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Peptide-Reinforced Amphiphilic Polymer Conetworks

Sara T. R. Velasquez, Daseul Jang, Peter Jenkins, Peng Liu, Liu Yang, LaShanda T. J. Korley,

and Nico Bruns*

Amphiphilic polymer conetworks (APCNs) are polymer networks composed of
hydrophilic and hydrophobic chain segments. Their applications range from
soft contact lenses to membranes and biomaterials. APCNs based on poly-
dimethylsiloxane (PDMS) and poly(2-hydroxyethyl acrylate) are flexible and
elastic in the dry and swollen state. However, they are not good at resisting
deformation under load, i.e., their toughness is low. A bio-inspired approach
to reinforce APCNs is presented based on the incorporation of poly(S-benzyl-
L-aspartate) (PBLA) blocks between cross-linking points and PDMS chain seg-
ments. The mechanical properties of the resulting peptide-reinforced APCNs
can be tailored by the secondary structure of the peptide chains (f-sheets or

a mixture of a-helices and f-sheets). Compared to non-reinforced APCNs,

the peptide-reinforced networks have higher extensibility (53 vs. up to 341%),
strength (0.71 £ 0.16 vs. 22.28 + 2.81 MPa), and toughness (0.10 £ 0.04 vs.

up to 4.85 £ 1.32 M) m~3), as measured in their dry state. The PBLA peptides
reversibly toughen and reinforce the APCNs, while other key material proper-
ties of APCNs are retained, such as optical transparency and swellability in
water and organic solvents. This paves the way for applications of APCNs
that benefit from significantly increased mechanical properties.

1. Introduction

Amphiphilic polymer conetworks (APCNs) are cross-linked
polymers that swell in both aqueous and organic solvents
due to their molecular structure composed of hydrophilic and
hydrophobic chain segments.l! Their properties can be tai-
lored to suit a wide range of applications including soft contact
lenses,!?l biomaterials,®l drug-delivery materials, catalyst sup-
ports,®l sensors [ light-responsive membranes,/! self-sealing
breathable membranes,® pervaporation and chiral separation

membranes,) antifouling coatings,'”) and
as luminescent solar concentrators for
solar cells.™ APCNs are two-component
polymeric networks containing a hydro-
philic and hydrophobic phase, often in
a  co-continuous nanophase-separated
morphology’?l  Covalent cross-linking
prevents macroscopic demixing. There-
fore, APCNs are macroscopically homo-
geneous and optically transparent.[’2]
The ratio of hydrophobic to hydrophilic
phase dictates their swelling, perme-
ability and mechanical properties, so
that these properties can be tuned by
the composition of the monomer feed
during polymerization.'*] Bruns and
co-workers previously synthesized poly(2-
hydroxyethyl acrylate)-linked  by-polydi-
methylsiloxane (PHEA-I-PDMS) networks
as thin coatings and free-standing mem-
branes, finding they were flexible
and elastic materials in wet and dry
states.*812¢13] However, these and other
APCNs have limited stretchability and
often break at low extensions, i.e., they are not tough, which
limits their application. Highly stretchable APCNs could be
ideal materials, e.g., for biomedical implants, for wound cov-
erings, or for breathable membranes in textiles. However, pre-
vious studies have not explored methods to reinforce APCNs
in detail.

Polymeric networks that swell in aqueous solvents are
hydrogels. Therefore, APCNs are a subclass of hydrogels that
also swell in organic solvents.*d Conventional polymeric
hydrogels display relatively poor mechanical properties, with
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strength of =10 kPa,™ in comparison to natural hydrogels such
as elastin, resilin and tendon collagen, with strength of 2000,
3000, and 150000 kPa, respectively.”! The low mechanical
properties of synthetic hydrogels limit their wider applications
and usage.l'® For example, hydrogels require a strength of
=~1000 kPa for continuous load bearing scenarios in, e.g., tissue
engineering.*®! Other applications where tough hydrogels
and, potentially, APCNs are interesting include soft robotics
(muscle-like actuators,!”l electrically assisted actuators,®!
jelly fish soft robots,”) wearable electronics,?” tissue engi-
neering,?! drug delivery,??l elastomeric materials,’?? and water
evaporation membranes.[®!

Several methods were used in previous publications to
reinforce and toughen hydrogels, including the use of mecha-
nophores that lengthen polymer chains in response to applied
forces, 12! by creating polymer networks with a high concentra-
tion of chain entanglements,’¥ the use of ionically and cova-
lently cross-linked networks,?’! the use of polyzwitterions as
building blocks for polymer networks,?%l and the creation of
hierarchical architectures by freezing-assisted salting-out treat-
ment.[*’ Hydrogels that contain hydrophilic and hydrophobic
domains, and therefore resemble APCNs, have been success-
fully reinforced by coupling chemistry,?®! by the incorporation
of nanoparticles,’?’l as nanocomposites through hydrophobic
association,B% by self-assembly of micelles,®! by using star
polymers,?4 and by the formation of interpenetrating,®* tetral®4
or sliding ringl® networks. Each approach aimed to improve
the mechanical properties of the polymer network by incorpo-
rating a secondary mechanism of energy dissipation into the
materials. However, most methods to reinforce hydrogels often
reduce their stretchability.? Amphipilic polymer conetworks
with very high stretchability have been achieved by incorpo-
rating dynamic covalent bonds and triblock copolymer micelles
into hydrogels,3%l and by synthesizing APCNs with PDMS seg-
ments separated by PEG segments, in which the hydrophobic
interactions of the PDMS segments act as mechanical “fuse
link”.137]

Some natural materials, including spider silk and collagen,
combine both high modulus or yield strength and toughness
(energy needed to fracture) that are typically mutually exclu-
sive.®® Nature achieves this through hierarchical secondary
structures of protein domains that unfold under mechanical
load.**®3 Tnspired by the toughening mechanisms of natural
protein-based materials, some synthetic materials such as poly-
urethanes or hydrogels reinforced with peptides or proteins
have been developed.[?#*% For example, ABA triblock copoly-
mers with polyethylene glycol (PEG) or polydimethylsiloxane
(PDMS) as the middle B block and poly-f-benzyl-L-aspartate
(PBLA) or poly-ybenzyl-L-glutamate (PBLG) as the A blocks can
tune the mechanical properties of polyurethanes.““¢*l Bioin-
spired peptide-polymer or protein-polymer hybrids combine
the structural hierarchy found in natural materials with syn-
thetic macromolecules to augment mechanical properties.[“’]
The secondary peptide structure determines the thermal
and mechanical properties of these materials.*0¢ef42 The
intra-molecular hydrogen bonds of crhelices, the inter-chain
hydrogen bonds of Bsheets, as well as the hierarchical struc-
tures that form in peptides are responsible for the increase in
toughness and stiffness of these materials, as the non-covalent
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bonds can unravel in response to mechanical forces and reform
when the materials relax.[#02b.d43]

Here, we present bioinspired peptide-reinforced APCNs in
which hydrophobic crosslinkers, consisting of a central PDMS
block and short PBLA homopeptide blocks at each chain end
(PBLA-b-PDMS-b-PBLA triblock copolymers), cross-link hydro-
philic PHEA chains. Structurally and chemically, these APCNs
resemble the well-established PHEA-I-PDMS APCNs, but con-
tain additional peptide blocks between the cross-linking points
and the PDMS chain segments. The peptides form, depending
on the degree of polymerization of PBLA, f-sheets or a mix-
ture of orhelices and f-sheets. These motifs provide hydrogen
bonding and hence reinforcement for energy dissipation,
thereby increasing the mechanical properties of the materials.
We analyzed in depth the effect of the hydrophobic to hydro-
philic ratio and the lengths of the peptide segments on the
morphology and the thermal and mechanical properties of
the APCNs. The incorporation of the peptidic blocks into the
networks resulted in materials with substantially improved
strength, failure strain, Young’s modulus and toughness.

2. Results and Discussion

2.1. Synthesis of Non-Peptidic and Peptidic Amphiphilic
Polymer Conetworks

PHEA-I-PDMS APCNs were selected as the base material
for this research because they are flexible and elastic in the
dry and in the swollen states at room temperature.’? Non-
peptidic PHEA-I-.PDMS samples were prepared as reference
materials with a commercial bifunctional ¢,@methacrylate-
functionalized PDMS macromonomer (with a number
average molecular weight (M,) of 4500 — 5500 g mol™ fol-
lowing previous reports.’*12¢# The peptidic crosslinkers
were o,@-methacrylate functionalized ABA triblock copoly-
mers consisting of a central PDMS block flanked on each
side with PBLA blocks (PBLA,-b-PDMS-b-PBLA,) of either
x = 5 or 20 repeating peptide units (Figure 1A). As previously
reported for polyurea materials using similar PBLA,-b-PDMS-
b-PBLA, block copolymers,*d the number of BLA repeating
units determines the secondary structure of the peptide blocks
(Figure 1B). Mostly B-sheets were formed when there were less
than 10 repeating units and a mixture of B-sheets and orhelix
with more than 10 repeating units.**4*] The PBLA,-b-PDMS-
b-PBLA, block copolymers were prepared by ring opening
polymerization of fbenzyl-L-aspartate N-carboxyanhydride
(BLA-NCA) from a PDMS macroinitiator with NH, groups on
each chain end and a M,, of 2500 g mol™'. The NCA polymeri-
zation yielded o,@-amine functional block copolymers. They
were converted into crosslinkers for radical polymerizations by
reacting them with 2-isocyanatoethyl methacrylate, which gave
o,w-methacrylate functionalized MA-PBLA,-b-PDMS-b-PBLA,-
MA triblock copolymers (Figure 1A).

Homogeneous monomer mixtures were achieved by hydro-
phobically masking the hydrophilic monomer HEA with a
trimethylsilyl (TMS) group, as in previous works.P*12¢4 The
resulting TMS-HEA was miscible with the PDMS-based and
PBLA-b-PDMS-b-PBLA-based crosslinkers at any ratio.
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Figure 1. Schematic depiction of the preparation of PHEA-I-(PBLA,-b-PDMS-b-PBLA,) APCNs. A) Synthesis procedure for the addition of MA end
groups to the PBLA,-b-PDMS-b-PBLA, triblock copolymers. B) Schematic depiction of the influence of the number of BLA repeating units on the sec-
ondary structure of the resulting PBLA peptide. C) Reaction scheme and depiction of the APCN preparation procedure.

APCNs were prepared as free-standing films of 150 to
300 pum thickness by UV-induced free radical copolymeriza-
tion of TMS-HEA/MA-PDMS-MA and TMS-HEA/MA-PBLA,-
b-PDMS-b-PBLA-MA with small quantities of dimethyl-
sulfoxide (DMSO) as solvent (Figure 1C and Table 1). After
photopolymerization, hydrophobic precursor networks were
obtained. They were converted into APCNs by removal of the
TMS-groups, which easily cleaved off when the networks were

swollen overnight in a 50:50 (v:v) isopropanol-water mixture,
followed by 4 h in methanol. Samples with different peptide
content and HI to HO ratios were prepared. Throughout this
work, the materials were labeled as PBLAXX_YY, where XX is
the degree of polymerization of the peptide (PBLA0O, PBLAOS
and PBLA20) and YY is the PHEA wt.% (0, 30, 50 or 70 wt.%),
assuming the same molar composition of monomers and
macromonomers in the final networks as in the monomer

Table 1. Composition of the APCNs and of the reaction mixtures used to synthesize these APCNs.

Composition of APCN [% wt]

Composition of monomer mixture [mg]

Sample PHEA PDMS  PBLA-b-PDMS-b-PBLA, TMS-HEA  MA-PDMS-MA  MA-PBLAb-PDMS-b- Initiator  Solvent DMSO
PBLA,-MA [mg] [l
PBLA00_00 0 100 - 0.0 500 - 3.0 0
PBLA00_30 30 70 - 2432 350 - 3.6 0
PBLA0O_50 50 50 - 405.4 250 - 3.9 0
PBLA00_70 70 30 - 567.6 150 - 43 0
PBLA05_00 0 100 0.0 - 500 3.0 333
PBLA05_30 30 - 70 2432 - 350 3.6 233
PBLA05_50 50 - 50 405.4 - 250 3.9 167
PBLAO05_70 70 - 30 567.6 - 150 43 100
PBLA20_00 0 - 100 0.0 - 500 3.0 667
PBLA20_30 30 - 70 2432 - 350 3.6 467
PBLA20_50 50 - 50 405.4 - 250 3.9 333
PBLA20_70 70 - 30 567.6 - 150 43 200
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Figure 2. ATR-FTIR spectra of PHEA--PDMS and PHEA-I-(PBLA,-b-PDMS-b-PBLA,) APCNs in the amide | region and WAXS data. A) APCNs with
30 wt.% PHEA and different lengths of PBLA blocks. B) APCNs with 50 wt.% PHEA and different lengths of PBLA blocks. C) APCNs with 70 wt.% PHEA

and different lengths of PBLA blocks. D) WAXS data of the APCN's.

feed. Thus, PBLAOO samples correspond to the previously
investigated PHEA-I-PDMS APCNs,*12¢*] while PBLAO5 and
PBLA20 correspond to the new class of peptide-reinforced
PHEA-I-(PBLA,-b-PDMS-b-PBLA,) APCNs. In addition to the
APCNs, samples with 0 wt.% HEA were prepared for compar-
ison of the properties.

2.2. Secondary Structure Characterization of the APCNs

The formation of orhelices and S-sheets in the peptide-rein-
forced APCNs was investigated by ATR-FTIR spectroscopy
(Figure 2A-C; Figure S1, Supporting Information), as spectral
peaks between 1600 and 1700 cm™! reveal the secondary struc-
ture of peptide segments in peptide-polymer hybrid mate-
rials. The amide I bands between 1650 and 1660 cm™ can
be assigned to orhelices and between 1620 and 1645 cm™ to
B-sheets.>*] The IR spectra of PBLAOO samples (Figure 2A-C,
green) do not show any peaks in this range as expected for
materials not containing peptides. The spectra of peptide-
containing samples (the PBLAOS5 and PBLA20 series) feature
the amide I bands. For PBLAOS, the peak corresponding to
[-sheets is predominant, while for PBLA20, the spectra reveal
a mix of orhelices and S-sheets. The PBLA20_70 contained 69%
of B-sheets and 31% of crhelices while the PBLA20_50 and
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PBLA20_30 networks contained a 1 to 1 mixture of B-sheets and
o-helices (Figure 2A-C; Table S1, Supporting Information).

Wide-angle X-ray scattering (WAXS) data was used to
additionally confirm the presence of orhelices and f-sheets.
Figure 2D shows two peaks at 26 = 12 and 22 for all the PBLAOO
samples, which belong to the PDMS and the PHEA phases,
respectively. The intensity of the 20 = 22 peak increases with
increasing PHEA content.

[B-sheets of PBLA result in WAXS peaks at 20 = 5
(@ = 0.36 A", and crhelices usually give rise to three peak,
20~ 6,11 and 12 or q = 0.45, 0.79, and 0.9 A~.19<#] In the pep-
tide-containing PDMS networks, a sharp peak for PBLA05_00
at 26 = 5 shows the presence of f-sheets only while the other
peaks in the WAXS pattern corresponds to the PDMS phase,
as deduced from a comparison with the patterns of the PDMS
networks PBLA0O.

For the PBLA20_00 we observe a sharp peak at 26 = 7, which
corresponds to orhelices, and less pronounced peaks arising
from the PDMS, most likely because they overlap with the
further peaks of the orhelical peptides. The 20 = 6 peak has
a shoulder at lower 26, indicating the presence of fB-sheets in
addition to the orhelices.

The peptide signals of the peptide-reinforced APCNs became
less pronounced with increasing PHEA content, as the peptide
content in the networks decreased. Nevertheless, the WAXS

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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patterns of all PBLAO5 APCNs show the peak for presence of
[-sheets, while the patterns of the PBLA20 series indicate a
mixture of S-sheets and orhelices. Thus, the WAXS data sup-
ports and confirms the results from IR spectroscopy.

2.3. Morphological Characterization

As the APCNs are composed of strongly incompatible polymer
chain segments, phase separation was anticipated. However,
all prepared APCNs are transparent, indicating that no macro-
scopic phase separation occurred (Figure S2, Supporting Infor-
mation). Thus, the phase separation must have occurred on the
nanoscale. Small-angle X-ray scattering (SAXS) is a useful tool
to characterize the nanophase morphology of APCNs as it pro-
vides the d-spacing, i.e., the average distance of the scattering
phases.**] SAXS measurements of the APCNs (Figure 3A)
allow determination of the d-spacing from the main peak posi-
tion (q*), as well as the radius of gyration (R,). The latter was
obtained by fitting the data to a hard-sphere interaction model,
which corresponds to the pair-distance distribution function
(PDDF). The d-spacing and R, of the peptidic APCNs was higher
than of the corresponding non-peptidic APCNs (Figure 3B).
For example, the d-spacing of PBLA05_30 was 18.7 nm and
the R, was 3.7 nm, compared to a d-spacing of 12.8 nm and
R, of 2.7 nm of PBLA00_30. A higher PHEA content of the
APCNSs led to bigger d-spacing and larger R, (Figure 3B). In
the PBLAOQS series, PBLAOS_70 had the largest domains with
a size of 21.8 nm, while in the PBLA20 series, PBLA20_70 had
a d-spacing of 26.8 nm. In comparison, the non-amphiphilic
networks PBLA05_00 and PBLA20_00 contained domains with
sizes of 10 nm. Based on these results and the results of the
measurements of mechanical properties in the following sec-
tions, it can be concluded that larger domains result in higher
elasticity of the material and a larger strain-at-break.

Atomic force microscopy (AFM) was used to visualize the
phase morphology of APCNs and to complement SAXS anal-
ysis. Phase mode AFM images of the surface (Figure 3D-F) and
of cross-sections (Figure 3G-I) of the APCNs show phase-sepa-
rated morphologies. In such images of APCNs, PDMS domains
are dark and PHEA domains appear bright.l®72134 The AFM
images of PBLA00_50 show the typical phase morphology of
PHEA-I-PDMS conetworks, which are interconnected, round
PDMS domains in a sponge-like PHEA matrix. An accumula-
tion of the PHEA on the surface is also observed, consistent
with previous reports.'?**4 On the surface of the peptide-con-
taining APCNs, domains formed on the micrometer-scale, sug-
gesting accumulation of PDMS during free radical polymeri-
zation, particularly in the case of PBLA20_50, from which we
infer that there is an effect of the PBLA length on the phase
demixing of the APCNs. However, in the bulk of the APCNS,
the domain size is much smaller (e.g., 19 and 18 nm thickness
of the PDMS domains in PBLA05_50 and PBLA20_50, respec-
tively) and correlates with the trend in d-spacing of the SAXS
analysis (i.e., that the domains for PBLA05_50 are larger). For
the PBLA05_50 APCNs, an interconnected PHEA phase with
(partially) interconnected PDMS islands is observed, whereas
the PBLA20_50 samples show an interconnected PDMS
domain in a PHEA sponge.
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Figure 3. Characterization of the morphology of dry PHEA-/-(PBLA-
b-PDMS-b-PBLA,) APCNs by SAXS and AFM. A) SAXS profiles of pep-
tide-reinforced APCNs. B) SAXS-derived domain—domain correlation
d-spacing (green) and domain sizes R, (striped orange) of the APCNs.
C—E) AFM phase mode images of APCN surfaces: C) PBLA0O_50,
D) PBLA05_50, E) PBLA20_50 F-H) AFM phase mode images of APCN
cross-sections: F) PBLA00_50, G) PBLA05_50, H) PBLA20_50. AFM
images are 5 lm X 5 itm with 2 um scale bar.

2.4. Thermal Analysis

Because of their phase-separated morphology, APCNs typically
have two glass transition temperatures (T,°), corresponding to
the hydrophobic and hydrophilic phase, which is consistent
with bicomponent polymeric systems.('d The T, of PDMS and
PHEA homopolymers are —125 and —15 °C, respectively.2¢4
The very low T, of the PDMS phase could not be measured due
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Figure 4. Characterization of the thermal properties of PHEA-/-PDMS and PHEA-/-(PBLA,-b-PDMS-b-PBLA,) APCNs by DSC and DMA. A) DSC curves
of the different samples, with the arrows indicating the glass transition temperature of each sample. B,C) DMA temperature sweep of PBLA00_50,
PBLAO05_50 and PBLA20_50 samples. B) Storage modulus, C) Loss modulus, and D) Loss factor tan 6.

to instrument limitations of the scanning calorimeter used. Dif-
ferential scanning calorimetry (DSC) revealed a T, between —1
and 40 °C for all APCN samples, corresponding to the hydro-
philic PHEA phase and the PBLA (Figure 4A). The glass tran-
sition temperatures of APCNs with 50 wt.% HEA were 6, 31,
and 39 °C for the PBLA00_50, PBLA05_50, and PBLA20_50,
respectively. These transitions are higher than the T, of pure
PHEA, indicating that the peptides as well as the methacrylate-
based crosslinks contribute to the thermal properties of the
PHEA phase. Most likely the PBLA segments are miscible
with PHEA. PBLA peptides have a T, =44 °C 047230 which is
directly related to the PBLA20 samples, which have the highest
peptide content and longer peptide chains. The PBLA20 have
a higher T, than the PBLAO5 and PBLAOO samples. A higher
content of PHEA increased the T, for the non-peptidic APCNs
while it decreased it for the peptidic APCNs. From this thermal
response and from the AFM images (Figure 3), we observe a
difference in the phase demixing between the non-peptidic and
peptidic samples, inducing a shift in the T,.

Dynamic mechanical analysis (DMA) was used to augment
the DSC measurements and to measure the stiffness (storage
modulus), viscous properties (loss modulus) and molecular
motion (loss factor tan §) of selected APCNs (Figure 4). For
the non-peptidic network (PBLA00_50), the storage modulus
(Figure 4B) drops twice (centered = -111 and = 7 °C), which is
indicative of the two glass transition temperatures. In contrast,

Adv. Funct. Mater. 2022, 32, 2207317 2207317 (6 Of15)

DMA of the peptide-containing 50 wt.% PHEA APCNs reveal
only one glass transition temperature that depends on the
number of peptidic repeating units. Below 0 °C, the peptidic
APCNs retain a higher plateau modulus than the non-pep-
tidic APCN, implying an increased hydrogen bonding (or the
formation of additional physical-crosslinks) in the APCNs.
The storage modulus of the peptidic samples starts to mark-
edly decrease above = 0 °C with the midpoint of the transi-
tion indicating a T, of 10 °C for PBLA05_50 and of 45 °C for
PBLA20_50. The 70 wt.% PHEA samples show a similar
behavior (Figure S3, Supporting Information) where a PDMS
T, could not be detected with DMA for the peptidic samples.
These APCNs have a broad glass transition temperature cen-
tered at —4 and 14 °C for PBLA05_70 and PBLA20_70, respec-
tively, which is lower than the T, of the corresponding 50 wt.%
PHEA APCNs. The absence of a glass transition temperature
corresponding to PDMS in the peptidic APCNs is somewhat
puzzling, as the SAXS and AFM data unambiguously show
two phases, proving the existence of a PDMS phase. Pos-
sibly, there are soft and hard domains, but the nature of the
phase mixture creates poorly defined transitions in the storage
modulus measurements, most likely due to the inhibition
of the mobility of the PDMS chain segments in DMA due to
the adjacent peptidic regions. This trend was also observed in
other peptide reinforced materials, such as polyurethanes and
polyureas.[-1
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The loss modulus (Figure 4C) yields information on the vis-
coelastic behavior. There are two peaks in all samples, corre-
sponding to the soft domain at low temperatures and, the hard
domain at higher temperatures. Thus, the loss modulus peaks
verify the existence of two separated phases in the peptidic and
the non-peptidic conetworks.

The loss factor tan & shown in Figure 4D reveals changes
in the chain mobility resulting from the incorporation of pep-
tides into the APCNs. The PBLA00_50 sample shows two tan
6 peaks, a small one at = —125 °C corresponding to PDMS and
a higher one at = 5 °C that corresponds to PHEA. The incor-
poration of PBLA into the APCNSs suppresses the T, of PDMS,
which is indicative of decreased PDMS mobility. This restricted
molecular mobility is likely due to a morphological shift from
interconnected morphology at thnano-scale to secondary struc-
ture/peptide-driven phase-separated morphology where one
phase is discontinuous and the other phase is continuous (as
shown in AFM phase images). This effect was also observed
when increasing the hard segment content for peptidic-poly-
urea hybrids and hierarchical polyurethane/ureas.l**“®! The
tan & peak of PBLAO5 and PBLA20 shifted to higher tempera-
tures compared to the non-peptidic APCN, which is associated
with a shift in the T, of the PHEA phase. The PBLA20 exhibits
a higher T, compared to the PBLAO5, resulting in a stiffer
material at room temperature. Furthermore, the tan 6 peak of
PBLAOS is broader than that of PBLA20, suggesting that the
PBLAOS exhibits a more heterogeneous network architecture,
due to the physical crosslinks of the B-sheets.

2.5. Swelling Behavior

Due to their amphiphilic character and because they are cross-
linked polymer networks, APCNs usually swell in aqueous and
organic solvents. To elucidate the influence of the peptides on
the swelling of the APCNs, the samples were incubated at room
temperature in water and in n-hexane, respectively, and their
volumetric degree of swelling (S,,) was measured. As expected
from previous work, non-peptidic PBLA0O swelled in both water
and hexane. Higher PHEA content increased hydrophilic, but

A 30
2.5
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)
< 20
S
< PBLA05
s 15 PBLA00
1.0
053 40 50 60 70
HEA (wt%)

decreased hydrophobic swellability (Figure 5A,B). The swelling
of the peptide-reinforced APCNs in water followed the same
trend, i.e., it increased with increasing PHEA content. In the
composition range investigated, swelling was greatest for the
70 wt.% PHEA APCNs, reaching a S, of 1.70 £ 0.07, 2.1 £ 0.4,
and 2.3 + 0.4 for PBLA00_70, PBLA05_70, and PBLA20_70,
respectively (Figure 5A). In other words, despite the presence of
the hydrophobic PDMS and the hydrophobic PBLA segments,
the APCNs swell in water. Interestingly, peptidic APCNs swell
more than non-peptidic APCNs. Despite the triblock copolymer
being considered hydrophobic, the PBLA repeating units can
form H-bonds and induce hydrophilicity in the APCNs.

Swelling of the peptide-reinforced APCNs in organic sol-
vents is governed by the hydrophilic-to-hydrophobic ratio of the
networks and by the length of the peptide blocks (Figure 5B).
For the PBLAOS series, the degree of swelling in n-hexane of
PBLA05_30 was 1.10 £ 0.05 and decreased with increasing
PHEA content because the hydrophilic-to-hydrophobic ratio of
the APCNs increased. In contrast to the PBLAOS5 samples, the
PBLA20_30, PBLA20_50, and PBLA20_70 hardly swelled at all
in the nonpolar solvent, indicating that the long peptide blocks
inhibited the swelling of the hydrophobic phase. This behavior
is interesting, as the peptides are themselves hydrophobic.
However, n-hexane is not able to disrupt the hydrogen bonds
that hold the f-sheets and crhelices together, thus the peptide
may act as a stiff scaffold, preventing the PDMS phase from
expanding due to solvent uptake.

2.6. Characterization of Mechanical Properties of
Peptide-Reinforced APCNs

2.6.1. Effect of PHEA Content and PBLA Repeat Length

The effect of the composition of the APCNs on their mechan-
ical properties was investigated, for the dry samples, with uni-
axial stress—strain measurements at a strain rate of 1 mm min™
at room temperature. As the samples will likely be used in
room temperature applications, they were tested at this tem-
perature, even though it is within the T, range of the materials.
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Figure 5. Swelling of APCNs as a function of the PHEA content and the peptide length. A) Volumetric degree of swelling S, in deionized water.
B) Volumetric degree of swelling S, in n-hexane. (Mean of n = 5 samples + SD).
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Figure 6. Mechanical data obtain from uniaxial stress—strain experiments of PHEA-[-PDMS and PHEA-/-(PBLA,-b-PDMS-b-PBLA,) APCNs measured at
1 mm min~". A) Stress—strain curves of PBLA0OO samples with different PHEA compositions. B) Stress—strain curves of PBLAO5 and PBLA20 samples
with different PHEA composition. C) Summary of the Young’s modulus and the toughness of the APCNs. D) Summary of the stress at break and
strain at break of the APCNs. Values in panel (C) and (D) represent mean values of n = 8 measurements and error bars are the standard deviation.

Films of pure PDMS networks (PBLA00_00) show rubber
elasticity with a Young”s modulus of 1.01 + 0.09 MPa. They
can be stretched to 48 + 18% strain before rupture, which cor-
responds to a toughness of 0.13 + 0.09 MJ m~ (Figure 6A-C;
Figure S4, Supporting Information). Adding 30 wt.% PHEA
increased the Young’s modulus (E) to 2.25 + 0.15 MPa while
maintaining a similar toughness of 0.10 £ 0.04 M] m™
(Table S2, Supporting Information). For the PHEA-I-PDMS
APCNS, maximum stress, strain and toughness increases and
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Young’'s modulus decreases with increasing PHEA content
(Table S2 and Figure S5, Supporting Information).

The presence of the PBLA blocks drastically altered the
mechanical properties of the APCNs (Figure 6B-D). As a
general trend, the materials became stiffer than their non-
peptidic counterparts, and their strain-at- break as well as their
toughness increased significantly. The stress—strain curves of
PBLA05_30 and PBLA20_30, reveal an elastic region at low
strain, followed by a yield region. The PBLA05_50, PBLA0S_70,
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PBLA20_50 and PBLA20_70 samples exhibit elastomeric
behavior with extensibilities ranging from 190% to 340%
depending upon composition.

PBLA05_30 had a Young’s modulus of 43 £ 26 MPa, a
strain-at-break of 73 + 42% and a toughness of 3 + 2 M] m~.
Compared to PBLA00_30, the peptides increased the Young’s
modulus 100-fold. PBLA20_30 displayed an even higher
Young’s modulus of 218 + 25 MPa, but the increase of the stiff-
ness led to embrittlement and, as a result, failure at low strains.
The differences in mechanical properties of the PBLA05_30 and
PBLA20_30 samples can be explained by the higher fraction of
[-sheets, and therefore intermolecular hydrogen bonding, in
PBLA05_30. For the APCNs with a PHEA content of 50 and
70 wt.%, the mechanical properties of APCNs reinforced with
different lengths of peptide blocks were similar, indicating that
the morphology and overall composition had a larger influence
on the mechanical properties than the difference in S-sheet
content of the PBLA segments.

The fraction of the hydrophilic phase strongly influenced
the properties of the peptide-reinforced APCNs. Increasing the
PHEA content of the materials decreased the stress-at-break
and Young’s modulus, and increased strain-at-break, most likely
because the effective concentration of the peptides in the mate-
rials decreased. The decrease in the stress-at-break and increase
in the strain-at -reak resulted in similar toughness of the 50 and
70 wt.% PHEA peptidic APCNs, which is up to 20-fold higher
than the toughness of non-peptidic APCNs of the same com-
position. These results clearly show that the peptides reinforce
the APCNs and that the mechanical properties of the materials
can be tuned by the hydrophilic to hydrophobic composition, as
well as the length of the peptide segments for APCNs with low
PHEA content. Most likely, the reinforcement stems from the
intermolecular hydrogen bonding of the fB-sheets and orhelices
as well as the morphology of the materials.

In the following sections, only samples with 50 and 70 wt.%
PHEA are further investigated as the peptide-reinforced APCNs
with a PHEA content of 30 wt.% were stiff materials that did
not display the typical elasticity of APCNs that is useful for
their applications.

2.6.2. Influence of Strain Rate

The mechanical properties of polymers often vary with external
factors such as the strain rate that in some cases, such as spider
silk, hair and polytetrafluoroethylene (PTFE), can modulate the
mechanical behavior from a rubbery to a ductile or brittle mate-
rial, based on the rearrangement of its internal structure.?
Thus, non-peptidic and peptide-reinforced APCNs were uni-
axially deformed at higher strain rates (up to 500 mm min™)
than in the previous section. There is little to no strain rate
dependency of the mechanical properties in the PBLA00_00
and PBLA00_50 samples, i.e., in the pure PDMS network
and a non-peptidic APCN (Figure 7A,B; Table S3, Figures S6,
and S7, Supporting Information). The strain—stress curves at
500 mm min! show substantial noise due to the high pulling
speed (Figure 7A,B; Figure S61,], Supporting Information).

In contrast to the non-peptidic networks, the PBLA-rein-
forced APCNs show significant strain rate hardening that
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increased with the strain rate, as well as toughening at higher
strain rates (Figure 7). The largest strain rate-dependent hard-
ening was observed for the PBLA05_50 samples. The Young’s
modulus increases from 5.8 + 2.3 to 22.3 + 6.3 MPa, the stress-
at-reak changes from 3.4 £ 0.7 to 9.8 = 1.3 MPa, and the tough-
ness increases from 4.1+ 0.9 to 14 + 4 MJ m~3 when comparing
results from uniaxial tensile tests conducted at strain rates of
1 and 500 mm min~}, respectively. For the PBLA05_70 and
PBLA20_70 APCNs, a similar strain rate hardening effect
was observed (Figures S8,5S9 and Table S4, Supporting Infor-
mation). Slow testing speeds provide sufficient time during
deformation for spatial rearrangement of the PBLA segments
without changes to their secondary structure. At higher strain
rates, the corhelices might rearrange their structure to S-sheets
thereby stiffening the APCN, similar to what has been observed
for natural protein-based materials such as hair.[2<f]

2.6.3. Cyclic Tensile Tests

The hysteresis behavior of peptide-reinforced polymers in
loading and unloading cycles of stress—strain experiments is
dictated by the cleavage and reformation of physical interac-
tions between peptide blocks, resulting in viscoelastic behavior
of the materials that enhances the mechanical properties.*0d->3]
This phenomenon is also typical for many natural peptide-
based materials, such as keratin,® hairl?*fl and supramolec-
ular systems.P3l Pure PDMS is considered to be a soft, elastic,
but low-toughness material, therefore showing no energy dissi-
pation upon deformation, i.e., no hysteresis behavior.>* To ana-
lyze the hysteresis of the APCNs, three types of cyclic tensile
tests were carried out, namely cyclic tests to 40% strain, cyclic
tests with increasing strain in the elastic deformation range
of the samples, and cyclic tests with increasing strain in the
plastic deformation range of the materials (Figure 8).
Conventional non-peptidic APCNs (PBLA00_50) are elastic
and exhibit only low hysteresis in all three types of measure-
ments. In contrast, the peptide-reinforced APCNs show sig-
nificant hysteresis loops, indicating that the peptides rear-
range during the measurements and absorb energy, which also
explains the higher toughness of the peptidic APCNs. After
the first loading-unloading cycle, the cyclic test at 40% strain
(Figure 8A,D; Figures S10 and S13, Supporting Information)
shows similar hysteresis and maximum stress for each of the
materials in each loading-unloading cycle. However, the hys-
teresis increases with the number of peptide repeating units
from 61 + 2% for PBLA05_50 to 82 *+ 5% for PBLA20_50 at
the first cycle. An explanation is that the orhelices in the latter
APCN might rearrange to [-sheets when stretched, thereby
absorbing additional energy, similarly to natural protein-based
materials.’2%f] Moreover, the morphology varies with the com-
position. As peptides length increases, it provides additional
reinforcement, through the secondary structure, balancing
the inter- and intramolecular interactions. The second type
of cyclic tensile experiment involves stretching the samples
in their elastic regime, while increasing the strain by a cer-
tain interval in each cycle, i.e., from 5% to 80% (Figure 7B,E;
Figures S11 and S14, Supporting Information). The PBLA05_50
and PBLA20_50 samples show only partial shape recovery in
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Figure 7. Strain-rate dependent uniaxial tensile tests of PHEA-/-PDMS and PHEA-I-(PBLA,-b-PDMS-b-PBLA,) APCNs conducted at strain rates between
1and 500 mm min~". A) Representative stress—strain curves for PBLAO0_00 samples, B) Representative stress—strain curves for PBLA00_50 samples,
C) Representative stress—strain curves for PBLA05_50 samples, D) Representative stress—strain curves for PBLA20_50 samples. E) Summary of Young’s
modulus and toughness for the different APCN compositions at different strain rates. Samples are named PBLAXX_YY_ZZZZ where XX is the number
of peptide repeating units, YY is the PHEA content (wt.%) units and ZZZZ the testing speed in mm min~". Values represent mean values of n = 6
measurements; error bars are the standard deviation.

the elastic region, as indicated by the shift of the stress—strain =~ PBLA05_70 and PBLAO05_70 display full recovery throughout
curves toward higher strain in each cycle. In contrast, the each elastic cycle, i.e., the samples returned to their original
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Figure 8. Cyclic tensile tests of PHEA-I-PDMS and PHEA-I-(PBLA,-b-PDMS-b-PBLA,) APCNss with 50 and 70 wt.% PHEA. A,D) Cyclic tests to 40% strain
in each cycle. B,E) Cyclic tests in the elastic deformation range with increasing strain per cycle. C,F) Cyclic tests in the plastic deformation range with

increasing strain per cycle.

dimensions when not strained, as indicated by the stress—strain
curves starting from the origin of the graph. Most likely, the
elastic properties of the PHEA chains in the 70% PHEA APCN
dominate shape recovery compared to the 50% PHEA APCNs,
which have a larger influence of the peptidic units. Interest-
ingly, the length of the PBLA block, and therefore the predomi-
nance of f-sheets or orhelices, does not impact this difference
in the elastic recovery of the APCNs.

The third type of cyclic test elongates the samples into their
plastic deformation range, while increasing the strain in each
cycle, ie., starting from 80% strain and then increasing the
strain by 40% in each cycle (Figure 7C,F; Figures S12 and S15,
Supporting Information). Again, PBLA05_50 and PBLA20_50
only partially recover their shape at the end of each cycle.
PBLA05_70 and PBLA05_70 also show non-recovered deforma-
tion after each tensile cycle, but this effect is less pronounced
than for the 50 wt.% PHEA samples. Thus, when stretched
into their plastic deformation range, all investigated peptide-
reinforced APCNs deformed plastically, which is a further proof

Adv. Funct. Mater. 2022, 32, 2207317 2207317 (M 0f15)

of their viscoelastic behavior induced by the presence of PBLA
blocks.

2.6.4. Solvent-Induced Recovery of the Shape of Deformed APCNs

The residual deformation after uniaxial tensile tests of the
peptide-reinforced APCNs is due to non-recovered deforma-
tion of the PBLA blocks. However, APCNs have the ability to
swell in both hydrocarbons and water. The elastic properties
of the underlying PHEA--PDMS APNCs may allow the pep-
tides to recover their original structure when the networks are
swollen, thereby recovering the original shape of the material
after drying.

The shape recovery was analyzed by measuring the length
of PBLA05_50 samples before mechanical deformation, after
they had been stretched to 100% strain and relaxed, and after
the deformed APCNs had been swollen in n-hexane for 20 min
and dried under vacuum at 60 °C. This cycle was carried out

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Cycle 1 Cycle 2 Cycle 3 Cycle 4
120+
<
=
oy
(<)
3
© 100
(3]
14
80+
¢ @ D D D D LR D
é\o é@ & é\e & é\e & 600 &
Y Y N )
& & & & & & & & 0o
) ng’ ) © ) < ) Qgs‘

Figure 9. Shape deformation and recovery of PBLA05_50 upon plastic
deformation and subsequent swelling in n-hexane and drying. The length
of an APCN sample was measured before deformation (baseline) and
set to 100%. Then, the sample was deformed to 100% strain and relaxed
(stretched), treated with solvent and dried again (recovered). The sample
was immersed in n-hexane for 20 min and dried in vacuum, and the defor-
mation-recovery cycle repeated. Values represent mean values of n = 3
samples; error bars are the standard deviation.

multiple times. The peptidic APCNs maintain a similar max-
imum strain and stress during each cycle (Figure S16, Sup-
porting Information) and fully recover their original size after
the solvent treatment in each cycle (Figure 9). Thus, the shape
and the mechanical properties of the peptide-reinforced APCNs
can be fully recovered after a plastic deformation event by
simple swelling and drying, which indicates that the force-dis-
sipating peptidic structures in the APCNs can be regenerated.
Moreover, this property could become very useful to extend the
service life time of these APCNs in their applications and hints
toward possible shape-memory applications of such APCNs.

3. Conclusion

The possibility of tailoring and enhancing the mechanical prop-
erties of APCNs by using peptide-bearing PDMS crosslinkers
instead of conventional PDMS crosslinkers was demonstrated.
The PBLA blocks enabled stiffer, stronger, and tougher conet-
works (Figure 10) while their elastic properties, transpar-
ency, characteristic swellability in water and, for the PBLA_05
networks, swellability in solvents of opposing polarity were
retained. The incorporation of peptides into the APCNs
increased the maximum stress that the materials can with-
stand up to 40-fold and increased the maximum strain to up
to 340%, with a higher toughness of up to 4.85 £ 1.32 MJ m=3.
The length of the peptide blocks influenced the physical and
mechanical properties of the APCNs, which could therefore be
tailored to specific applications. The stress—strain curves that
were recorded at different strain rates show strain hardening of
the peptidic APNCs. Moreover, peptide-reinforced APCNs show
substantial hysteresis in stress—strain experiments, indicating
that the peptidic structures in the materials rearrange and
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Figure 10. Ashby plot comparing the key mechanical properties of the
peptide-reinforced PHEA-I-(PBLA-b-PDMS-b-PBLA,) APCNs with con-
ventional PDMS-based APCNs, PIB-based APCNs, as well as natural
materials such as spider silk, resilin, elastin, and tendon collagen. Data
for the Ashby plot taken from references.3:56]

thereby dissipate energy, a mechanism that contributes to their
high toughness. Even when “permanently” deformed in tensile
tests, simple swelling in hexane followed by drying allowed the
original shape of APCNs to be recovered.

Finally, free radical copolymerization of TMS-HEA with
o,-dimethacrylate  functionalized  peptide-PDMS-peptide
triblock copolymer crosslinkers, followed by cleavage of the
TMS groups, is a straight forward method to produce APCNs
with significantly enhanced mechanical properties that out-
perform conventional PHEA--PDMS APCNs and, in the case
of PBLA20-based conetworks, also APCNs based on polyisbu-
tylene (PIB)P® that already have higher mechanical properties
than PHEA-I-PDMS conetworks (Figure 10). Compared to some
natural materials, the peptide-reinforced APCNs have higher
strength and toughness than elastin and resilin, but have not
reached the mechanical properties of nature’s most sophis-
ticated structural proteins such as silks (Figure 10). The bio-
inspired strategy to reinforce APCNs with peptides is likely to
be readily transferable to other APCNs, e.g. those based on PIB
crosslinkers,*®] and to other type of polymer networks such
as hydrogels and lyogels. Given the wide range of applications
of APCNs in general and PHEA--PDMS conetworks in par-
ticular, peptide-reinforced APCN might greatly widen the appli-
cability of these materials in scenarios where aqueous swelling
of the polymer networks and excellent mechanical properties
are important, such as extended wear soft contact lenses, bio-
materials, membranes, and catalytic materials.

4. Experimental Section

Materials: Commercial o, w-methacryloxypropyl-terminated
poly(dimethylsiloxane) (MA-PDMS-MA, viscosity 50-90 cSt, molecular
weight = 4500-5500 g mol™") was purchased from ABCR (Germany).
Bis(3-aminopropyl) terminated polydimethylsiloxane (PDMS, molecular
weight = 2500 g mol™), B-benzyl-L-aspartate (BLA), triphosgene,
isocyanoethyl  methacrylate, dibutyltin  dilaurate,  2-hydroxyethyl
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acrylate, triethylamine, chlorotrimethylsilane, photoinitiator bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide (Irgacure 819) and all analytical
grade solvents were purchased from Sigma—Aldrich and used as received
except for PDMS. Adhesive polypropylene tape (50 pum thickness) was
bought from Tesa, Germany.

Synthesis of TMS-HEA: The TMS-HEA was prepared based on
previous literature procedures.l*®l

Synthesis  of PBLA-b-PDMS-b-PBLA,  Triblock ~ Copolymers and
Functionalization of the Chain Ends with MA End Groups: The PBLA-
b-PDMS-b-PBLA, triblock copolymers were synthesized through
amine-initiated N-carboxyanhydride (NCA) polymerization via ring
opening of [Bbenzyl-L-aspartic acid N-carboxyanhydride (synthesized
via established literature procedures)® from o-,@w-amine-terminated
PDMS as previously described."o%56% The molar ratios (monomer/
initiator) were chosen according to the desired peptidic block lengths,
x =5 and 20 repeating units. PBLA repeat length of the final material was
measured by NMR spectroscopy (Figure S17, Supporting Information).
The PBLAs-b-PDMS-b-PBLAs and PBLAy-b-PDMS-b-PBLAy, triblock
copolymers had an overall number-average molecular weight (M,) of
11 700 and 3700 g mol~', and a PDMS:PBLA weight ratio of 1.53 and 0.38,
respectively, which was determined by gel permeation chromatography
(GPC) (Figure S18, Supporting Information) and proton nuclear
magnetic resonance ("H NMR) spectroscopy. Synthetic yields were =75
and 70%, respectively.

The chain ends of PBLA-PDMS- PBLA, were modified with
methacrylate (MA) groups by reaction with isocyanoethyl methacrylate.
The triblock copolymer (2.0 g) was mixed with of THF (40 mL) as solvent
and 0.4 mL of isocyanoethyl methacrylate (439 mg, 2.83 mmol). Tin
dibutyl dilaurate (552 pl, 580 mg, 631.56 mmol) was added dropwise.
The reaction was left stirring at room temperature overnight. The solvent
was evaporated using a rotary evaporator, the samples were purified by
extraction with cold n-hexane and THF, and the resulting product placed
in a vacuum oven to dry overnight at 50 °C and 100 mbar. The NMR is
presented in Figure S19 (Supporting Information).

Synthesis of APCNs: APCNs of different compositions (weight
ratios of TMS-HEA and hydrophobic macrocrosslinkers: Table 1), were
synthesized by UV-induced free radical polymerization Figure 1. For
the non-peptidic APCNs, the TMS-HEA was directly vortexed with the
crosslinkers using a Vortex 3 shaker (IKA) and afterward the initiator in
powder form was added and the solution was mixed by vortexing. For
the peptide-reinforced APCNs, the MA terminated triblock copolymer
was mixed with DMSO to dissolve the solid MA-PBLA,-b-PDMS-b-
PBLA,-MA, vortexed for 1 min, left in an ultrasonic bath (Ultrawave Q
series) for 30 min at 25 °C, and vortexed again for 1 min. Afterward, the
TMS-HEA was mixed into the solution under vortexing. As a final step,
the initiator was added as described above. The mixture was placed onto
a glass microscopy slide covered with Tesa tape. The thickness of the
mold was set by a stack of four Tesa stripes, 50 um each, at both ends
of the microscopy slide, giving a final thickness of 200 um. Afterward,
the system was covered with a second glass slide covered with Tesa
tape, placed in a UV flood lamp system (Dymax 500), and irradiated
for 9 min from each side. Subsequently, the APCNs were removed from
the Tesa tape-coated glass slides and placed, to cleave the TMS groups
off the polymer and to generate the hydrophilic PHEA phase, into
200 mL of a 1:1 v:v isopropanol:H,0 solvent mixture overnight at room
temperature, followed by incubation in 200 mL methanol overnight.
Finally, the samples were dried in a vacuum oven at 100 mbar and 50 °C
for 2 h.

Swelling of APCNss: The swelling behavior of the APCNs was measured
by immersing samples of = 3 mm x 6 mm in n-hexane and distillated
water, respectively, overnight at room temperature. The edge length
(L;) was measured for the dry and swollen samples using an optical
microscope (Leitz Ergolux reflected light). The volumetric degree of
swelling, S,,, was determined from the edges of the sample as:

S 1}”: Liswollen
! n ( L

i=1 idry
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where n denotes the number of edges.

NMR Spectroscopy: "H NMR spectroscopy was measured using Bruker
AV400 (Figure S19, Supporting Information) and 600 MHz (Figure S17,
Supporting Information) spectrometers. CDCl; and (CD;),SO were used
as solvents for the triblock copolymers before and after functionalization,
respectively.

GPC: Measurements were performed using a TOSOH Bioscience
GPC (HLC-8420 GPC) equipped with refractive index and variable
wavelength detectors. The measurements were in dimethylacetamide/
LiBr (0.5 wt.9%) as eluent, with a solvent flow rate of 0.4 mL min~, at
50 °C. PMMA was used as standard (8 standards: 2210, 675.5, 146.5, and
72 kDa, 30 780, 9150, 4760, and 1840 Da).

ATR-FTIR Spectroscopy of APCNSs: Attenuated total reflection — Fourier
transform infrared (ATR-FTIR) spectroscopy was used to analyze
presence and content of f-sheets and orhelices in the peptidic-APCNs
and the peptidic triblock copolymers using an Agilent 5500 A series
spectrometer equipped with a diamond ATR crystal. All samples were
measured in absorbance mode with 128 scans. MicroLab was used to
obtain and analyze the spectra.

SAXS and WAXS: SAXS measurements were performed using a
Xenocs Xeuss 2.0. For the measurements, X-rays were generated at
50 kV/0.6 Ma at a beam wavelength of 1.542 A (Cu Ko radiation) and
sample-to-detector distances of 1200 and 72 mm, respectively, for SAXS
and WAXS. The scattered beam was recorded on a CCD detector with
a pixel resolution of 172 x 172 um. The scattering patterns of APCN
films (=1.5 x 1.5 cm?) were recorded over 60 min of exposure time at
room temperature. 2D patterns were azimuthally integrated to obtain
the scattering intensity as a function of scattering vector, g, where
q = 4msin(6)/A. 20 was the scattering angle. The azimuthal integration
was obtained by using the software Foxtrot 3.4.9.

Atomic Force Microscopy: Atomic force microscopy (AFM) was
conducted in tapping mode with a silicon AFM probe (Tap-150AI-G,
BudgetSensors, Bulgaria) with a force constant of 5N m™ and resonance
frequency of 150 kHz under ambient conditions. Measurements were
performed of the sample surface and the cross-section. For the cross-
section, the samples were frozen in liquid nitrogen and cut with a
razor blade in order to obtain a smooth cut. The instrument used was
a Bruker Innova Atomic Force Microscope. The images were analyzed
using Gwyddion software (Version 2.55).

DSC: Differential scanning calorimetry (DSC) was measured using a
TA Instruments Q20. All the samples were measured for two cycles at a
heating and cooling rate of 10 °C min~', from —50 to 150 °C to —50 °C.
The glass transition temperature was determined from the transition
mid-point of the second heating curve.

DMA: Dynamic mechanical analysis (DMA) measurements were
performed using a TA Instruments DMA Q800 in tensile mode. The
APCNs were cut into rectangular strips of a width of 2.8 mm and a
length of =12 mm so that the measurement length of the sample was
maintained at =10 mm. Experiments were conducted in a range of —150
to 150 °C. A heating rate of 10 °C min™' and a strain amplitude of 10 um
at a frequency of 1 Hz was applied.

Tensile Tests: The mechanical properties were measured using
a Testometric M250-2.5 CT tensile machine with a 100 N load cell. A
total of eight samples (except for PBLA20_30 due to the fragility of the
samples) of each type of APCN were tested at a speed of 1 mm min~.
Speeds of 10, 100 and 500 mm min~" were used to test the effect of the
strain rate on the mechanical properties. The samples were cut in dog
bone shape following DIN 53504 S3 specifications with sample thickness
of =0.2 mm. All tests were performed with dry samples at temperatures
between 20-23 °C and humidity between 25-38%.

Cyclic Tensile Tests: The cyclic tests were performed using a Testometric
M250-2.5CT. The samples were cut in dog bone shape following DIN
53504 S3 specifications with a sample thickness of =0.2 mm. All tests
were performed, for dry samples, at temperatures between 20-23 °C and
humidity between 25-38% and a speed of 10 mm min~". The 40% strain
cyclic tests were performed for 15 cycles. The cyclic elastic tests were
performed for strains of 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, and 80%.
The cyclic plastic tests were performed for strains of 80, 120, 160, 200,

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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240, 280, 320, and 360% maximum depending on the breaking point of
the sample.

Shape-Recovery Cyclic Tests: The cyclic tests were performed using
a Testometric M250-2.5CT. The samples were cut in dog bone shape
following DIN 53504 S3 specifications with a sample thickness of
=0.2 mm. The length of the samples was measured by placing the
samples on mm paper, marking the length of the whole dog bone
as the clamping regions don't deform, and measuring the length
using image analysis software Fiji. All tests were performed, for dry
samples, at temperatures between 20-23 °C and humidity between
25-38%. The samples were stretched to a strain of 100% at a strain
rate of 10 mm min~" in each cycle. The samples were removed from the
tensile tester and their deformed length measured as indicated above.
Afterward, the samples were placed to recover in n-hexane for 20 min
and dried in a vacuum oven (100 mbar at 60 °C) for 20 min and left at
room atmosphere for 20 min before measuring their length again. The
cycles were repeated until the sample failed.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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