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Nanocellulose-short peptide self-assembly
for improved mechanical strength and barrier
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Panu Lahtinen, c Arja Paananen, c Markus Linder, d Claudia Pigliacelli *a

and Pierangelo Metrangolo *a

Cellulose nanofibers (CNF) are the most abundant renewable nanoscale fibers on Earth, and their use in

the design of hybrid materials is ever more acclaimed, although it has been mostly limited, to date, to

CNF derivatives obtained via covalent functionalization. Herein, we propose a noncovalent approach

employing a set of short peptides – DFNKF, DF(I)NKF, and DF(F5)NKF – as supramolecular additives to

engineer hybrid hydrogels and films based on unfunctionalized CNF. Even at minimal concentrations

(from 0.1% to 0.01% w/w), these peptides demonstrate a remarkable ability to enhance CNF rheological

properties, increasing both dynamic moduli by more than an order of magnitude. Upon vacuum filtration

of the hydrogels, we obtained CNF-peptide films with tailored hydrophobicity and surface wettability,

modulated according to the peptide content and halogen type. Notably, the presence of fluorine in the

CNF-DF(F5)NKF film, despite being minimal, strongly enhances CNF water vapor barrier properties and

reduces the film water uptake. Overall, this approach offers a modular, straightforward method to

create fully bio-based CNF-peptide materials, where the inclusion of DFNKF derivatives allows for

facile functionalization and material property modulation, opening their potential use in the design of

packaging solutions and biomedical devices.

1. Introduction

While the quest for sustainability challenges chemists and
materials scientists, cellulose nanofibers (CNF) stand out as a
renewable and biodegradable biomass in the design of func-
tional nanoscale systems and composite materials.1 Such a
popularity arises from the natural abundance and low-carbon
footprint of CNF, which combine a substantial tunability in
terms of morphology and fibril size, enabling unique mechan-
ical, optical, and thermal properties.2–5 Given the high number
of –OH groups on the CNF surface, the formation of a dense

hydrogen bonding network leads to a tight entanglement
of fibrils, which can potentially limit the interaction with other
matrices.2 Thus, the use of CNF in the design of hybrid
materials has mostly focused on custom derivatives obtained
via covalent functionalization, including oxidation, phosphor-
ylation, sulfonation, carboxymethylation and silylation.6–11

Among them, TEMPO-oxidized CNF (TO-CNF), having the
hydroxyl groups functionalized with negatively charged carb-
oxylate groups, represents the most studied and employed CNF
derivative for the development of packaging solutions,12 drug
delivery systems,13 optical materials,3 and energy storage
devices.14 Still, the use of unfunctionalized CNF, obtained by sole
mechanical fibrillation, remains, to date, seldom explored.15

The use of biomolecules, including natural and/or engi-
neered proteins, as functional additives in the design of CNF-
based hybrid matrices shows promise.16,17 Indeed, some recent
studies have demonstrated the effectiveness of combining TO-
CNF with proteinaceous materials to achieve tuned mechanical
behaviour in gels and films.18–20 Furthermore, Khatri et al.
recently showed how by supplementing TO-CNF films with
fibrils made by the Curli-specific gene A (CsgA) protein the
surface hydrophobicity and thermal stability of the resulting
films were improved with respect to the ones obtained with
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solely TO-CNF.21 While the use of full-length proteins has led
to the above-mentioned successful results, a fine tuning of
CNF features and properties has not yet been achieved employ-
ing short peptides sequences, especially when incorporated
through a noncovalent approach.22,23 Thus, the design of
CNF hybrid matrices bearing custom short peptides, which
offer clear advantages in terms of versatility and ease of design
with respect to full-length proteins, remains an unmet
challenge.

Pursuing a noncovalent design strategy, here we employ a
series of short peptides to tune the rheological and functional
properties of unmodified CNF and engineer hybrid hydrogels
and films thereof. We selected DFNKF, the core fragment of the
human calcitonin hormone, known for its self-assembly and
fibrillogenic propensity,24 as a model peptide sequence. Self-
assembling peptides represent ideal partners for CNF, owing
to their intrinsic fibril-forming tendency and the possible
presence of charged residues engageable in electrostatic inter-
actions, features that, we reasoned, could favour the entangle-
ment between CNF and peptide fibrils.25 Indeed, the presence
of a lysine (Lys) residue in the DFNKF sequence facilitates the
interaction with CNF, which bears a net negative charge due to
hemicellulose residues within CNF fibrils.26 Moreover, the two
phenylalanine (Phe) residues in DFNKF offers opportunities
for facile functionalization. Building upon this feature, we
employed two halogenated derivatives, DF(I)NKF and DF(F5)NKF
(see Fig. S1 and S2, ESI†), as supramolecular additives to enhance
and tune CNF hydrophobicity, in addition to their mechanical
properties. Our results demonstrate that even minimal quantities
of these peptides, ranging from 0.1% to 0.01% w/w, significantly
strengthen the CNF rheological properties through electrostatic
interactions. These quantities are extremely low, especially when
compared to the protein-to-CNF ratios used in previous works,22,27

which were used with up to 1 : 1 (w/w) ratio, yet still allowed for
remarkable mechanical enhancement. Furthermore, the tunabil-
ity given by varying the halogen type and number in Phe residues
of the peptides offers exciting prospects for tailoring the function-
ality of the resulting materials. Indeed, while iodine (I) acts as a
labelling function and potential site for post-processing functio-
nalization, the presence of fluorine (F) decreases the wettability
of the CNF-fluorinated peptide films, which exhibited excellent
water vapor barrier properties, high hydrophobicity, and low water
uptake capability.

2. Results and discussion
2.1. Formation of CNF-peptide hydrogels

At first, a simple and quick procedure to trigger CNF gelation
was designed. The high dry matter content of the stock CNF
dispersion, namely 1.6% w/w, rendered it highly viscous and
locally aggregated, potentially preventing homogeneous pep-
tide inclusion. Thus, we combined dilution and mechanical
agitation to exploit the shear-thinning behaviour of CNF28,29

and successively incorporate peptides within the CNF matrix.
We began by performing flow curve measurements of a series of

dilutions (Fig. S3, ESI†), identifying 0.8% w/w as the optimal
concentration. Under such conditions, tip sonication can effec-
tively favour fiber disentanglement (Fig. S4a, ESI†), allowing the
formation of a stronger gel to be easily achieved.30 As gelation
is a concentration-dependent phenomenon,31 the sonication
impact was more noticeable with 0.8% CNF content rather than
lower. Despite sonication being a widespread method to pro-
mote CNF separation, especially for surface-functionalized
fibers, the prolonged exposure of CNF to ultrasound is known
to potentially deteriorate them, leading to fiber fragmenta-
tion.32 In our case, neither fibers breakage nor crystallinity
index (CI) variations were observed upon sonication (CI =
48.9% before and CI = 49.2% after, Fig. S5, ESI†), suggesting
that the CNF morphology is mostly preserved after the ultra-
sonic treatment.32–34 After identifying the ideal conditions to
trigger CNF gelation, we incorporated the peptides within the
CNF matrix to obtain hybrid hydrogels. Solutions of DFNKF
and its two halogenated analogues, DF(I)NKF and DF(F5)NKF
(Fig. 1), were used to dilute the 1.6% w/w CNF dispersion. The
hydrogels, namely CNF-H, CNF-I, CNF-F5 in accordance with
the peptide used, were prepared (Fig. 2a) with varying peptide
amounts ranging from 0.1% (1.25 mM) to 0.01% w/w (0.125 mM),
meaning CNF:peptide ratios comprised between 8 : 1 to 80 : 1
(Table S2, ESI†). Such peptides, especially DF(I)NKF, are known
to possess strong self-assembly properties.35 However, at such a
low content, gelation cannot be driven by peptide self-assembly,
as the minimum gelation concentration of the best gelator in the
series was reported to be around 0.2% w/w.35

Nevertheless, peptide inclusion deeply affected CNF net-
works by thickening the dispersion and stiffening the gel after
sonication (Fig. 2b and c). Importantly, such an effect was
observed in all of the tested hydrogels, regardless of the peptide
sequence used. Microscopic characterization revealed a long
and well-dispersed network of individual CNF fibers with a size
of 18.25 � 8.32 nm, which, upon peptide addition, appeared to
be increased in thickness, and coated by an amorphous matrix
(Fig. 2d and e). Such a morphology was not observed in either
peptide or CNF alone, confirming that the interaction between
the two components deeply affects the assembly pattern of the
system. Overall, the aspect of the network turned less regular,
with respect to the network composed of sole CNF, with the
peptide matrix tightly binding to pre-existing fibers. As the
CNF is unfunctionalized, the surface of individual nanofibers
should lack charged groups. However, untreated CNF can contain
slight impurities, as hemicellulose or pectin,26,36 leading to the
presence of some sugar acids (e.g., uronic acids) on the CNF
surface. These negatively charged groups are considered respon-
sible for the observed CNF negative surface potential (Fig. 2f),
favouring the complexation with the peptides, which, owing to
their Lys residue, are positively charged (pI = 6.8) under the
conditions tested (pH = 5.7). By increasing peptide content, the
net x-potential of hydrogels progressively increased from highly
negative values (x = �30 mV) to less negative ones (x = �15 to
�20 mV), despite the minimal content, confirming the electro-
static complexation between the two components. Moreover, the
protonated NH2 group of the Lys residue, besides providing a
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positive charge, may enable the interaction with carboxylate
anions present on the CNF surface via hydrogen bonding.
Fourier-transform infrared spectroscopic analysis provided an

indication of such modifications in the hydrogen bonding net-
work of the amine groups, as suggested by the blueshifts of the
N–H bands after complexation with CNF (Fig. S6 and S7, ESI†).

Fig. 2 (a) Schematic representation of hybrid hydrogels preparation protocol; (b) and (c) Vial inversion tests of the CNF-based hydrogels right after
0.05% w/w DF(I)NKF addition (b) and after sonication (c); TEM images of the (d) neat CNF hydrogel and (e) CNF-I at 0.05% peptide concentration;
(f) x-potential measurements of neat CNF, of the peptides alone, and of the hybrid hydrogels at the different CNF:peptide ratios.

Fig. 1 Schematic illustration of the hybrid network based on CNF and DFNKF, highlighting the residues exploited for functionalization and interaction
with CNF. The halogenated derivatives, DF(I)NKF and DF(F5)NKF, were obtained substituting the Phe in the second position with the corresponding
halogenated amino acids.
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The morphology of the hybrid samples slightly changed also
in their dry state, where peptide addition led to the appearance
of local bundles of densely fibrillated patches, which could not
be observed in pure CNF samples (Fig. 3a and b). To better
probe the peptide presence within the observed network, we
exploited their halogenated derivatives by coupling scanning
electron microscopy (SEM) with energy dispersive X-ray spectro-
scopy (EDS) to track their location within the matrix. In fact,
halogens and heavy atoms have historically been utilized as
labels for structure phasing of complex biomolecules such as
proteins37 or, more recently, for inferring conformational para-
meters of halogen-labelled amino acids.38,39 By selecting nitro-
gen, iodine, and fluorine as exclusive labels for CNF-H, CNF-I
and CNF-F5, respectively, we obtained elemental maps (Fig. 3c
and d) that showed an even peptide distribution throughout
the whole sample, confirming a successful blending, i.e., co-
assembly of the two constituents in the systems. For CNF-I and
CNF-F5, the results were further corroborated by the nitrogen
channel, utilized as a secondary label, which provided an
almost superimposable map with respect to the halogen chan-
nel. The lack of segregation or self-sorting in N, I, and F signals
confirmed, once more, the inability of peptides to self-assemble
into fully mature amyloid fibrils when incorporated in a CNF
network. This finding supports the hypothesis of a combi-
nation of two competitive mechanisms for peptide self-
assembly. On the one hand, noncovalent peptide–peptide inter-
actions – mainly p-stacking between aromatic residues, ionic
interactions between charged residues, and salt bridges between
free termini and hydrogen bonds – drive the self-assembly
towards the fibrillar state and the formation of small protofibrils.

On the other, CNF could engage peptide monomers and small
oligomers in electrostatic interactions, hindering the development
of mature fibrils and leading to the formation of amorphous
aggregates diffused all over the surface of cellulose nanofibrils.

2.2. Rheology enhancement and insights into interactions
between peptides and CNF

After assessing the homogeneous inclusion of the peptides in
the hydrogels, we reasoned that the noncovalent conjugation of
small peptides may alter the mechanical properties of the
system. Indeed, Sharma et al.23 and Kaur et al.22 demonstrated
that when short bioactive peptides were added to TEMPO-
oxidized CNF (TO-CNF) hydrogels, their mechanical response
was tailored in accordance with the peptide content. In such a
way, they were able to modulate the storage moduli of the
hydrogels to achieve intermediate properties between TO-CNF
hydrogels and peptide hydrogels, exploited to design biocom-
patible scaffolds for cellular growth.22,23 On the other hand,
when large proteins (e.g., lysozyme or b-lactoglobulin) were
combined with nanocellulose materials, it was possible to
obtain self-conjugating systems where complexation led to a
synergistic improvement of the mechanical properties of the
gels.17,27

In our study, we first probed the rheological properties of
neat CNF and of the obtained hydrogels via oscillatory rheology
studies. The 0.8% w/w CNF dispersion behaved as a weak
percolating network possessing a single plateau region of the
dynamic moduli, with the storage modulus (G0) dominating
over the loss modulus (G00), indicative of a gel/solid-with like
behaviour, and a linear viscoelastic region (LVER) with up to
B4% strain, after which the structure started to break down
(Fig. 4). Overall, G0 and G00 values were relatively low (G0 = 40.5 �
5.4 Pa, G00 = 5.9 � 0.8 Pa), but remarkably improved upon
sonication treatment (G0 = 110 � 13 Pa, G00 = 17 � 2 Pa) (Fig. S8,
ESI†). Even at the lowest concentration (0.01% w/w, 0.125 mM),
the introduction of the peptides could lead to appreciably
improved rheological response of the CNF network (Fig. 4a
and b). At higher peptide concentrations, between 0.025% and
0.1% w/w (0.5 and 1.25 mM), all the tested hybrid systems
(CNF-H, CNF-I, and CNF-F5) shared a more marked change with
similar viscoelastic responses, showing both dynamic moduli
rising up by one order of magnitude (e.g., G0 = 1124� 152 Pa for
0.1% w/w CNF-F5 hydrogels) (Fig. S9 and S10, ESI†). Peptide
inclusion did not affect CNF crossover frequency (G0 = G00),
which remained constant (B30 Hz) at all the tested conditions
and equal to the one of neat CNF, thus not impacting CNF
relaxation behaviour (Fig. 4c). Amplitude strain sweeps showed
that the composite samples were able to withstand slightly
smaller strains (LVER B2% strain), indicating more connec-
tions in the CNF network and an easily flowing system (Fig. 4d).
Additionally, at lower peptide contents (r0.025%, i.e., 0.36 mM)
there was a rise in the G00 in the proximity of the yield point,
indicating a temporary internal structuring prior to network
collapse (Fig. 4e). This rheological response is similar to what is
typically observed when ionic solutes are added to cellulose
networks, and their impact on CNF mechanical properties is

Fig. 3 SEM images of lyophilized (a) neat CNF hydrogels and (b) CNF-I
containing 0.05% w/w of peptide. EDS maps with the corresponding SEM
images of (c) CNF-I and (d) CNF-F5 systems at 0.05% w/w peptide
concentration. Colour code: I, violet; N, yellow; F, green.
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largely documented in the literature.29,36,40 At increased ionic
strength, the repulsion between cellulose fibrils is screened,
leading to aggregation and stronger networks. Similarly, in our
systems, CNF electrostatic screening occurs upon peptide addi-
tion, as evidenced by the gradual increase in the x-potential value.
The peptides, acting as physical crosslinks, enable stronger and
more robust connections between cellulose fibers, resulting in
enhanced rheological properties. Aside from local interactions,
the CNF-peptide interaction can also be favoured by the entropic
gain resulting from the release of structured water molecules
present on the CNF surface before peptide adsorption, as sug-
gested by the decreased ability of the composite hydrogels
to retain water (Fig. S11, ESI†). This agrees with the works by
Nyström et al.,18,27,41 who have also previously described how the
interaction of nanocellulose-based materials with proteinaceous
components, such as amyloid proteins, can be driven by the gain
of system entropy due to the release of counter-ions and water
previously bound to cellulose, rather than relying solely on short-
range ionic interactions. Notably, without sonication, no change
in rheological properties was observed for any CNF-peptide
combination (Fig. S12, ESI†), underscoring the crucial role of
sonication in making CNF surface accessible for peptide insertion
and enabling the formation of the hybrid material. Sonication,
while promoting CNF–peptide complexation, may also induce the
formation of more extensive supramolecular peptide structures
(e.g., protofibrils), as observed when applying ultrasounds to
peptides as single components (Fig. S3b, ESI†).41,42 These larger
structures have an increased capacity to bind with CNF20 and
could provide more entanglement points, ultimately resulting in
improved rheological properties. This possibility, together with
the positive net charge carried by the peptides, may also account
for the observed rheological synergistic enhancement obtained

with such short peptides and at such low contents, which
contrasts with other studies reporting no substantial improve-
ments when using non-assembled (monomeric and/or prefibrillar
states) proteins.21,43

2.3. Hydrophobic film formation

CNF films offer a green and sustainable alternative to non-
renewable resource-based membranes in various applications
ranging from packaging and electronic displays to biomedical
devices. Nonetheless, these films exhibit a detrimental
response when exposed to water or highly humid environments
due to the strong hygroscopic nature of CNF.44 Many of the
strategies proposed, to date, to tailor the CNF surface proper-
ties, rely on chemical hydrophobization involving the use of
potentially hazardous chemicals and solvents, leading to high
processing costs and environmental concerns. As an example, a
traditional way to increase CNF barrier properties is to surface
coat with per- and polyfluorinated substances (PFAS). However,
the use of PFAS in consumer and medical products is raising
significant environmental and health concerns due to their
persistence, bioaccumulation, and potential toxicity.45,46 In this
context, the CNF-peptide hybrid materials presented here
provide a more straightforward and sustainable alternative to
enhance and tune hydrophobicity of CNF, considering that the
different variants of the DFNKF sequence have been reported to
possess different hydrophobicity according to the halogenated
moieties introduced on the Phe residue.35 Moreover, by avoiding
covalent functionalization of CNF with hydrophobic groups, the
inherent properties of cellulose are mostly preserved, including its
biodegradability.47

Accordingly, vacuum filtration of CNF-H, CNF-I, and CNF-F5

hydrogels was performed (Fig. 5a), to obtain self-standing

Fig. 4 (a) and (b) Frequency sweep measurements of CNF-I hydrogels compared with neat CNF. (c) Frequency sweep measurements in small
deformation oscillatory regime of CNF-I hydrogels, highlighting the crossover of G0 (solid lines) and G00 (dotted lines). (d) and (e) Amplitude sweep
measurements for linear viscoelastic region identification of CNF-I hydrogels.
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membranes with varying CNF : peptide ratios. Peptide inclusion
in the final films was verified by IR spectroscopy, highlighted by
the presence of distinguishable amide peaks at B1665 cm�1,
B1635 cm�1 and B1545 cm�1 (Fig. S13, ESI†), and by ele-
mental analysis for CNF-F5 (Fig. S14b, ESI†). As shown by the
SEM images (Fig. S13a, ESI†), peptides addition did not alter
the CNF film morphology significantly, resulting in a homo-
geneous film with a relatively low porosity. In order to evaluate
the impact of peptide addition on CNF hydrophobicity, film
surface wettability was first investigated through contact angle
measurements. As expected, pristine CNF films showed a water
contact angle (wCA) of around 41 � 21, in agreement with some
literature reports confirming that CNF-based films are vulner-
able to water.48,49 Upon peptide introduction, wCA on average
increased under all tested conditions (Fig. 5b), as a result of the
peptides adsorption on the CNF surface, partially hindering the
interaction between CNF hydroxyl groups and water. Notably,
a significant increase in wCA was observed at 0.1% wt peptide
concentration, with DF(F5)NKF addition resulting in a wCA
increment to above 901 (93 � 101), thus achieving hydrophobic

wCA values. CNF-F5 reduced wettability was followed by CNF-I
(67 � 111) and CNF-H (53 � 11) films. The observed trend is
easily attributable to the different hydrophobicity of the slightly
modified Phe residues, showing the great impact provided by
the type, number, and position of halogen atoms used. Despite
the possibility of further reducing the wettability of CNF-based
systems with more common hydrophobic additives, it is essen-
tial to note that the overall peptide content added to these
systems is remarkably low, with a maximum CNF:peptide ratio
of 8 : 1 and an overall peptide content of milligram fractions.
Moreover, peptide inclusion enriches the system with addi-
tional functional groups, which could potentially be further
exploited for biomolecule detection and bio-diagnostics
purposes.50

Complementarily to water contact angles, n-dodecane
(C12) contact angle (dCA) measurements were performed.
dCA progressively decreased by peptide addition until drop-
ping to almost negligible values at sufficiently high contents
(Fig. 5c), resulting in CNF films with enhanced water resis-
tance and increased affinity to oils. Given the remarkable

Fig. 5 (a) Hybrid films production procedure by vacuum filtration of the CNF-peptides hydrogels. (b) Water contact angles and (c) n-C12 contact angles
of neat CNF, CNF-H, CNF-I and CNF-F5 at different peptide content. (d) Water uptake after 24 hours of immersion of neat CNF and CNF-F5. (e) Water
vapor transmission rates (WVTR) of neat CNF and CNF-F5 (insert: WTVR of CNF-F5 compared with those of cellulose acetate (CA) and cellulose acetate
propionate (CAP)51,52). Colour code: neat CNF, black; CNF-H, blue; CNF-I, violet; CNF-F5, green.
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decrease of the CNF hydrophilic character upon addition of
0.1 wt% DF(F5)NKF, CNF-F5 films with the highest peptide
content were further studied in terms of water uptake and
water vapor permeability. As shown by Fig. 5d, neat CNF
films absorbed around 175 � 17% of water after 24 hours of
immersion, a value that decreased to 95 � 19.9% for the CNF-
F5 films, demonstrating their reduced water uptake capacity.
Subsequently, the films water permeability was determined in
terms of water vapor transmission rate (WVTR). CNF-F5 films
exhibited a WVTR of 2046 � 169 g m�2 day�1, which was
twofold lower than the 5360 � 1077 g m�2 day�1 observed for
pristine CNF films (Fig. 5e). This value remained stable
throughout the entire monitoring period (up to 24 hours).
More importantly, CNF-F5 films demonstrated a WVTR value
that was comparable to, if not superior to, other commonly
used and industrially relevant cellulose materials, including
cellulose acetate (CA), cellulose acetate propionate (CAP) and
other fluorinated cellulose esters (Fig. S15, ESI†).51–53 These
findings underscore, once again, the significant impact of
even small quantities of DFNKF and its halogenated variants
on the surface and barrier properties of CNF, providing a new
paradigm for potentially valuable alternative for waterproofing
cellulose-based materials.

3. Conclusions

In summary, we designed hybrid hydrogels and films based on
unfunctionalized cellulose nanofibers and short peptides,
some of which bear halogenated residues. Despite the mini-
mal peptide content introduced in the system (from 0.1% to
0.01% by weight), the electrostatic interactions and physical
entanglement taking place between the positively charged
peptides and negatively charged CNF allowed CNF rheological
properties to be readily strengthened, resulting in a more than
tenfold increase in both dynamic moduli. The presence of
halogen atoms on the Phe residue did not alter the core
features of the system, but allowed for the easy tracking of
their distribution within the matrix by means of elemental
analysis, confirming a homogeneous distribution. Vacuum
filtration of the hydrogels yielded hybrid CNF-peptide films
with enhanced hydrodynamic properties. Notably, the addi-
tion of a minimal peptide content enabled the modulation of
film wettability without the need of prior chemical modifica-
tions, achieving hydrophobicity when a fluorinated residue is
introduced within the amino acid sequence. We believe our
supramolecular approach may pave the way to totally new,
modular, and straightforward design strategies for obtaining
cellulose nanofiber materials with tuned properties. In fact,
the obtained CNF-fluorinated peptide films exhibited excel-
lent water vapor barrier properties, high hydrophobicity, and
low water uptake capability, features that are potentially
useful in several applications, e.g., moisture-resistant wound
dressings, high-performance biosensors or antifouling coat-
ings, where the use of natural materials with tuneable surface
properties is highly desired but still limited.

4. Materials and methods
4.1. Materials

Nanocellulose was provided by VTT Technical Research Centre
(Espoo, Finland). It was obtained from bleached birch pulp,
which has been Na-washed and fluidized six times to make
nanocellulose. The final nanocellulose suspension is character-
ized by a dry matter content of 1.6 wt%. The peptides (DFNKF,
DF(I)NKF and DF(F5)NKF) were synthesized through classical
solid-phase synthesis. Details on the synthetic procedure and
purification are reported in the ESI,† (Fig. S1 and S2).

4.2. Methods

4.2.1 Hydrogel preparation. CNF hydrogels were prepared
by diluting CNF with mQw to 0.8% w/w. After dilution, samples
were agitated for 1 minute on a benchtop vortex, and tip
sonicated for 1 min at 130 W, 100% amplitude with a 3 mm
probe head (Vibracell VCX 130PB, Sonics & Materials Inc) using
an ice bath to prevent excessive heating. Composite CNF-
peptide hydrogels were prepared in several steps. At first,
peptide stock solutions in mQw were prepared by sonication
with an ultrasound bath for 20 s (Bandelin Sonorex Super RK
100H) followed by heating at 90 1C until dissolution. Then, CNF
was diluted with the peptide stock solution to simultaneously
achieve a CNF content of 0.8% w/w and a final peptide
concentration of 0.1%, 0.075%, 0.05%, 0.025% or 0.01% w/w.
After dilution, samples were agitated for 1 minute on a bench-
top vortex, and tip sonicated for 1 min at 130 W and 100%
amplitude using an ice bath to prevent excessive heating.
All samples were stored at room temperature for at least three
days before analysis. No phase separation was ever observed
throughout the analysis period of six months.

4.2.2. Films preparation. Hydrogels were left to rest for
three days at room temperature. The hydrogels were, then,
vacuum filtrated for 45 min at 20 mbar on a 2.1 cm diameter
filter paper support. The diameter of the film was determined
by the insertion of an O-ring. A 300 g load was applied on top of
the setup to prevent wrinkling. At the end, filter paper was
peeled off and self-standing films were obtained.

4.2.3. Rheological measurements. Rheological properties
of hydrogels were evaluated with a Malvern Panalytical
KINEXUS PRO+ rheometer equipped with a cone-plate geome-
try (diameter: 40 mm). The upper geometry cone was lowered
until it was in conformal contact with the top surface of
the hydrogel, corresponding to gap distances of 1.0–1.5 mm.
Samples were pre-formed, directly transferred on the bottom
plate, 72 hours after preparation, and homogenized by applica-
tion of a mild shear rate (g = 10 s�1) for 30 seconds. Dynamic
moduli and the ability of gels to provide an elastic response
under oscillatory stresses were assessed through a combination
of time sweep (frequency = 1 Hz, strain = 0.1%), strain sweep
for the estimation of the linear viscoelastic region (LVER,
frequency = 1 Hz, strain = 0.01% to 100%) and frequency sweep
(frequency = 0.1 Hz to 100 Hz, constant stress chosen within the
LVER). The shear rate dependence of viscosity was studied
adopting a shear rate ramp (g = 0.1–100 s�1). Small deformation
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oscillatory rheology analyses were performed on an Anton Paar
MCR 302 equipped with a parallel plate geometry (diameter:
25 mm) and operated at a gap distance of 1 mm. A constant
shear strain of 0.1% was employed, with other parameters
selected in accordance with the analyses required, as reported
above. All measurements were repeated at least three times and
carried out at a constant temperature of 25 1C.

4.2.4. Elemental mapping. Elemental analysis was per-
formed by energy dispersive X-ray spectroscopy (EDS) on a
scanning electron microscope Zeiss EVO 50 EP. Hydrogels were
freeze dried prior to deposition on carbon tapes, whereas films
were deposited without further treatments. All samples were
sputter coated with a thin Au layer and analysed at an operating
voltage of 20 kV.

4.2.5. Contact angle measurements. Contact angles of all
films were determined using an OCA 15 PLUS instrument
(dataphysics) using droplet volumes of 1 mL for both mQw
and dodecane. The average contact angles (Elliptic method)
were calculated from a series of at least three independent
measurements by the SCA20 software.

4.2.6. Water vapor transmission rate estimation. Water
vapor transmission rate was determined at 25 1C and 0 1C in
accordance to ASTM E96/E96M standard Water Method. In this
test, a permeation chamber with a 7 mm inner diameter was
filled with 400 mL of mQw. Samples were fixed on top of the
permeation chambers and placed under vacuum in a dry
desiccator with anhydrous calcium chloride, used to maintain
0% relative humidity (RH) in the desiccator. The water permea-
tion through the films was assessed by measuring the weight
change of the permeation chamber at fixed timepoints using an
electronic balance with a 0.01 mg accuracy. In order to com-
pensate for balance fluctuations between each measurement,
blank samples without water in the permeation chamber were
measured parallelly and mass variations of blanks were sub-
tracted to the sample’s variations acquired at the same time-
point. The mass variation was plotted against time and the
slope of the line allowed calculating the water vapor trans-
mission rate (WVTR) as follows:

WVTR ¼ Slope

Area

g

m2 � d
� �

4.2.7. Water uptake estimation. Water uptake (WU) mea-
surements were performed in accordance with the twenty-four
hour immersion method reported in ASTM D570-98. Samples
were originally conditioned for 24 hours under vacuum in a
desiccator with anhydrous calcium chloride. Dry films were,
then, weighed and soaked in mQw maintained at a temperature
of 23 1C for 24 hours. At the end of the 24th hour, specimens
were removed from water, wiped off with a dry cloth and
weighed again using an electronic balance with a 0.01 mg
accuracy. WU was estimated as the ratio between the mass
change after soaking and the original dry mass:

WU ¼ mw �md

md

where mw is the wet film mass and md is the dry film mass.
Measurements were performed in triplicates and average
results are reported.

Author contributions

P. M. designed the project and secured funding. P. M. and C. P.
supervised project realization and share corresponding author-
ship. A. P. and P. L. provided CNF sample and related expertise.
M. L. provided expertise in CNF self-assembly. G. B. provided
peptide samples and rheology expertise. All authors contribu-
ted to article writing and revising, A. M., E. M., and C. P., in
particular, and approved it for publication.

Data availability

The data supporting this article have been included as part of
the ESI.†

Conflicts of interest

There are no conflicts to declare

Acknowledgements

P. M. is grateful to the European Research Council (ERC) for the
Starting Grant ERC-2012-StG_20111012 FOLDHALO (Grant
Agreement no. 307108) and the Proof-of-Concept Grant ERC-
2017-PoC MINIRES (Grant Agreement no. 789815). A. M. and
P. M. are thankful to the projects Hydrogex (grant no. 2018-1720)
and KARATE (grant no. 2022-0437) funded by Cariplo Foundation.
M. L. is grateful to the Research Council of Finland for funding
the Liber project (no. 346105). We also acknowledge the provision
of facilities and technical support by Aalto University at the
OtaNano Nanomicroscopy Center.

References

1 T. Li, C. Chen, A. H. Brozena, J. Y. Zhu, L. Xu, C. Driemeier,
J. Dai, O. J. Rojas, A. Isogai, L. Wågberg and L. Hu, Nature,
2021, 590, 47–56.
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