These SAXS
results reveal that the existence of peptidic ordering in PPUs
leads to hierarchical assembly, while the occurrence of PBLA-
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CNC interactions in PPU/CNC composites causes shifts in
structural organization.

To visualize and assess the microphase-separated
morphology, AFM was employed. The morphology of
polyurea and polyurethane materials generally depends on
hydrogen bonding organization within the soft and hard
blocks and the degree of incompatibility between soft and
hard blocks.>® Fig. 4C displays phase images of dried PPU
and PPU/CNC films where brighter regions (higher modulus)
correspond to crystalline domains and CNC particles, and
darker areas (lower modulus) represent the amorphous
phase.

The neat PPUs exhibited droplet-like hard domains that
are randomly dispersed in a continuous soft phase. In A21-
20, some droplets with irregular sizes were interconnected
with short rods (indicated by yellow circles in Fig. S3t). For
A21-40, discontinuous, bright spots (islands) were dispersed
in the continuous soft phase. Furthermore, the increase in
PBLA content yielded a dominant soft phase (i.e., larger dark
areas than bright areas), which may be driven by variations
in the hydrogen bonding arrangements (Fig. 2) and the
degree of phase separation (Fig. 3, 4A, and B).°*®> The
morphologies observed in these PPUs are in contrast to
traditional polyurea and peptide-polyurea systems where rod/
ribbon-like morphologies were formed as a result of the self-
assembly of hard or pseudo hard (hard and peptide)
segments."” This discrepancy can be attributed to the lack of
well-defined hard domains via extensive hydrogen bonding
between the soft and hard segments and phase mixing within
the soft segment through PBLA-PEG interactions in the
PPUs. This outcome supports the importance of the extent of
interactions within a soft segment and/or between soft and
hard segments on the morphology of hybrid materials.

A different morphological landscape emerged upon CNC
incorporation into the PPU matrices due to the replacement
of PBLA-PBLA interactions by PBLA-CNC hydrogen bonding
(Fig. 2). At the lower peptide content (20 wt%), the PPU/CNC
composites exhibited irregular droplets/platelets and
interlocking nanorods (~10 nm in width) (Fig. 4C and S37).
Interestingly, “shish kebab™-like nanostructures appeared in
A21-20/CNC10 (indicated by yellow circles in Fig. S31).
Similar morphologies were reported in silk fibroin/cellulose
nanofiber nanocomposites, stemming from the preferential
organization of the crystalline and amorphous domains of
the silk along the cellulose via their physical associations and
axial distribution of crystalline planes.* In contrast, the PPU/
CNC nanocomposites with the higher peptide content (40
wt%) formed ripple-like structures, which also is likely as a
consequence of the self-assembly of the matrix along CNC
nanorods. Thus, matrix—filler associations led to hierarchical
structural transitions. Similarly, morphological shifts upon
CNC addition were reported in other polymer/cellulose
nanocomposites where interactions between polymer
matrices and cellulose are responsible for the microstructure
of composites.®”®® Thus, the AFM images illustrate that the
self-assembled morphology in this material platform highly
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depends on hydrogen bonding arrangements influenced by
peptidic ordering and matrix-filler interactions. In the
following sections, how these variations in hierarchical
organization influence the mechanical response are
highlighted.

3.4. Elucidating relationships between hydrogen bonding
arrangements and tensile mechanical properties in PPUs and
PPU/CNC nanocomposites

The impact of hierarchical structures on the mechanical
properties of PPUs and PPU/CNC nanocomposites was
explored via tensile testing at room temperature, which is
between the PEG T, and T, of all dried films. Hydrogen
bonding arrangements play a critical role in the mechanical
behavior of polymeric materials.®* On the basis of previous
studies of polyurethane-based material systems,”’**°>%° it
was expected that three major factors would determine the
mechanical properties of a series of PEG-based PPUs and
their nanocomposites: 1) soft segment ordering driven by
PEG crystallinity and peptide secondary structure, 2) matrix—
filler and/or filler-filler interactions induced by CNC
incorporation, and 3) the microphase-separated morphology
of resultant materials. Fig. 5 displays the stress-strain curves
and details the tensile properties, including Young's
modulus, yield strength, strain-at-break, and toughness, of
all the samples. All PPUs and PPU/CNC nanocomposites
underwent elastic deformation, yielding, necking, and strain
hardening (i.e., increasing stress during deformation), which
is indicative of well-ordered structures in the resultant
samples.®”” Specifically, under tensile stress, the elastic
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amorphous component first undergoes deformation,
followed by yielding and necking of spherulites and crystal
lamellae, and finally strain hardening up to failure as a
result of large scale orientation of chain molecules and
lamellar crystals.”” For the neat PPUs, the higher PBLA
content slightly increased elongation but diminished Young's
modulus, yield strength, and toughness, which can be
ascribed to the lower PEG crystallinity and the increased
phase mixing between PEG and PBLA segments. A similar
argument was reported in PEO-containing polyurethane and
peptide-polyurea systems where a phase mixed morphology
led to a lower yield strength.””®®®” These previous studies
also proposed that PEO crystallites contribute to an
enhancement in stiffness and toughness by serving as a
load-bearing phase. This load-bearing behavior was more
apparent in A21-20 with the higher PEG crystallinity
compared with the A21-40, evidenced by a strong tendency
to neck during the deformation process and less
extensibility. The PPU/CNC nanocomposites (Fig. 5) exhibited
a higher Young's modulus compared to the corresponding
PPU matrices, although the PEG crystallinity remained
relatively unchanged upon CNC incorporation (Fig. 3 and
4A). This observed behavior may stem from their
morphological shifts to either interlocking or interconnected
structures (Fig. 4C and S37) driven by additional filler—filler
interactions and/or variations in hydrogen bonding
arrangements from PBLA-PBLA to PBLA-CNC associations
(Fig. 2 and 4A). Moreover, the nucleation effect of CNCs
(Fig. 3) can facilitate the formation of more compact
interconnected nanostructures.** The elongation-at-failure of
PPU/CNC composites decreased compared to the neat PPUs.

20 4 A21-20
— A21-20/CNC10

—— A21-40
— — A21-40/CNC10

- -
o wn
1 1

Engineering Stress (MPa)
s

0 100 200 300 400 500 600 700 800 900

Engineering Strain (%)

Young's modulus |Yield strength | Strain-at-failure | Toughness
(MPa) (MPa) (%) (MJ/m?®)
A21-20 311 +55 8+1 756 +18 777
A21-20/CNC10 397 £13 101 738 +47 78 +13
A21-40 95+ 11 4+03 886 + 52 47 + 6
A21-40/CNC10 276 +£39 7+05 676 +47 35+4

Fig. 5 Averaged stress-strain curves of dried PPU and PPU/CNC films (the shaded area around each curve represents the error bars, indicating the
variability from the average values calculated from three independent tests). Table summarizing the tensile mechanical properties (i.e., Young's
modulus, yield strength, strain-at-failure, and toughness) of dried PPU and PPU/CNC films.
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This reduction was more evident in A21-40/CNC10, which is
a likely result of more pronounced PBLA-CNC interactions
with increasing PBLA content, restricting the chain mobility
during deformation.

To facilitate understanding of the mechanism of
mechanical reinforcement in PPU/CNC nanocomposites,
their Young's moduli were compared with theoretical moduli
predicted from both percolation and Halpin-Tsai (HT)
models.®®®® At 10 wt% of CNCs (above the percolation
threshold = 0.7/4%, where A* is the CNC aspect ratio ~10), the
experimental values of the nanocomposite films lie on or
slightly below the modulus given by the HT model (Fig. S47).
This finding suggests that CNCs are randomly and
homogenously dispersed in the PPU matrices, and matrix-
filler interactions are predominant over filler-filler
interactions.®””" These favorable interfacial interactions
between PPUs and CNCs may lead to an increase in the
actual critical percolation threshold, preventing the
formation of a 3D CNC network at 10 wt% of CNCs in PPUs.”
Thus, prevalent PBLA-CNC hydrogen bonding significantly
influenced not only self-assembly, but also mechanical
behavior in PPU/CNC nanocomposites, suggesting that
peptide-CNC interactions can be leveraged to tailor the
mechanical properties in the dry state. Thus, it is anticipated
that the hierarchical structures also will be correlated to the
mechanical response to water.

3.5. Exploring the water-responsive behavior in mechanically
tunable PPU-based materials: water uptake performance and
mechanically adaptiveness

Water-responsive materials require absorption of water to
alter their shape or properties. Hence, before exploring the
mechanical response to water, we examined the aqueous
swelling behavior of the dried films. The PEG chains are
generally water-soluble and form loose coils in water as a
result of hydrogen bonding between the ether oxygen atoms
of PEG and hydrogen atoms of water molecules.”> We
observed that the PEG-based polyurea control without the
PBLA blocks dissolved in water, preventing measurement of
the degree of swelling. This behavior was expected due to the
absence of a well-defined hard domain (i.e., physically
crosslinked network). Upon incorporation of the relatively
hydrophobic PBLA segments, the films began to swell in
water, indicating that the PBLA domains act as a physically-
crosslinked net-point.”* As shown in Table S1, the uptake of
water decreased from 780% to 195% with increasing PBLA
content from 20 wt% to 40 wt%, which signifies decreased
hydrophilicity. PBLA contains benzyl ester groups on the side
chain, which can reduce water accessibility to the PBLA
domains and stabilize physical crosslinking junctions in
water. Remarkably, these non-chain extended PPUs exhibited
a fast water absorption speed (within a minute) and a high
swelling ratio compared to conventional thermoplastic
polyether-based polyurethanes, which typically require ~5
minutes to reach equilibrium water uptake (0.6%).* Upon
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CNC addition into the PPU matrices, the maximum swelling
ratio increased to 1080% for A21-20/CNC10 and 380% for
A21-20/CNC20 (Table S1t), which can be ascribed to the
presence of abundant hydroxyl groups on the CNC surface.™
These results highlight that the addition of PBLA and/or CNC
to conventional polymers enables tuning of water transport
performance.

The water-responsive mechanical behavior of PPU and
PPU/CNC films was investigated via DMA. Fig. 6A depicts the
storage modulus (E') of PPUs and PPU/CNC nanocomposites
as a function of time at room temperature. Upon immersion
in water, all the PPU and PPU/CNC samples underwent a
drastic reduction in the storage modulus. In peptide-
containing materials and polymer/cellulose nanocomposites,
the driving force for stiffness decrease upon exposure to
water is generally the disruption of hydrogen bonding by
water molecules.”'"*® Water molecules disrupt primarily
filler-filler and matrix-filler interactions and weakly-bound
hydrogen bonding (amorphous regions) in a polymer
(matrix), but they tend not to diffuse into the physically-
crosslinked net-point (e.g., hard domains, f-sheet
crystals).7’9‘“’22’74‘75

While the E' in the dry state (Edy) of A21-20 was higher
than that of A21-40 due to the higher PEG crystallinity in
A21-20, the E' in the wet state (Ege) of A21-20 was lower
than that of A21-40. Increasing the PBLA content (A21-40)
decreases hydrophilicity and allows for the formation of
additional net-points or pseudo hard domains via peptidic
ordering, leading to less disruption of the hydrogen-bonded
domains by water molecules and resulting in only a slight
reduction in the E,..>* It is noteworthy that PEG crystallinity
is not linearly related to the wet-state storage modulus in
PPUs. A21-20, which has a higher PEG crystallinity, exhibited
a lower stiffness most likely due to the dominant influence of
peptidic ordering on the mechanical behavior in the wet
state. This observation suggests that PEG chains act as
switching-points, whereas the PBLA blocks serve as the net-
points in our material platform.

In contrast, the Eéry of all nanocomposites were higher
than that of the corresponding PPU matrices as a result of
CNC reinforcement, whereas the Eye; of all
nanocomposites were lower compared to the neat PPUs.
These lower moduli of the nanocomposites are likely
associated with variations in their hydrogen bonding
arrangement. Based on ATR-FTIR and DSC data, CNC
incorporation results in the disruption of peptidic ordering
and a slight decrease in PEG crystallinity through PPU-CNC
hydrogen bonding. These hydrogen bonding arrangements
may be easily disrupted by water molecules, promoting more
softening.  Additionally, the  morphology of the
nanocomposites constructed via self-assembly of the matrix
along CNC nanorods may facilitate the diffusion of water
molecules. Thus, our water-responsive mechanical results
highlight that modulating hierarchical organization via
leveraging non-covalent interactions can be a design strategy
to tailor mechanical response.

values
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Fig. 6 (A) Storge modulus changes of the PPU and PPU/CNC films as a function of time. The samples were immersed in water ~5 minutes after

testing started. (B) Bar graphs summarizing the water sensitivity, AE(Egry—Ewet). (C) Comparison of storage modulus in the dry state (Egry) and
water sensitivity (AE) of our materials (the PPUs and PPU/CNC nanocomposites: star shapes) with other reported polymer nanocomposites
consisting of 10 wt% NC.*71%68 Oyr material platform exhibits a wide range of mechanical properties and water sensitivity.

To further evaluate the water-responsive mechanical
adaptability quantitively, the difference between Egry and Eyet
(AE = Ery — Eyec) was used, which is a measure of the water-
responsive sensitivity.” Fig. 6B shows that an increased PBLA
content diminishes AE, suggesting that peptide motifs
control the sensitivity. On the contrary, the addition of CNCs
led to a significant increase in the AE, indicating the higher
sensitivity of the nanocomposite compared to the matrix
material due to the increased dynamic hydrogen bonding
sites. Interestingly, the AE differential between the neat PPUs
and PPU/CNC nanocomposites was more drastic at higher
PBLA content. The AE of A21-40/CNC10 was 4.5% higher than
that of A21-40, whereas the AE of A21-20/CNC10 was ~2x
higher than that of A21-20. This difference can be ascribed
to a change in the extent of matrix-filler interactions.
Increasing the PBLA content allows for more hydrogen
bonding sites associated with CNCs. The presence of more

This journal is © The Royal Society of Chemistry and IChemE 2025

PBLA-CNC interactions can lead to a more significant change
in the AE, revealing that the matrixfiller interactions can be
controlled through varying the peptide content in the
peptidic hybrid/cellulose nanocomposites. Thus, this finding
implies that peptide-cellulose interactions can be used as a
handle to tailor the sensitivity to water. Furthermore, the
tunable sensitivity of our material platform extends beyond
the property space of water-responsive, mechanically-adaptive
polymer/cellulose  nanocomposites reported previously
(Fig. 6C and Table S21). Our matrix materials (PPUs) exhibit
water-triggered softening behavior, unlike conventional
polymer matrices (AE = ~ zero), emphasizing the potential of
peptide motifs in the design of tunable water-responsive
materials. Overall, this water-responsive behavior highlights
that our engineering strategy allows for the development of
adaptable materials with tunable stiffness changes, ranging
from ~70 MPa to ~400 MPa.
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Fig. 7 Representative PPUs (A21-20) and PPU/CNC nanocomposites (A21-20/CNC10) showing the reversible variation of the storage modulus
during drying-wetting-drying-wetting cycles. Throughout the drying cycle, the films were left to air-dry in ambient air at room temperature for

180 min.

The reversibility of mechanical response using A21-20 and
A21-20/CNC10 also was probed. Upon removal of water
(Fig. 7), the E' increases gradually and recovered almost to
the original E' value, indicating the re-formation of
disassociated hydrogen bonds. A subsequent wetting step
indicates the reversible disruption of this hierarchical,
hydrogen-bonded morphology. Thus, E' can be reversibly
switched between the wet (water exposure) and dry states
(water removal) in these PPU/CNC nanocomposites.

4. Conclusion

In this research, we have successfully demonstrated the
molecular design of silk-inspired nanocomposites for
engineering water-responsive and mechanically switching
materials. This new class of nanocomposites, comprised of a
peptide-containing polymer matrix and nanocellulose,
exhibited diverse hierarchical ordering and tailorable water-
responsive behavior through modulation of the extent of
matrix-filler interactions. Unlike conventional matrix
materials in water-responsive nanocomposites, our matrix
materials (i.e., PPUs) displayed tunable modulus switching in
response to water. The water sensitivity (AE) of PPUs was
dictated by the peptidic ordering, which served as physically-
crosslinked junctions. Higher PBLA content increased the
density of the peptide phase, thereby diminishing the water
sensitivity. Incorporating CNCs into the PPUs varied the
hydrogen bonding arrangements and morphologies of PPUs
primarily via peptide—cellulose interactions, amplifying their
mechanical stiffening and softening effects in the dry and
wet states, respectively. These new non-covalent interactions
yielded interlocking morphologies, increasing water
sensitivity compared to the PPU matrices. Our material
platform enabled the development of adaptive materials with
an extended range of water-responsive storage modulus
differential, ranging from approximately 70 MPa to 400 MPa.
This research highlights that precise control of peptidic
ordering and peptide-cellulose interactions enables tuning of
not only mechanical performance, but also water sensitivity.
This design approach can be applied to other synthetic,

276 | Mol Syst. Des. Eng., 2025, 10, 264-278

passive polymers to create dynamic materials for diverse
applications, including smart textiles, membranes, soft
robots, and scaffolds.
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