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Nature is well known for creating strong and tough materials,
which are typically two mutually exclusive mechanical pro-
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Advanced mechanical properties of amphiphilic
polymer conetworks through hierarchical
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Amphiphilic polymer conetworks (APCNs) have been explored for various applications, including soft
contact lenses, biomaterials, and membranes. They combine important properties of hydrogels and elas-
tomers, including elasticity, transparency, and the capability to swell in water. Moreover, they also swell in
organic solvents. However, their mechanical properties could be improved. We developed a two-level,
bio-inspired, hierarchical reinforcement of APCNs using cellulose nanocrystals (CNCs) to reinforce
peptide-reinforced APCNs formed from hydrophobic poly-p-benzyl-L-aspartate-block-polydimethyl-
siloxane-block-poly-p-benzyl-L-aspartate (PBLA-b-PDMS-b-PBLA) triblock copolymer crosslinkers and
hydrophilic poly(2-hydroxyethyl acrylate) (PHEA) chain segments. Bio-inspired peptide—polymer hybrids
combine the structural hierarchy often found in natural materials with synthetic macromolecules, such as
block copolymers with soft and hard segments, to enhance their mechanical properties. On the other
hand, CNCs provide an additional means to dissipate mechanical energy in polymeric materials, thereby
enhancing reinforcement. The key to homogeneously incorporating CNCs into the APCNs is the combi-
nation of hydrophobic CNCs (HCNCs) with peptide-blocks in the APCNs, exploiting the hydrogen
bonding capability of the peptides to disperse the HCNCs. The effect of HCNCs on the ability of APCNs
to swell in water and organic solvents, as well as on their thermal and mechanical properties, was charac-
terized. Additionally, the nanostructure of the materials was analyzed via small-angle X-ray scattering
(SAXS) and wide-angle X-ray scattering (WAXS). The swellability of the HCNC-containing APCNs was inde-
pendent of the HCNC concentration, and all samples were highly transparent. The ideal HCNC concen-
tration, in terms of maximal stress, strain, toughness, and reinforcement, was found to be between 6 and
15 wt%. An increase in Young's modulus of up to 500% and toughness of up to 200% was achieved. The
hierarchical reinforcement also greatly strengthened the APCNs when swollen in water or n-hexane.
Thus, HCNCs and peptide segments can be used to reinforce APCNs and to tailor their properties.

perties in synthetic materials." This is achieved through hier-
archical physical or chemical reinforcement over several length
scales.” The reinforcement concepts found in nature can be
abstracted and applied in a bio-inspired manner to enhance
man-made materials, making them better, stronger, and more
sustainable. For example, strong and tough hydrogels are
needed to withstand the load requirements of different appli-
cations such as contact lenses,>™ biomaterials,*® and drug
delivery materials."®'" The mechanical properties of hydrogels
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can be enhanced, e.g., by increasing the cross-linking densities
through chain entanglements,'> by applying various cross-
linking chemistries,">™*® by tailoring the network architec-
ture,'® or by combining ionic physical crosslinks with covalent
crosslinks in a polymer network."” A very versatile method to
enhance the mechanical properties of polymers is to incorpor-
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ate nanoscale fillers of high mechanical strength and high
aspect ratio into the material.'®'® Haraguchi and Takehisa pio-
neered nanocomposite hydrogels, in which exfoliated clay
platelets were interconnected with polymer chains, resulting in
highly stretchable, optical transparent hydrogels.>° Beyond
clay, other suitable reinforcement fillers for hydrogels include
metal nanoparticles,>** glass fibers,>® carbon nanotubes,”*
cellulose whiskers,”® cellulose nanofibers (CNF),*® and cell-
ulose nanocrystals (CNCs).'®'%?”32 CNCs, in particular, are
good reinforcements for polymeric materials due to their
remarkable properties, such as high mechanical strength, high
aspect ratio, controllable surface chemistry, renewability and
biodegradability.'®** CNCs are obtained from renewable
resources, including cotton, wood, or other -cellulosic
materials, and typically have a very high tensile strength,
around 2 to 6 GPa, and a Young’s modulus of 20 to 150
GPa.>**’?* Depending on their source and preparation
method, CNCs have a diameter that ranges between 5-70 nm
and a length of 100-250 nm, i.e., their aspect ratio is high.

Amphiphilic polymer conetworks (APCNs)*>7° represent a
type of hydrogel that exhibits superior mechanical properties
compared to conventional gels, as their hydrophobic com-
ponent strengthens the material when swollen in water. Their
most prominent market application is in silicone hydrogel soft
contact lenses.’® Moreover, they have been explored, e. g, as
implant materials, biocatalyst supports, separation mem-
branes, self-sealing breathable membranes, and
microcapsules.”’**> Even though APCNs are stronger and
tougher than most other hydrogels, their applications would
benefit from improved stiffness and toughness, especially
when swollen. Although studies aimed at enhancing the
mechanical properties of APCNs are limited, research in this
area has increased in recent years. Dynamic covalent bonds
and triblock copolymer micelles have allowed for high stretch-
ability.*® Another example is the use of a mechanical “fuse
link” consisting of aggregated hydrophobic chain segments in
a hydrophilic polymer network matrix.*” APCNs with dynamic
covalent bonds, such as on poly(ethylene glycol)-block-poly
(propylene glycol)-block-poly(ethylene glycol) (PEG-b-PPG-b-
PEG) crosslinked with a triacylhydrazide oligo(ethylene glycol)
triarm star cross-linker,*® or four-armed star block copolymers
comprising PEG peripheral blocks and PPG internal blocks
linked with dynamic covalent acylhydrazone bonds,*® have
remarkable mechanical properties (such as stretchability up to
2400%"®), as well as self-healing properties. Moreover, Tsalikis
et al. have conducted studies using dissipative particle
dynamics simulations to investigate the self-assembled bulk
morphologies and mechanical properties of model APCNs,
providing valuable insights, which will be very useful for the
development of next-generation APCN materials.>°

We have previously demonstrated that poly-p-benzyl-L-aspar-
tate (PBLA) peptide segments adjacent to the crosslinking
points in APCNs improve the mechanical properties of
APCNs.*® Depending on the peptide length, they either form
a-helices or p-sheets as secondary structure and efficiently
reinforce polymeric materials.>* >® The peptides enhanced the
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mechanical properties of poly(2-hydroxyethyl acrylate)-linked
by-poly(dimethylsiloxane) (PHEA-I-PDMS) APCNs, inducing up
to a 40-fold increase in maximal stress and a 340% increase in
strain when dry, relative to the base APCNs.

Here, we extend these results by introducing a second level
of reinforcement into peptide-reinforced APCNs by incorporat-
ing CNCs. However, the hydrophilic nature of CNCs is a major
drawback in the synthesis of CNC-reinforced APCNs, as the
nanocrystals are difficult to disperse homogeneously in the
hydrophobic monomer mixture used in the synthesis of PHEA-
[-PDMS APCNs. The CNCs tend to form aggregates that are
inefficient in reinforcing the material. Certain modification
techniques, such as carbamation, esterification, and silylation,
have been used to increase the hydrophobicity of CNCs,
thereby rendering them miscible with hydrophobic mono-
mers, solvents, or polymers."®*® For example, 2-ureido-4[1H]
pyrimidinone (UPy)-modified CNCs allowed the production of
nanocomposites based on poly(ethylene), polystyrene-b-poly-
butadiene-b-polystyrene elastomers and poly(ethylene oxide-co-
epichlorohydrin), with increased stiffness and strength, while
still maintaining a high strain-at-break.'®

Here, we use hydrophobically modified cellulose nanocrys-
tals (HCNCs) to prepare HCNC-reinforced APCNs based on the
hydrophobic crosslinker a,0-methacrylate functionalized
PBLA;-b-PDMS-b-PBLA; that contains f-sheet-forming PBLA
peptide blocks, which provide additional physical crosslinks
through hydrogen bonding and enhance the mechanical pro-
perties of the material.*® This crosslinker was used to crosslink
hydrophobically masked trimethylsilyl 2-hydroxyethyl acrylate
(TMS-HEA), yielding hydrophobic precursor networks that
were then converted into PHEA-I-(PBLAs-b-PDMS-b-PBLAs)
APCNs by cleaving off the TMS groups. The bio-inspired, two-
level, hierarchical reinforcement of APCNs resulted in APCNs
that were reinforced in both the dry and water-swollen states.

Results and discussion

Synthesis of peptide-reinforced amphiphilic polymer
conetworks

The APCNs were synthesized by UV-induced radical polymeriz-
ation, as described in the Experimental section. They were pre-
pared using dimethylacetamide (DMAc) as a solvent for a
homogeneous dispersion of the HCNCs, whereby the
minimum amount of solvent required to disperse the HCNCs
was determined experimentally. The HCNC- and peptide-
reinforced samples were compared to HCNC-free peptide-con-
taining APCNs that were prepared with the same amount of
DMAc in the monomer mixture.

The concentration of the HCNCs was varied between 0 and
22 wt% in the final networks, while the ratio of TMS-HEA to
crosslinker was kept constant to obtain PHEA-I-(PBLA;-b-
PDMS-b-PBLA;) APCNs with a 1:1 wt% ratio of hydrophobic to
hydrophilic phase (Table 1). For brevity, HCNC-peptidic APCNs
were designated as HCNC_XX, where XX represents the weight
fraction of HCNC in weight percent (%).
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Table 1 Composition of the reaction mixtures used to synthesize
PHEA-(-(PBLAs-b-PDMS-b-PBLAs) APCNs with 0 wt% to 22 wt% of
HCNCs

Composition of monomer
mixture (mg)

MA-PBLA;-b-PDMS- HCNC  Solvent

b-PBLAs-MA TMS-HEA (mg) DMACc (pl)
HCNC_00 250 405 0 300
HCNC_01 250 405 6.6 300
HCNC_03 250 405 20.3 300
HCNC_06 250 405 41.9 300
HCNC_09 250 405 64.8 300
HCNC_12 250 405 89.4 300
HCNC_15 250 405 115.7 300
HCNC_18 250 405 143.9 300
HCNC_22 250 405 184.9 300

Analysis of the optical transparency

A key property of APCNs is their transparency.>® Fig. 1 shows
optical photographs of the APCNs placed over a printed image,
revealing that all the HCNC-reinforced APCNs were fully trans-
parent, with the underlying image remaining clearly visible.
Transparency indicates that the HCNCs are well dispersed in
the polymeric material and that the HCNCs (5-20 nm wide
and 150-250 nm long) do not form aggregates that scatter
light even at HCNC concentrations as high as 22 wt%. Notably,
these results indicate that peptide- and HCNC-reinforced
APCNs may be suitable for applications where transparency is
required, such as in soft contact lens materials.

Thermal analysis

The phase separation of APCNs can be investigated using
differential scanning calorimetry (DSC) to determine if there
are two glass transition temperatures (T,) corresponding to the
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individual polymers. While conventional PHEA-[-PDMS APCNs
have two glass transition temperatures, at —124 °C and 8 °C
corresponding to PDMS and PHEA, respectively, the peptide-
reinforced APCNs had a single T, between 32-35 °C, indepen-
dent of whether HCNCs were incorporated into them or not
(Fig. 2). This result is consistent with our previous report, in
which dynamic mechanical analysis (DMA) data showed that
peptide-reinforced APCNs only exhibit a single T, despite their
nanophase-separated morphology.*> Most likely, this behavior
is due to miscibility between the PBLA blocks and PHEA, and
the mobility of the PDMS chain segments being inhibited by
the adjacent peptide blocks.?® The presence of HCNCs in the
APCNs did not significantly influence the T, Moreover,
increasing the HCNC concentration did not alter the T, of the
APCNs, most likely because the HCNCs are not covalently
bound to the polymer or strongly interact with it, therefore not
affecting the mobility of the chain segments.

To establish the thermal stability of the APCNs and gain
insight into their thermal degradation, thermogravimetric ana-
lysis (TGA) was carried out (Fig. 2B). For comparison, TGA was
also performed on PHEA-I-PDMS APCNs and pure HCNCs. The
peptidic APCN without incorporated HCNC degraded in two
steps with onsets at 185 °C, tentatively linked to the peptide
blocks, and 380 °C, corresponding to the degradation of PHEA
and PDMS chain segments (vide infra). Small amounts of
HCNCs, ie., up to 3 wt%, did not affect the thermal decompo-
sition profile of the APCNs. With increasing HCNC content,
the contribution from the CNCs became noticeable, showing
slight weight loss below 110 °C, probably due to the loss of
water adsorbed on the surface of the HCNCs, followed by the
onset of degradation at 180 °C. As a result, the main degra-
dation of the HCNC-reinforced peptidic APCNs with >9 wt%
HCNCs was between 300 °C and 410 °C, most likely due to a
combination of HCNC and PHEA/PDMS weight loss. By con-

Fig. 1 Characterization of the transparency of dry HCNC-reinforced PHEA-(-(PBLAs-b-PDMS-b-PBLAs) APCNs by photographs of the samples posi-
tioned on a microscope slide over a printed background, which shows a drawing of a purple beta sheet structure and some other graphical
elements. The samples were placed over the purple beta sheet structure. (A) HCNC_00, (B) HCNC_01, (C) HCNC_03, (D) HCNC_06, (E) HCNC_09,
(F) HCNC_12, (G) HCNC_15, (H) HCNC_18, (I) HCNC_22. (See Fig. S1t for an example where the location of an APCN is highlighted.)
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Fig. 2 Characterization of the thermal properties of CNC-reinforced PHEA-[-(PBLAs-b-PDMS-b-PBLAs) APCNs, and for comparison of PHEA-(-
PDMS. (A) DSC curves, with arrows indicating the glass transition temperature of each sample. (B) TGA thermograms.

trast, PHEA-I-PDMS was thermally stable until ~350 °C, and
the TGA trace shows one major degradation step, attributed to
the degradation of the PHEA/PDMS conetwork.

Morphology analysis

Small-angle X-ray scattering (SAXS) provides information about
the phase-separated morphology of APCNs and was used to
characterize bulk samples in the absence of solvents.®* The
position of the main peak (¢*) in the SAXS traces allows deter-
mining the d-spacing, i.e., the average distance of the scatter-
ing domains (Fig. 3). The HCNCs in the APCN matrix had
minimal influence on the domain size and phase separation.
The d-spacing of the peptidic APCN without HCNCs was
15.8 nm. The d-spacing decreased to 14.7 nm with 1 wt%

HCNC 22
HCNC 18

Intensity (A.U.)

0.00 0.05 0.10 0.15 0.20

Q (A"

B 20.0
£
£
o
£
[0
2
o 75
°

HCNC and remained relatively constant, with minimal vari-
ation, until an HCNC content of 18 wt% and 22 wt%, at which
it increased to 15.8 nm and 17.1 nm, respectively. This change
in d-spacing indicates that at high concentration, the HCNCs
widen the domains of the APCNs.

Wide-angle X-ray scattering (WAXS) and attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectroscopy
were used to confirm the presence of peptide p-sheets. The
WAXS results (Fig. 4A) show peaks at 20 ~ 12° and 22° corres-
ponding to the PDMS and PHEA phases, respectively. The pep-
tides form p-sheets, resulting in a WAXS peak at 20 ~ 5° (g =
0.36 A™)°*®* observable in all the investigated peptidic
APCNs. Moreover, the ATR-FTIR spectra reveal B-sheet peaks
for all the samples (Fig. 4B).*® Thus, the presence of HCNCs

Fig. 3 Characterization of the morphology of dry CNC-reinforced PHEA-(-(PBLAs-b-PDMS-b-PBLAs) APCNs. (A) SAXS profiles. (B) SAXS-derived

domain-domain correlation d-spacing.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Morphological characterization of HCNC-reinforced PHEA-(-(PBLAs-b-PDMS-b-PBLAs) APCNs. (A) WAXS data. (B) ATR-FTIR spectra of

APCNs in the amide | region.

did not impact the formation of peptide p-sheets. With
increasing HCNC content, starting from 3 wt%, a WAXS peak
at 260 ~ 8° emerged and became stronger through to 22 wt%.
The peak from the PDMS at 26 ~ 12° also changes, becoming
broader with two smaller peaks appearing at higher HCNC
concentrations. This observation confirms the presence of the
HCNCs in the APCNs, as the crystalline microstructure of the
HCNCs results in two peaks at 26 ~ 4.5° and 16.5°.°°> However,
due to the PDMS peak, peak shifting may have occurred.
APCNs typically exhibit a phase-separated morphology at
the nanoscale, characterized by dark soft (hydrophobic) and

nm
500

400
300
200

100

C w
400
300
200

100

100 200 300 400

bright hard (hydrophilic) domains in phase-mode atomic force
microscopy (AFM) images.*® The morphology of APCNs
depends on their composition, the length of the macro-
monomer and ranges from spherical to bicontinuous phase
morphologies.’”*® It should be noted that the bulk mor-
phology of APCNs usually differs from the morphology
observed on their surface because components of the
monomer mixture tend to accumulate on the surface of APCNs
during polymerization.®® AFM images in phase mode of micro-
tomed cross-sections of the APCNs thus reveal their bulk mor-
phology (Fig. 5). The APCNs investigated herein have a

400

300

200

500 nm

Fig. 5 AFM phase mode images of cross-sections of HCNC-reinforced PHEA-[-(PBLAs-b-PDMS-b-PBLAs) APCNs. (A) HCNC_00, HCNC_09,

HCNC_18, HCNC_22.
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balanced 50-50 wt% composition of hydrophilic PHEA seg-
ments and hydrophobic PBLA;-b-PDMS-b-PBLA; macrocros-
slinker. However, AFM images of the HCNC_00 show round
hydrophobic domains in a sponge-like hydrophilic phase,
which is usually observed for APCNs where the hydrophobic
polymer chain segments are the minority component.>>*”% A
possible explanation is that the peptide segments are less
hydrophobic and harder than the PDMS blocks, and according
to the DSC results discussed above, might mix with the PHEA.
Thus, the dark domains in the AFM images are most likely
only PDMS. The samples containing HCNCs show a higher
content of the hard phase, which is likely composed of the
HCNCs, the peptide segments, and PHEA. It is challenging to
quantitatively assess the volume ratio between the APCN’s
hard and soft domains, as the APCNs would have to be cut
with the same level of roughness to achieve comparable con-
trast in the cross sections.

Swelling behavior

APCNs swell in water and nonpolar organic solvents due to
their amphiphilic nature and phase separation into hydro-
phobic and hydrophilic domains at the nanoscale.®® To
analyze the effect of the HCNCs on the swelling, the swelling
ratio (Syo1) was measured by incubating the samples at room
temperature in water and n-hexane. PHEA-/-(PBLA;-b-PDMS-b-
PBLA;) APCNs without HCNCs swelled to S, = 3.13 + 0.8 and
1.23 + 0.2 in water and the organic solvent, respectively. The
swelling ratio of these samples differs between the two sol-
vents, despite the 50-50 ratio of hydrophobic to hydrophilic
components, possibly because the hydrogen bonds of the pep-
tides are disrupted when the samples are swollen in water but
not in n-hexane. This swelling is significantly higher than that
of similar APCNs investigated in our previous study,® most
likely because the peptide-reinforced APCNs investigated
herein were synthesized in a different solvent and at a lower
monomer concentration, resulting in less entangled polymer
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chains and, consequently, fewer additional physical cross-
linking points.'?

HCNCs significantly decreased the swellability of the
APCNs at all HCNC concentrations (Fig. 6). Water swelled the
HCNC-containing APCNs to Sy, = 1.3, independent of the
HCNC concentration. In n-hexane, the APCNs exhibited
minimal swelling, possibly because the HCNCs form hydrogen
bonds between them, to the hydrophilic PHEA chain segments
and to the peptide blocks, thus introducing additional physi-
cal crosslinking points that are not disrupted by the organic
solvent.

Mechanical properties

To investigate how the HCNCs influence the mechanical pro-
perties of the APCNs, uniaxial tensile tests were carried out in
both dry and water-swollen conditions. Representative stress—
strain curves are reported in Fig. 7, and the results of the
mechanical tests are summarized in Fig. 8, which includes
stress-at-break, strain-at-break, Young’s modulus, and tough-
ness. These results are discussed below (see also the ESIT).

For the dry samples, there was a 2.4-fold increase in
maximum stress from 2.8 + 0.4 MPa at 0 wt% HCNCs to 6.6 +
3.0 MPa at 22 wt% HCNCs. The strain-at-break peaked at 214 +
33% with 6 wt% HCNCs and decreased to 37 + 9% at 22 wt%
HCNCs, which is lower than the strain-at-break of the peptide
APCN without HCNCs. Young’s modulus increased continu-
ously from 2.7 + 0.1 MPa at 0 wt% HCNCs to 14.8 + 6 MPa for
22 wt% HCNC. The toughness of HCNC-reinforced APCNs
with HCNC contents between 1 wt% and 16 wt% was approxi-
mately twice that of APCNs without HCNCs. At a higher HCNC
content, the toughness was reduced to values similar to those
of the APCNs without HCNCs. In conclusion, the HCNCs
reinforced the APCNs and enhanced their mechanical pro-
perties in the dry state. However, above a certain loading,
HCNCs did not provide a mechanical advantage, possibly
because of the formation of agglomerates in the polymer,

B

1.5

S0 in N-hexane

0 3 6 9 12 15 18 21
HCNC (wt%)

Fig. 6 Swelling of PHEA-[-(PBLAs-b-PDMS-b-PBLAs) APCNs as a function of the HCNC concentration. (A) Swelling ratio S, in deionized water. (B)
Swelling ratio S, in N-hexane (mean of n = 5 samples + SD). The error bars in B appear large because the results fall within the error range of the

measurement.
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which is also observed in the reduced reproducibility of the
results at high HCNC concentrations as shown in Fig. S2-S4,
where the error range increases with the increase of the HCNC
concentration.

To test the mechanical properties of APCNs swollen in an
organic solvent, the samples were immersed in n-hexane over-
night and then subjected to stress-strain experiments. With
increasing HCNC content, the stress-at-break increased from
3.5 + 0.5 MPa for samples without HCNCs to 5.5 + 1.3 MPa for
samples with 22 wt% HCNCs. APCNs with 6 wt% HCNCs
exhibited the highest strain-at-break (245 + 10%), which
decreased to 31 + 11% for the highest HCNC concentration

2624 | Polym. Chem., 2025, 16, 2618-2628

tested, and therefore fell below the strain-at-break of the APCN
without HCNCs. Young’s modulus increased continuously
from 3.4 + 0.4 at 0 wt% HCNCs to 19 + 11 MPa for 22 wt%
HCNCs. The highest toughness of 5.6 + 0.4 MJ m™
measured for samples with 6 wt% HCNCs, and the lowest
toughness was recorded for APCNs with 22 wt% HCNCs. In
summary, the HCNCs also increased the mechanical pro-
perties of the APCNs swollen in n-hexane. The addition of
HCNCs up to 6 wt% increased maximum stress, maximum
strain, and toughness. However, higher HCNC concentrations
caused a reduction in mechanical performance, except for the
Young’s modulus, which increased continuously with HCNC

was

This journal is © The Royal Society of Chemistry 2025
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concentration. Thus, the APCNs became stiffer with increasing
HCNC content.

The mechanical properties of water-swollen APCNs were
consistently lower than those of samples swollen in n-hexane
or dry samples. The stress-at-break was 1.2 + 0.2 MPa for the
9 wt% HCNCs. It is similar for all samples up to 22 wt%
HCNCs, with all values falling within the margin of error. The
highest strain-at-break was recorded for the 3 wt% samples
with 104 + 70%. However, this value has a broader standard
deviation compared to the other HCNC concentrations, poss-
ibly because the HCNCs are not homogeneously distributed
within the sample and act as failure points. Therefore, further
studies are needed for this composition. Young’s modulus
increased linearly with increasing HCNC content, from 1.2 +
0.03 to 3.5 + 0.9 MPa. The increase in HCNC concentration
decreased the toughness of the water-swollen APCNs. The 18
and 22 wt% HCNC samples exhibited the lowest toughness
when swollen in water. The HCNCs clearly affected the
mechanical properties of the APCNs swollen in water, probably
due to the formation of hydrogen bonds.

In general, HCNCs reinforced the APCNs under different
conditions. According to these results, samples with HCNC
content between 6 and 15 wt% appear to provide the ideal
balance of mechanical behavior, exhibiting high stress- and
strain-at-break, Young’s modulus, and toughness. Increasing
the HCNC content to values higher than 22 wt% was not poss-
ible, as the HCNCs did not disperse homogeneously.

Conclusions

This work presents a hierarchical reinforcement strategy for
APCNs. Hydrophobic peptide blocks provide a first level of
reinforcement, while the HCNCs provide an additional
reinforcement mode. The main properties of the APCNs were
studied to analyze the effect of the HCNCs. All the samples
were transparent, which is a remarkable result given that
HCNCs could scatter light at high concentrations if they are
not well dispersed in the polymer matrix. The swelling of the
peptidic APCNs without HCNCs was higher than that of
similar peptidic APCNs reported previously. However, as the
content of HCNCs increased, swelling in both water and
n-hexane was reduced and remained constant, independent of
the HCNC content. Nevertheless, the HCNC-reinforced APCNs
swell in water and n-hexane, and are, therefore, hydrogels and
lyogels. The T, of the HCNC-reinforced samples remained
between 30 and 36 °C. The TGA analysis reveals a decrease in
degradation temperature with the addition of peptides and
HCNCs. The optimal reinforcement of dry samples and
samples swollen in n-hexane was obtained at HCNC concen-
trations between 6 and 15 wt%. For the samples swollen in
water, reinforcement was observed for all the HCNC samples.
Therefore, HCNCs are a novel additive to reinforce APCNSs.
However, synthesis required the use of a solvent, which has a
slightly negative effect on the mechanical properties compared
to the previously reported peptide-reinforced APCNs that were
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synthesized with less solvent. This work demonstrates that
HCNCs can serve as an additional means to reinforce APCNs
without compromising the material’s key properties. Thus, the
HCNC- and peptide-reinforced APCNs could find applications
ranging from soft contact lenses to biomaterials and
membranes.

Methods/experimental section
General information

The APCNs were prepared through UV-induced free radical
polymerization. This work focused on a 50: 50 weight ratio of
PHEA : PDMS as hydrophilic phase and hydrophobic macro-
crosslinkers MA-PBLA;-b-PDMS-h-PBLAs-MA.

Materials

All materials used for the APCNs preparation were used as
received unless stated otherwise. Hydrophobically modified
CNCs were purchased from Celluloselab, Canada. Bis(3-amino-
propyl) terminated polydimethylsiloxane (PDMS, molecular
weight = 2500 g mol™), f-benzyl-i-aspartate (BLA), triphos-
gene, isocyanoethyl methacrylate, tin dibutyl dilaurate,
2-hydroxyethyl acrylate, triethylamine, chlorotrimethylsilane,
photoinitiator bis(2,4,6-trimethylbenzoyl)-phenylphosphineox-
ide (Irgacure 819) and all analytical grade solvents were pur-
chased from Sigma Aldrich. MA-PDMS-MA (viscosity 50-90 cSt,
molecular weight = 4500-5500 g mol™") was purchased from
ABCR (Germany). Adhesive polypropylene tape (Tesafilm™,
50 um thickness) was bought from Tesa, Germany. MA-PBLA;-
b-PDMS-b-PBLAs-MA synthesized as  previously
described.*

was

Sample preparation

Table 1 summarizes the amount of reagents utilized. The
hydrophobic component (MA-PBLA;-b-PDMS-b-PBLA5s-MA; or
for comparison, 250 mg MA-PDMS-MA) was mixed with di-
methylacetamide (DMAc) and placed on a vortexer until a
homogeneous mixture was obtained. HCNC powder was added
to the triblock copolymer solution, and the mixture was ultra-
sonicated for 5 min (40% amplitude, and pulse of 15 s on, 10 s
off). The addition of CNCs to the monomer mixture required
an increase in the amount of solvent (and a switch from
DMSO to DMAc) used for dispersing and processing of the
monomer mixture when compared to our previous research.?>
The samples were prepared with the minimum amount of
solvent necessary for a homogeneous dispersion, which was
determined experimentally for the highest HCNC concen-
tration. The hydrophobically masked monomer TMS-HEA was
added to the mixture, which was then vortexed for 180 s and
ultrasonicated for 10 min. The UV initiator (3 mg) was added
to the monomer mixture, which was vortexed for a further 90
s. Then, the monomer mixture was placed on glass slides
covered with transparent polypropylene adhesive tape. The
tape was also applied to the sides as a spacer. The samples
were polymerized in a UV light system (Dymax 500) for 9 min,
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on each side by flipping the samples after one side was com-
pleted. Afterward, the APCNs were placed overnight in 200 mL
of a 1:1 v/v ratio of water and isopropanol to cleave off the
TMS groups. Finally, the materials were left in methanol for
5 hours and subsequently dried in air.

Characterization methods

Swelling of APCNs. The swelling behavior of the APCNs was
measured by immersing samples of approximately 3 mm X
6 mm in n-hexane and distilled water, respectively, overnight
at room temperature. The edge length (L;) was measured for
the dry and swollen samples by placing the samples on milli-
meter paper, capturing photos with a phone camera (Samsung
A53), and analyzing them using Image]. The swelling ratio,
Syol, Was determined from the edges of the sample as:

Seol = & En: (LZZLSlwollen> ’
ni= i, dry

where n denotes the number of edges.

DSC. Differential scanning calorimetry (DSC) was measured
using a DSC 3 Star System, Mettler Toledo. All the samples
were measured for two cycles at a heating and cooling rate of
10 °C min~", from —150 °C to 150 °C to —150 °C. The glass
transition temperature was determined from the transition
mid-point of the second heating curve.

TGA. Thermogravimetric Analysis (TGA) was measured using
a TGA Star System, Mettler Toledo. All the samples were
measured in N, atmosphere (10 ml min™") from 30 to 600 °C
at a heating rate of 10 °C min~". All the samples were normal-
ized to weight loss %. The weight change was calculated from
the step change on the slope of the curve.

ATR-FTIR. Attenuated total reflection - Fourier transform
infrared (ATR-FTIR) spectroscopy was used to analyze the pres-
ence and content of p-sheets and a-helices and the effect of
the CNCs on the secondary structures in the peptidic APCNs
and peptidic triblock copolymers using a Spectrum3 spectro-
meter (PerkinElmer) equipped with a UATR-Diamant/ZnSe-top-
plate. 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 gener-
ated at 50 kV/0.6 mA at a beam wavelength of 1.542 A (Cu Ka
radiation) and sample-to-detector distances of 1200 mm 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 pm”. The scattering patterns of APCN films (~1.5 x
1.5 cm®) were recorded over 30 min of exposure time at room
temperature. 2D patterns were azimuthally integrated to
obtain the scattering intensity as a function of the scattering
vector, g, where g = 4nsin(0)/A. 20 is the scattering angle. The
azimuthal integration was obtained using Foxtrot 3.4.9.

AFM. Topography images and phase mode images were
acquired in the air in tapping mode at a scan rate of 3 Hz and
a resolution of 512 x 512 pixels* on an MFP3D INFINITY
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microscope (Oxford Instrument, UK). Semi-contact silicon
AC160TS AFM tips (Olympus, Japan) with a cantilever spring
constant of 26 N m~' were used. Surface topography was
acquired by maintaining a constant first resonance amplitude
in the cantilever via the feedback loop of the AFM acting on
the piezo Z direction. The phase shift signal was recorded at
the same time. Prior to the analysis, the APCN films were
cross-sectioned and surfaced at 0 °C using a UC6 Cryo-
Ultramicrotome (Leica, Germany) to obtain a representative
image of the inner film composition and avoid possible skin
effects. Data analysis was performed with MountainSpip soft-
ware (Digital Surf, France).

Tensile testing. The mechanical properties were measured
using a Testometric M250-2.5 CT tensile machine with a 100 N
load cell. A total of six samples of each type of APCN were
tested at a speed of 10 mm min~'. 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 and for samples swollen in H,O and n-hexane, at
temperatures between 20-23 °C and air humidity between
25-38%.

Author contributions

S. T. R. Velasquez: conceptualization, methodology, resources,
formal analysis, investigation, data curation, writing - original
draft, writing — review & editing, visualization. D. Jang: investi-
gation, writing — review & editing. J. Thomas: investigation,
writing — review & editing. P. Grysan: investigation, writing -
review & editing. L. T. J. Korley: conceptualization, resources,
writing - review & editing, supervision, project administration,
funding acquisition. N. Bruns: conceptualization, method-
ology, resources, writing - review & editing, supervision,
project administration, funding acquisition.

Data availability

The datasets generated and analyzed during the current study
are openly available from the University of Strathclyde’s Pure
repository at https:/doi.org/10.15129/7fc1b9a7-99d2-4666-
8709-e0d319afd131.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

The project received funding from the Partnership for
International Research and Education (PIRE) Bio-inspired
Materials and Systems, supported by the U.S. National Science
Foundation under Grant No. OISE 1844463 and the Swiss
National Science Foundation under Grant No. 177995.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.15129/7fc1b9a7-99d2-4666-8709-e0d319afd131
https://doi.org/10.15129/7fc1b9a7-99d2-4666-8709-e0d319afd131
https://doi.org/10.15129/7fc1b9a7-99d2-4666-8709-e0d319afd131
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py01283f

Open Access Article. Published on 25 April 2025. Downloaded on 12/5/2025 6:02:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

Moreover, this work benefitted from support from the Swiss
National Science Foundation through the National Center of
Competence in Research (NCCR) Bio-Inspired Materials (Grant
No. 51NF40-182881). The work carried out at LIST was part of
the ACP 22 project framework. The manuscript was linguisti-
cally revised with the help of Grammarly.

References

1
2

7

9

10

11

12

13

14

15

16

17

18

19

20
21

R. O. Ritchie, Nat. Mater., 2011, 10, 817-822.

N. Bosnjak and M. N. Silberstein, Science, 2021, 374, 150~
151.

C. Zhang, Z. Liu, H. Wang, X. Feng and C. He, Macromol.
Biosci., 2017, 17, 1600444,

Z. Mutlu, S. Shams Es-Haghi and M. Cakmak, Adv.
Healthcare Mater., 2019, 8, €1801390.

G. Guzman, S. S. Es-Haghi, T. Nugay and M. Cakmak, Adv.
Healthcare Mater., 2017, 6, 1600775.

G. Guzman, T. Nugay, I. Nugay, N. Nugay, J. Kennedy and
M. Cakmak, Macromolecules, 2015, 48, 6251-6262.

J. Kang, G. Erdodi, J. P. Kennedy, H. Chou, L. Lu and
S. Grundfest-Broniatowski, Macromol. Biosci., 2010, 10,
369-377.

G. Erdodi, J. Kang, B. Yalcin, M. Cakmak, K. S. Rosenthal,
S. Grundfest-Broniatowski and J. P. Kennedy, Biomed.
Microdevices, 2009, 11, 297-312.

I. S. Isayeva, B. T. Kasibhatla, K. S. Rosenthal and
J. P. Kennedy, Biomaterials, 2003, 24, 3483-3491.

A. K. S. Chandel, C. U. Kumar and S. K. Jewrajka, ACS Appl.
Mater. Interfaces, 2016, 8, 3182-3192.

B. Nutan, A. K. S. Chandel, D. V. Bhalani
S. K. Jewrajka, Polymer, 2017, 111, 265-274.

J. Kim, G. Zhang, M. Shi and Z. Suo, Science, 2021, 374,
212-216.

B. Ozcelik, K. D. Brown, A. Blencowe, K. Ladewig,
G. W. Stevens, J. P. Scheerlinck, K. Abberton, M. Daniell
and G. G. Qiao, Adv. Healthcare Mater., 2014, 3, 1496-1507.
U. M. Krishna, A. W. Martinez, J. M. Caves and
E. L. Chaikof, Acta Biomater., 2012, 8, 988-997.

K. Li, C. Zhou, S. Liu, F. Yao, G. Fu and L. Xu, React. Funct.
Polym., 2017, 117, 81-88.

D. Gu, S. Tan, C. Xu, A. J. O’Connor and G. G. Qiao, Chem.
Commun., 2017, 53, 6756-6759.

J.-Y. Sun, X. Zhao, W. R. K. Illeperuma, O. Chaudhuri,
K. H. Oh, D. J. Mooney, J. J. Vlassak and Z. Suo, Nature,
2012, 489, 133-136.

J. C. Natterodt, J. Sapkota, E. J. Foster and C. Weder,
Biomacromolecules, 2017, 18, 517-525.

J. C. Natterodt, A. Petri-Fink, C. Weder and J. O. Zoppe,
Chimia, 2017, 71, 376-383.

K. Haraguchi and T. Takehisa, Adv. Mater., 2002, 14, 1120.
C. Cappelletti, L. M. Olaechea, A. Ianiro, C. Prado-
Martinez, E. Oveisi, C. Weder and S. Schrettl, Polym. Chem.,
2022, 13, 1880-1890.

and

This journal is © The Royal Society of Chemistry 2025

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

View Article Online

Paper

L. M. Olaechea, L. Montero de Espinosa, E. Oveisi,
S. Balog, P. Sutton, S. Schrettl and C. Weder, J. Am. Chem.
Soc., 2020, 142, 342-348.

T. P. Sathishkumar, S. Satheeshkumar and J. Naveen,
J. Reinf. Plast. Compos., 2014, 33, 1258-1275.

D. R. Paul and L. M. Robeson, Polymer, 2008, 49, 3187-
3204.

V. Favier, H. Chanzy and ]. Y. Cavaille, Macromolecules,
1995, 28, 6365-6367.

A. W. Carpenter, C. F. de Lannoy and M. R. Wiesner,
Environ. Sci. Technol., 2015, 49, 5277-5287.

L. Bai, N. Bossa, F. Qu, J. Winglee, G. Li, K. Sun, H. Liang
and M. R. Wiesner, Environ. Sci. Technol., 2017, 51, 253-262.
S. Wohlhauser, T. Kuhnt, W. Meesorn, L. Montero de
Espinosa, J. O. Zoppe and C. Weder, Macromolecules, 2020,
53, 821-834.

A. Redondo, S. Chatterjee, P. Brodard, L. T. J. Korley,
C. Weder, I. Gunkel and U. Steiner, Polymers, 2019, 11,
1912.

M. Parit, P. Saha, V. A. Davis and Z. Jiang, ACS Omega,
2018, 3, 10679-10691.

M. K. Hausmann, P. A. Ruhs, G. Siqueira, J. Lauger,
R. Libanori, T. Zimmermann and A. R. Studart, ACS Nano,
2018, 12, 6926-6937.

G. Siqueira, J. Bras and A. Dufresne, Polymers, 2010, 2, 728-
765.

M. S. Islam, L. Chen, J. Sisler and K. C. Tam, J. Mater.
Chem. B, 2018, 6, 864-883.

I. Usov, G. Nystrom, J. Adamcik, S. Handschin, C. Schutz,
A. Fall, L. Bergstrom and R. Mezzenga, Nat. Commun.,
2015, 6, 7564.

S. T. R. Velasquez, D. Jang, P. Jenkins, P. Liu, L. Yang,
L. T. J. Korley and N. Bruns, Adv. Funct. Mater., 2022, 32,
2207317.

C. S. Patrickios, in Amphiphilic Polymer Co-networks, 2020,
ch. 1, pp. 1-14. DOI: 10.1039/9781788015769-00001.

C. S. Patrickios and K. Matyjaszewski, Polym. Int., 2021, 70,
10-13.

C. S. Patrickios and T. K. Georgiou, Curr. Opin. Colloid
Interface Sci., 2003, 8, 76-85.

G. Erdodi and ]. P. Kennedy, Prog. Polym. Sci., 2006, 31, 1-
18.

S. Diamanti, in Amphiphilic Polymer Co-networks, Royal
Society of Chemistry, 2020, ch. 12, pp. 263-276. DOIL
10.1039/9781788015769-00263.

S. Ulrich, L. F. Boesel and N. Bruns, in Amphiphilic Polymer
Co-networks, 2020, ch. 15, pp. 331-363. DOI: 10.1039/
9781788015769-00331.

C. Krumm and ]J. C. Tiller, in Amphiphilic Polymer Co-net-
works, Royal Society of Chemistry, 2020, ch. 14, pp.
309-330. DOI: 10.1039/9781788015769-00309.

M. Rother, J. Barmettler, A. Reichmuth, J. V. Araujo,
C. Rytka, O. Glaied, U. Pieles and N. Bruns, Adv. Mater.,
2015, 27, 6620-6624.

J. Tobis, L. Boch, Y. Thomann and J. C. Tiller, J. Membr.
Sci., 2011, 372, 219-227.

Polym. Chem., 2025, 16, 2618-2628 | 2627


https://doi.org/10.1039/9781788015769-00001
https://doi.org/10.1039/9781788015769-00263
https://doi.org/10.1039/9781788015769-00331
https://doi.org/10.1039/9781788015769-00331
https://doi.org/10.1039/9781788015769-00309
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py01283f

Open Access Article. Published on 25 April 2025. Downloaded on 12/5/2025 6:02:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

45 S. T. R. Velasquez, A. Belluati, E. Tervoort, I. Mattich,
B. Hertel, S. Russell, M. G. Gouveia, P. Grysan,
C. Mugemana, A. R. Studart and N. Bruns, Adv. Mater.
Technol., 2024, 9, 2400109.

46 P. Wang, G. Deng, L. Zhou, Z. Li and Y. Chen, ACS Macro
Lett., 2017, 6, 881-886.

47 S. Kondo, T. Hiroi, Y.-S. Han, T.-H. Kim, M. Shibayama,
U.-I. Chung and T. Sakai, Adv. Mater., 2015, 27, 7407-7411.

48 D. E. Apostolides, G. Michael, C. S. Patrickios,
B. Notredame, Y. Zhang, J. F. Gohy, S. Prevost,
M. Gradzielski, F. A. Jung and C. M. Papadakis, ACS Appl.
Mater. Interfaces, 2024, 16, 23813-23825.

49 D. E. Apostolides, C. S. Patrickios, M. Simon,
M. Gradzielski, A. Blanazs, C. Mussault, A. Marcellan,
N. Alexander and C. Wesdemiotis, Polym. Chem., 2023, 14,
201-211.

50 D. G. Tsalikis, M. Ciobanu, C. S. Patrickios and Y. Higuchi,
Macromolecules, 2023, 56, 9299-9311.

51 ]. C. Johnson and L. T. J. Korley, Soft Matter, 2012, 8, 11431.

52 J. C. Johnson, N. D. Wanasekara and L. T. J. Korley,
J. Mater. Chem. B, 2014, 2, 2554-2561.

53 L. Matolyak, J. Keum and L. T. Korley, Biomacromolecules,
2016, 17, 3931-3939.

54 D. Jang, C. B. Thompson, S. Chatterjee and L. T. J. Korley,
Mol. Syst. Des. Eng., 2021, 6, 1003-1015.

55 L. Matolyak, J. Keum and L. T. J. Korley, Biomacromolecules,
2016, 17, 3931-3939.

2628 | Polym. Chem., 2025, 16, 2618-2628

56

57

58

59

60

61

62

63

64

65

66

67

68

View Article Online

Polymer Chemistry

L. E. Matolyak, C. B. Thompson, B. Li, J. K. Keum,
J. E. Cowen, R. S. Tomazin and L. T. ]. Korley,
Biomacromolecules, 2018, 19, 3445-3455.

S. Monemian and L. T. J. Korley, Macromolecules, 2015, 48,
7146-7155.

C. B. Thompson and L. T. ]J. Korley, Bioconjugate Chem.,
2017, 28, 1325-1339.

S. Eyley and W. Thielemans, Nanoscale, 2014, 6, 7764-7779.
N. Bruns, J. Scherble, L. Hartmann, R. Thomann, B. Ivan,
R. Mulhaupt and J. C. Tiller, Macromolecules, 2005, 38,
2431-2438.

L. Benski, 1. Viran, F. Katzenberg and J. C. Tiller, Macromol.
Chem. Phys., 2020, 222, 2000292.

J. C. Johnson, N. D. Wanasekara and L. T. Korley,
Biomacromolecules, 2012, 13, 1279-1286.

E. Ibarboure, E. Papon and J. Rodriguez-Hernandez,
Polymer, 2007, 48, 3717-3725.

K. E. Schaefer, P. Keller and T. J. Deming, Macromolecules,
2006, 39, 19-22.

F. Ram, B. Biswas, A. Torris, G. Kumaraswamy and
K. Shanmuganathan, Cellulose, 2021, 28, 6323-6337.

C. Fodor, G. Kali, R. Thomann, Y. Thomann, B. Ivan and
R. Miilhaupt, RSC Adv., 2017, 7, 6827-6834.

B. Ivan, M. Haraszti, G. Erd&di, J. Scherble, R. Thomann
and R. Milhaupt, Macromol. Symp., 2005, 227, 265-274.

S. Ulrich, A. Sadeghpour, R. M. Rossi, N. Bruns and
L. F. Boesel, Macromolecules, 2018, 51, 5267-5277.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py01283f

	Button 1: 


