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ABSTRACT: Short peptide hydrogels are attractive biomaterials but == self-assembling tripeptide + nanocarbons = gels
typically suffer from limited mechanical properties. Inclusion of other 1D -nanotubes 2D -graphene 3D - nanohorns
nanomaterials can serve the dual purpose of hydrogel reinforcement and of SELF- oxide
conferring additional physicochemical properties (e.g., self-healing, j HEALING
conductivity), as long as they do not hamper peptide self-assembly. In
particular, nanocarbons are ideal candidates, and their physicochemical
properties have demonstrated great potential in nanocarbon-polymer gel
biomaterials for tissue engineering or drug delivery. Recently, increasing
interest in supramolecular hydrogels drove research also on their
enhancement with nanocarbons. However, little is known on the effect of
nanocarbon morphology on the self-assembly of short peptides, which are among the most popular hydrogel building
blocks. In this work, three different oxidized nanocarbons (i.e., carbon nanotube or CNT as 1D material, graphene oxide
sheet or GO as 2D material, and carbon nanohorn or CNH as 3D material) were evaluated for their effects on the self-
assembly of the unprotected tripeptide Leu-"Phe-"Phe at physiological conditions. Supramolecular hydrogels were
obtained in all cases, and viscoelastic properties were clearly affected by the nanocarbons, which increased stiffness and
resistance to applied stress. Notably, self-healing behavior was observed only in the case of CNTs. Tripeptide—nanotube
interaction was noted already in solution prior to self-assembly, with the tripeptide acting as a dispersing agent in
phosphate buffer. Experimental and in silico investigation of the interaction between peptide and CNTs suggests that the
latter acts as nucleation templates for self-assembly and reassembly. Overall, we provide useful insights for the future design
of composite biomaterials with acquired properties.
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hort peptides are attractive candidates for supramolecular However, unprotected tripeptide hydrogels typically suffer
hydrogel biomaterials' in light of their inherent from limited mechanical properties, since they do not withstand

g biocompatibility and biodegradability, ease of prepara- high stresses and their moduli are often lower than 10 kPa. In
tion,” ability to encode biological messages,” or to exert a line of principle, hydrogel reinforcement could be achieved by
biological function (e, induce cell death on demand,” adjuvate inclusion of a nanocarbon, which may also add other interesting

immune response to vaccines,’ efc). A popular approach
consists of derivatizing amino acids or short peptides with
aromatic N-capping groups that template self-assembly.”’
However, for biological applications, unprotected peptides as
short as three amino acids are preferable, although their
supramolecular behavior is far more challenging to predict.”
Indeed, only a few unprotected tripeptide gelators have been
reported thus far, mainly containing the convenient Phe-Phe
motif.” The unreported hydrophobic Leu-"Phe-"Phe was

properties, such as NIR responsiveness or conductivity to
X . 1 11-13 . .
achieve responsive materials. To this end, appropriate
nanocarbon functionalization is a convenient approach to assist
dispersibility in water and interaction with other chemical
components.* Peptide/protein-nanocarbon systems have in-
deed attracted a lot of interest in light of their complementary
properties for biological applications, although they are

chosen for this study, since it is expected to be an attractive Received: February 12, 2018
gelator based on its enantiomer ability to form hydrogel Accepted:  May 22, 2018
biomaterials that did not elicit cytotoxicity in vitro."" Published: May 22, 2018
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remarkably difficult to design and control.">'® Peptides can be

covalently bound to the nanocarbon to assist with the
formation of hybrid materials, and/or they can engage in
noncovalent interactions, such as 7—z (e.g, phenylalanine) or
cation—7z (e.g., arginine or lysine), to assist also with
nanocarbon dispersion in water.'> Multicomponent nano-
structured hydrogels of this kind are indeed at the forefront
of research in regenerative medicine, especially of the heart'”
and nerve tissue.

In the case of nanocarbon and short-peptide aqueous
systems, only a very few isolated examples have been described
in the literature, and general guiding principles for design have
not emerged yet. Hydrogels were reported for Fmoc-Phe and
oxidized single-wall carbon nanotubes (SWCNTs),'” and
Fmoc-Phe-Asp or Fmoc-Tyr-Asp and reduced graphene oxide
(RGO).” In all cases, stiffer materials were obtained upon
inclusion of the nanocarbon. In a different approach,
mechanochemical forces were exploited to disperse and gel
pristine MWCNTS or graphite in water, by using an amino acid
derivative bearing: two Fmoc units, to establish z—n
interactions with the nanocarbon, and a C—C double bond,
to define molecular geometry.”' Therefore, it would appear
plausible to include nanocarbons in a supramolecular hydrogel
formed by an unprotected tripeptide, especially if bearing
aromatic amino acids that may engage in 7—7 interactions with
the sp” lattice. Boc-protected - or y-diphenylalanine was
shown to favorably engage with suitably functionalized
MWCNTs in the formation of dendrimer nanostructures,
while the unprotected peptide analogues did not self-assemble,
highlighting dramatic differences between protected and
unprotected peptides.””

To date, there is no report on hydrogels obtained from an
unprotected tripeptide and a nanocarbon, and no study on the
morphological effects related to different nanocarbon structures
on such systems. This study aims to fill the gap, by comparing
supramolecular systems composed of Leu-"Phe-"Phe tripeptide
and one of the following: carbon nanotubes as 1D structure,
graphene oxide sheets as 2D structure, and carbon nanohorns
as 3D structure. Each nanostructure was first oxidized, since it is
well-known that functionalization methods, which shorten and
render CNTs hydrophilic, will reduce CNT aggregation and
ameliorate their biocompatibility.”’ Therefore, the first step
consisted of fine-tuning oxidation conditions for each nano-
carbon based on their different reactivity to (1) achieve
comparable levels of oxidation, as evaluated by thermogravi-
metric analysis (TGA) and (2) significantly shorten CNTs.
Next, we evaluated each peptide-nanocarbon system in
phosphate buffer prior to, during, and after self-assembly into
hydrogels at physiological conditions. Each system was
analyzed by means of Raman and attenuated total reflection
infrared (ATR-IR) spectroscopy, circular dichroism (CD),
oscillatory rheometry, and transmission electron microscopy
(TEM). Although reinforced hydrogels were obtained in all
cases, carbon nanohorns showed a marked tendency toward
segregation resulting in a non-homogeneous system. On the
contrary, hydrogels with GO or oxidized CNTs benefited from
interactions between the nanocarbon and the peptide fibers. In
particular, CNTs conferred self-healing ability to the hydrogels,
and in silico data provided useful insights into peptide—CNT
interaction.
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RESULTS AND DISCUSSION

Peptide Gelator. The hydrophobic heterochiral tripeptide
“Leu-"Phe-"Phe (Figure 1A) was prepared by Fmoc-based

Proteinase K assay
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Figure 1. (A) Chemical structure of Leu-"Phe-PPhe tripeptide
gelator. (B) Proteinase K hydrolysis assay. (C) Time sweep
oscillatory rheometry data. (D) TEM micrograph of peptide fibers.
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solid-phase peptide synthesis, purified by reversed-phase
HPLC, and freeze-dried, leading to a fluffy white powder for
the pure compound as confirmed by LC-MS, 'H NMR, and 3C
NMR data (see Supporting Information Figures S$2—SS).
Presence of two D-amino acids increased its resistance to
protease hydrolysis relative to other stereoisomers, to a far
greater extent than previously observed for similar sequences.”*
“Leu-"Phe-'"Phe and "Leu-"Phe-'Phe were both completely
digested during the first 1-2 h, while over 90% of
“Leu-"Phe-"Phe was still present after 24 h in solution with a
large excess of proteinase K (Figure 1B).

The gelator design was based on our previous studies,” and
indeed hydrogels were obtained at physiological conditions
upon application of a pH trigger. Briefly, the peptide dissolved
as an anion at alkaline pH thanks to the repulsion between the
charged molecules. Addition of an equal amount of mildly
acidic buffer led to rapid hydrogelation at pH 7.4, as confirmed
by the vial inversion test and oscillatory rheometry. A frequency
sweep test was performed to evaluate the gel nature, as gels
should display an elastic modulus (G’) higher than the viscous
modulus (G’'), with both moduli being independent of the
oscillation frequency. In this manner, the minimum gelling
concentration (mgc) was determined to be 0.5 mg mL™'
(0.05% w/v or 1.17 mM, see Figure S6). However, gels at
mgc were weak (ie, G' ~ 04 kPa), thus 2.5 mg mL™" of
"Leu-"Phe-"Phe was chosen as an ideal concentration for
further tests, since it yielded hydrogels with more applicable
mechanical properties (ie, G’ 2 kPa after 30 min of self-
assembly). The hydrogel formed too quickly to visualize the
sol-to-gel transition, with its viscoelastic moduli rising rapidly
during the first 30 min until they reached a plateau (Figure 1C),
corresponding to complete self-assembly into fibrils. Further
hierarchical organization of fibrils into fibers and bundles as
thick as hundreds of nanometers slowly occurred during the
following hours, as confirmed by TEM (Figure 1D).
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Self-assembled peptide fibers were analyzed also by Raman
microspectroscopy. This technique was previously used to
study Phe-Phe nano and microtubes,”® but it is not widely
applied due to the challenging detection of the weak Raman
signals of short peptide self-assemblies. The two Raman-active
modes related to the aromatic ring at 1003 and 1037 cm™" were
clearly visible, with the former being the most intense signal,
which was chosen to map an image of the fiber bundle using

Raman microscopy (Figure 2). The other two aromatic signals

Peptide-Nanocarbon Hydrogels. To probe self-assembly
in the presence of different nanocarbons, which are notoriously
hydrophobic, these were first oxidized to reduce their
aggregation propensity and achieve water dispersibility. To
this end, functionalization protocols were optimized for each
nanostructure (i.e, CNT, G, CNH), whose reactivity is strongly
affected by morphological parameters, such as curvature,
number of graphitic layers, efc. As a result, each nanocarbon
was oxidized (Figure 3A) to the same extent as monitored by
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Figure 2. (A) Raman spectrum of "Leu-Phe-Phe hydrogel. (B)
Raman spectro-microscopy mapping image of a fiber bundle
(normalized intensity at 1003 cm™' in cyan, 102—699 relative
counts).

at 1587 and 1607 cm™" were also visible. In the amide I region,
the major peak at 1641 cm™" arises from the C=0 stretching,
while 1682 and 1691 cm™ indicate hydrogen bonding at both
the C=0 and N—H components of the peptide bond,”® as
expected for f-stacks.”® The weak signal at 1246 cm™ was
assigned to the amide III, and it is also characteristic of the
hydrogen-bonding pattern; while signals at 1270 and 1288
cm™ likely correspond to mixed vibrational modes of C;—H
bending, C,—H out-of-plane bending, N—H in-plane bending,
and C,—C; stretching. Overall, the Raman spectrum suggests
differences relative to the dipeptide Phe-Phe packing into
nanotubes, especially due to the involvement of the C=0 in
the hydrogen-bonding pattern.”®
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CNH
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Figure 3. (A) Oxidized nanocarbons used in this study (not to
scale). (B) Oxidized CNTs aggregated in phosphate buffer, but
were dispersed by the peptide. (C) TEM images of peptide with or
without nanocarbons in the alkaline buffer. White, dotted lines
trace the lacey carbon grid; yellow, dotted lines trace the edges of
CNT and CNH surface.

TGA, corresponding to 2.5 + 0.2 mmol COOH/g for a weight
loss of ca. 10% at 600 °C (see Figure S7). Oxidation served also
as a purification strategy, and each nanocarbon was
characterized by Raman spectroscopy and TEM, which
confirmed that the structure of the nanocarbons was preserved
in all cases (see Figure S7).

Despite the good water dispersibility of the oxidized
nanomaterials, CNTs visibly aggregated in the phosphate
buffer used to prepare hydrogels. Fortunately, the amphiphilic
nature of the tripeptide allowed its use as a CNT dispersant,
leading to homogeneous systems when both were added to the
alkaline buffer at pH 12 (Figure 3B). The same protocol was
applied to GO and CNH, which showed less aggregation and

DOI: 10.1021/acsnano.8b01182
ACS Nano 2018, 12, 55305538


http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01182/suppl_file/nn8b01182_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01182/suppl_file/nn8b01182_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b01182

ACS Nano

were also better dispersed in the presence of the peptide
(Figure S8). TEM images revealed coating of the nanocarbons
by the peptide prior to self-assembly; in particular, complete
coating was evident for CNTs, while both coated and bare
CNHs could be seen (Figure 3C and Figures S9—S12).
Upon lowering of the pH to neutral, self-supportive
hydrogels were obtained in all cases with a high content of
nanocarbon of up to 40% w/w relative to the peptide (Figure
4A). Such high loading suggested a positive interaction with the
peptide, since addition of a nanocarbon component (i.¢., carbon
nanodots) was shown to disrupt gelation of the tripeptide
enantiomer at much lower amounts (i.e,, 1% w/w at analogous

+ CNH

A peptide + CNT + GO + CNH
o over time

e

Figure 4. (A) Photographs of self-supportive hydrogels and
magnification showing segregation occurring for the CNH-peptide
system (inset). (B—D) TEM micrographs at low (left) and high
(right) magnification of peptide hydrogels containing CNTs (B),
GO (C), or CNHs (D). CNTs are traced in yellow in (B). Red
squares indicate the magnified area shown on the right.

5533

conditions).27 However, within a few hours, the sample
containing CNHs displayed clear signs of nanocarbon
segregation from the hydrogel (Figure 44, inset). TEM
micrographs of the hydrogels (Figure 4B—D) confirmed
presence of peptide fibers interacting with individualized
nanocarbon structures. Only in the case of CNH, nanocarbon
clusters were also seen, in agreement with visual observations.
In terms of morphology, it is intuitive that elongated peptide
fibers interacted and associated with elongated CNTs or the flat
surface of GO, while self-association was favored in the case of
round and rough CNHs. In particular, TEM micrographs
revealed curved CNTs bridging between, and running along,
peptide fibers oriented at different angles, suggesting a more
effective interaction between peptide fibers and this nano-
carbon of analogous anisotropic morphology. In the presence
of nanocarbons, peptide fibrils did not vary in diameter (see
Table S1), and the mesh size of hydrogel networks was
estimated to be 10—15 nm for all fresh samples using rheology
(Table $2).”**” However, mature fiber diameter and bundling
over 24 h was significantly reduced, especially in the case of
CNTs and GO, once again suggesting that CNHs interacted
less with the peptide (see Figures S14—S17 and TableS1).
Kinetics of assembly were monitored by oscillatory rheology,
which confirmed only minor changes in the case of GO and
CNH, both of which slowed down supramolecular organ-
ization, while CNTs did not (see Figure S18). As expected,
presence of the nanocarbons led to stiffer materials in all cases,
with an increase of elastic modulus G’ (i.e., S—7 kPa for GO
and CNT, and 3 kPa for CNH after 30 min of self-assembly),
relative to the peptide alone (i.e, 2 kPa), see Table S3. When
the nanocarbon loading was decreased 10-fold (i, 0.1 mg
mL™" or 0.01% w/v, see Supporting Information), material
stiffening was still achieved in all cases, and it indicated a
qualitative, nonlinear effect (see Figures S19—520).
Nanocarbons are well-known for their resilience, thus it was
expected that their presence would increase hydrogel resistance
to applied stresses. Stress sweeps were performed to evaluate
this resistance that is directly related to the amplitude of the
hydrogel linear viscoelastic zone (G’ and G’ independence on
the applied stress). The material stability was improved,
especially in the case of hydrogels containing CNTs.
Interestingly, comparison of low wversus high nanocarbon
content revealed further enhancement in gel stability in the
case of CNTs and GO, but not CNH (see Figure S19).
Self-healing behavior was then tested by applying 30 s pulses
of increasing stress (i.e, 50, 100, 150, 200, and 250 Pa) at S min
intervals to allow for recovery (Figure 5). The peptide hydrogel
suffered a considerable loss in both moduli already when
stressed at SO Pa, although the gel state was maintained (i.e., G’
> G"'). The next pulse at 100 Pa led to an irreversible transition
to a viscous solution (i.e, G’ > G ’). Hydrogels containing GO
or CNH were irreversibly converted to solutions at the third
pulse (i.e., 150 Pa). By contrast, samples with CNTs maintained
their hydrogel nature up to 200 Pa, and, most notably, after the
gel-to-sol transition, the hydrogel state was quickly recovered
(i€, G'> G"). Acquisition of self-healing properties was
confirmed also for samples with a 10-fold decrease in CNT
content, suggesting once again a qualitative effect upon addition
of this nanocarbon (see Figure S21). We propose that the
favorable interaction between peptide fibrils and CNTs, both
anisotropic structures of elongated morphology and compara-
ble size, plays a key role in the self-healing process that features
CNTs connecting different fibers with each other. Fresh
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Figure S. Stress-recovery tests for peptide hydrogel (A), and nanocarbon-peptide hydrogels containing CNTs (B), GO (C), or CNH (D).

Figure 6. MD of peptide with CNT under self-assembly conditions were run for 20 M steps (600 ns nominal simulation time). (A) Pristine
CNT surface covered by peptide. (B) 1% w/w oxidized CNT partially covered by peptide as well as stand-alone peptide aggregate. (C) 10% w/
w oxidized CNT with peptide aggregate connecting CNTs. Four periodic boxes in the direction perpendicular to the tube axis are represented.

samples imaged during the initial stages of self-assembly
displayed 10 nm-wide fibrils that are almost undistinguishable
from CNTs (see Figures $22—523).

Peptide—Nanocarbon Interaction. To better understand
the nature of peptide—nanocarbon interaction, a number of
analyses were performed. Raman spectroscopy did not provide
useful insights, due to the nanocarbon profile dominating the
spectra and masking peptide signals, even when CNT content
was reduced 10-fold (see Figure S24). Peptide conformation
was thus probed both in the gel and sol states by CD and ATR-
IR (see Figures $25—526). In solution, no major change was
noted upon addition of each nanocarbon, except for significant
IR peak broadening in the amide region for the CNH sample.
In the gel state, IR spectra of the amide I region were
compatible with S-sheet organization (i.., peak at 1637 cm™ in
the amide I region) and displayed no significant difference
upon addition of CNTs. By contrast, amide signal broadening
and appearance of a shoulder was noted for GO and CNH,
suggesting more supramolecular disorder for the peptide in
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these samples. Overall, we can conclude that peptide
organization was better preserved in the case of addition of
CNTs, relative to the other nanocarbons.

It is well-known that nanocarbon curvature and morphology
plays an important role in the conformation of adsorbed
peptides and proteins, which may orient differently relative to
their native state to maximize interaction with the sp” lattice.
To shed further light on the effect of curvature and
morphology, SWCNTSs were also tested for the preparation
of supramolecular hydrogels with the peptide “Leu-"Phe-"Phe.
SWCNTs are notably more difficult to manipulate than
MWCNTSs, due to increased propensity toward aggregation.
Even highly oxidized SWCNTs (i.e,, 18% wt. loss at 600 °C by
TGA analysis) were not dispersible in the phosphate buffer. In
contrast with MWCNTs, SWCNTs dispersion did not improve
after addition of the peptide, not even upon prolonged
ultrasonication (e.g, 3 h as opposed to 10—15 min required
for the other nanocarbons).
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It is thus plausible that peptides preferentially adsorbed on
the 10 nm-wide MWCNTs relative to the 1 nm-wide
SWNCTs, in agreement with recent literature observations
for polypeptides and proteins. When exposed to protein-rich
samples, SWCNTs and MWCNTs of diameter <10 nm
virtually bound no proteins, while MWCNTSs of diameter
>10 nm bound them in large amounts.>™*? Interestingly, these
were mainly filamentous or filament-forming proteins, or
proteins that bind filamentous proteins, suggesting an
elongated shape as a relevant parameter to determine affinity
between the two elements. This concept had already been
introduced, since CNTs were envisaged as microtubule
biomimetics in light of the striking similarities in shape and
size between the two structures.”> Microtubules are dynamic
systems composed of bundles of protofilaments formed by
tubulin protein building blocks, which continuously assemble
and disassemble. A population of 5—15 nm-wide MWCNTs
demonstrated to enhance and stabilize microtubule polymer-
ization, by acting as tubulin nucleation templates and favoring
lateral association with, and between, protofilaments. A net
result was the observation of tubulin reassembly after
microtubule disassembly in the presence of MWCNTSs.** We
thus propose a similar mechanism takes place when MWCNT's
interact with the self-assembling tripeptide used in this study.

Molecular Dynamics of Peptide-CNT System. In silico
investigation of the tripeptide-CNT system under self-assembly
conditions was performed using 10 nm-wide DWCNT models
either pristine or oxidized (at 1% to represent low-level of
oxidation or 10% to represent high level of oxidation).
Molecular dynamics (MD) showed that in all cases the peptide
adsorbed onto the CNT surface. Importantly, the tripeptide
spontaneously aggregated in water very rapidly into one or
more large assemblies, while the deposition on the tube was
much slower and after 20 M MD steps with 600 ns of nominal
simulation time, the system was not equilibrated (see Figures
S$27 and S28). Figure 6 shows, in fact, three different scenarios.
All tripeptides were adsorbed on the pristine CNT (Figure 6a),
leading to full adsorption but not complete coverage of the
CNT surface. In the case of 1% functionalized CNTs, spherical
peptide agglomerates were dispersed in water, and reduced
peptide adsorption occurred onto the CNT (Figure 6b).
Notably, in the case of 10% oxidized CNT, a peptide fiber
formed to connect neighboring CNTs and spanning a 8.5 nm
distance (Figure 6¢), in agreement with TEM observations.

Importantly, these results indicate that, under self-assembly
conditions, peptide self-association is notably faster than
peptide-CNT binding, and this explains why CNTs do not
hamper fiber formation, but rather favor the bridging between
peptide fibers, thus yielding a more interconnected network,
hence a more stable material. In our experimental protocol,
peptide adsorption onto the CNT's occurs without interference
from the competing process of peptide self-assembly, because it
is carried out at alkaline conditions, where peptides are in
anionic form and repel each other. Once the pH is lowered to
neutral to trigger self-assembly of zwitterions, peptide self-
association is favored and the hydrogel forms. If the peptide gel
network is mechanically disrupted under applied stress,
peptide-coated CNTs will interact with peptide fibers as
shown in Figure 6C and template network reorganization in a
similar manner as observed for microtubules.
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CONCLUSIONS

This work reports minimal systems composed of a simple
unprotected tripeptide and oxidized nanocarbons capable of
forming supramolecular hydrogels at physiological conditions.
Favorable interaction between the two amphiphilic components
in an aqueous environment allowed to obtain self-supportive
hydrogels with a nanocarbon content as high as 40% w/w
relative to the peptide. Three different carbon nanostructures
were tested, and their comparison highlighted nanostructure
morphology as a key factor in the determination of supra-
molecular behavior. In particular, carbon nanohorns displayed a
tendency toward self-aggregation that negatively affected the
homogeneity of the hydrogel. By contrast, GO and CNTs
showed good interfacing with peptide nanofibrils, leading to
homogeneous hydrogel networks of enhanced viscoelastic
properties relative to the peptide alone (i.e,, increased moduli
and resistance against applied stress).

Importantly, self-healing ability was acquired exclusively
upon inclusion of CNTs into the system. In silico and
experimental data suggested that the peptide slowly adsorbed
onto the CNT surface, effectively creating a peptide depot that
favored the interconnectivity between peptide fibrils and
nanotubes, both of which are nanostructures of comparable
elongated morphology and size. Peptide adsorption onto the
CNT surface was not accompanied by significant changes in
peptide conformation, and it slowly occurred in solution prior
to self-assembly, allowing CNT dispersion in the buffer.
Subsequently, a pH change from alkaline to neutral triggered
peptide rapid assembly into a fibrillary network that included
CNTs as bridging elements to reinforce the system. We thus
explain the self-healing ability, thanks to peptide-covered CNT's
that template reassembly of the 3D supramolecular network in
a similar fashion as reported for CNTs and microtubules.
Overall, this study revealed an unprotected tripeptide as a
minimalistic CNT dispersing agent in aqueous buffer and
analogous nanostructure morphology as a key element for the
successful design of supramolecular hybrid systems based on
chemical components as different as peptides and nanocarbons.

MATERIALS AND METHODS

Chemicals. Elicarb MWCNTs (ref PR0940, batch 71967/35,
purity 70—90%) and Elicarb Premium grade graphene powder (ref
SP8073P, batch L4002B, 6.6 layers average thickness, >4% organic
residue and >4% oxide residue) were kindly supplied by Thomas Swan
and Co. Ltd. CNHs were purchased at Carbonium srl. Two
chlorotrityl chloride resin, O-benzotriazole-N,N,N,N’-tetramethyl-
uronium-hexafluoro-phosphate (HBTU), and the Fmoc-protected
amino acids were purchased from GL Biochem (Shanghai) Ltd.
(Shanghai, China). Solvents and chemicals were purchased from
Sigma-Aldrich (Milan, Italy). All chemicals were used as received.

Peptide Synthesis. "Leu-"Phe-"Phe was synthesized following
Fmoc-based SPPS under dry and inert atmosphere. Briefly, the
swelling of the resin (2-chlorotrytil chloride, 5 g) was done in
dichloromethane (20 mL). Then SOCL, (0.4 mL) was added, and the
reaction was stirred under an Ar flow for 1 h. After that, the resin was
washed with DMF (3 X 15 mL) and dicloromethane (3 X 15 mL).
Next, a solution of Fmoc-"Phe-OH (2 g 5.2 mmol), DIPEA (4.5 mL,
25.9 mmol) in DMF/dichloromethane 3/1 was added to the reactor,
and the reaction was stirred for 1.5 h. Then, MeOH (1 mL) was added
before washing the reaction with DMF (3 X 15 mL) and
dicloromethane (3 X 15 mL). For the deprotection, piperidine 25%
in DMF (S mL) was added to the reactor and was stirred at room
temperature for 20 min. The reaction mixture was washed with DMF
and dichloromethane. For the first coupling, Fmoc-"Phe-OH (2.905 g,
7.5 mmol), DIPEA 1 M in DMF (6 mL), and HBTU (2.275 g, 6
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mmol) in DMF were ultrasonicated until the solution was clear, the
mixture was added to the reactor, and the coupling was stirred at room
temperature for 1 h. Then, the crude was washed and deprotected as
in the previous step. The coupling and deprotection of the last amino
acid were done exactly the same way as the first coupling, but adding
Fmoc-"Leu-OH (2.650 g, 7.5 mmol) instead of Fmoc-"Phe-OH.
Eventually, a solution of TFA/dichloromethane/H,0/TIPS 49/49/1/
1 (25 mL) was added to cleave the peptide from the resin. After 2 h of
cleavage the solution was drained from the reactor, and the solvent was
evaporated under an air stream. The crude was purified by reversed-
phase HPLC (Waters). The HPLC was equipped with a semi-
preparative column C18 and a photodetector at 214 and 254 nm. The
solvent was a mixture of CH;CN:H,O following the program: t = 0—2
min, 25% CH,CN, ¢ = 25 min, 95% CH,CN (# = 10—11 min); 0.1%
trifluoroacetic acid was added to both solvents.

Oxidation of MWCNTSs. Four ml of HNO; (69%) and 12 mL of
H,SO, (95%) were mixed in a round-bottom flask. Then, 100 mg of
pristine MWNTs was added on top. The resulting mixture was
sonicated for 5 h at room temperature. After that, the reaction was
quenched with cold water (200 mL). The crude was filtered through
Millipore membrane (JHWP, 0.45 pm) and washed with deionized
water until neutralization of the washings. The black powder was
finally washed with MeOH and dried with Et,O affording 99 mg of
oxidized MWCNTs.

Oxidation of G. GO was prepared following a modified version of
the Hummer's method.***® In a 100 mL round-bottomed flask
containing K,S,0; (200 mg, 0.37 mmol), P,O5 (100 mg, 0.35 mmol),
and H,SO, (10 mL), pristine G (200 mg) was added. The reaction
was stirred at 80 °C for 4 h. The crude was cooled down, diluted with
deionized water (S0 mL), filtered through Millipore membrane
(JHWP, 0.4S pm), and washed with deionized water until
neutralization of the washings. The black powder collected from the
Millipore membrane was transferred into a round-bottom flask, and
KMnO, (100 mg, 0.63 mmol) and H,SO, (20 mL) were added at 0
°C. The mixture was stirred at 35 °C for 2 h. After that, deionized
water (20 mL) and H,0, 30% (2.4 mL) were added, and the reaction
was stirred for 15 min. The crude was filtered through Millipore
membrane (JHWP, 0.45 ym) and washed with HCl 1 M (100 mL)
and deionized water until neutralization of the washings. Eventually
the black powder was washed with MeOH and dried with Et,O
affording 217 mg of GO.

Oxidation of CNHs. Pristine CNHs (100 mg) were sonicated in
100 mL of HNO; (69%) for 15 min. The resulting dispersion was
stirred for 3 h at 35 °C. Cold water (200 mL) was then added to the
reaction, and the crude was filtered through a Millipore membrane
(JHWP, 0.45 um) and washed with deionized water until
neutralization of the washings. The black powder was finally washed
with MeOH and dried with Et,O affording 99 mg of oxidized CNHs.

Hydrogel Formation. For the peptide hydrogel, S mg of
"Leu-"Phe-"Phe was ultrasonicated in 1 mL alkaline sodium
phosphate buffer (0.1 M, pH 11.8) until complete dissolution (i.c.
Five min) in a Branson sonicator bath 40 kHz at room temperature.
Then, the hydrogel was formed when the pH of the solution was
brought to neutral upon the addition of 1 mL of mildly acidic sodium
phosphate buffer (0.1 M, pH 5.8). For the peptide hydrogel containing
ox-CNS, 5 mg of “Leu-°Phe-PPhe and 2 mg of ox-CNS were
ultrasonicated in 1 mL alkaline sodium phosphate buffer (0.1 M, pH
11.8) until homogeneity (i.e. Fifteen min). Then, the hydrogel was
formed when the pH of the solution was brought to neutral upon
addition of 1 mL of mildly acidic sodium phosphate buffer (0.1 M, pH
5.8). For the low ox-CNS content, a stock solution of the peptide (S
mg mL™") and the corresponding ox-CNS (0.2 mg mL™") were
prepared in the same buffer as outlined above. Then, gels were
prepared using 1 mL from the stock solution and 1 mL of the acidic
sodium phosphate buffer.

Protease Assay. The peptide (2.0 mg) was dissolved with 0.250
mL DMSO and 4.750 mL of 50 mM sodium phosphate buffer (pH
7.5) containing a large excess (5 mg) of proteinase K from
Tritirachium album (Sigma-Aldrich P8044 3—15 U/mg) in 15 mL
Falcon tubes. The tubes were incubated at 37 °C, 60 rpm, and at
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various time points 1 mL samples were taken, added to 0.400 mL
NaOH 1 M to stop the reaction, and analyzed by HPLC (Abs 254 nm,
same program as described above for peptide purification). Average
and standard deviation values (1 = 3) were calculated and plotted with
Excel.

Materials Spectroscopic and Thermogravimetric Character-
ization. NMR spectra was recorded on a Varian Inova 500 MHz.
Chemical shifts are reported in ppm using the solvent residual signal as
internal reference (DMSO-dg: 5 H = 2.50 ppm or § C = 39.51 ppm).
ESI-MS spectra were acquired on an Infinity 6120 single quadrupole
LC-MS system (Agilent Technologies, Milan, Italy). TGA of
approximately 1 mg of each compound was recorded on a TGA
Q500 (TA Instruments) under nitrogen, by equilibrating at 100 °C for
20 min, and following a ramp of 10 °C min~" up to 800 °C. Raman
spectra were recorded with an Invia Renishaw microspectrometer (50)
equipped with He—Ne laser at 532 nm. For the oxidized carbon
nanomaterials, samples were dispersed in EtOH and filtrated through a
Millipore membrane (JHWP, 0.4S ym). Et,O was added to dry the
material. Then, a uniform layer of material was transferred to a double-
sided scotch tape. At least 10 spectra per sample were collected to
check their homogeneity. In the case of the hydrogels, the sample was
transferred to a silicon wafer and dried under vacuum before the
analysis. For Raman imaging, the samples preparation and the laser
were analogous. The laser was focused using the 50X microscope, and
the power was set at 0.25 mW. An area of around 1000 ym* was
mapped over 3000 points. The exposure time for every point was 1 s.
Circular dichroism spectra were acquired on a Jasco J-815
spectropolarimeter equipped with a Peltier temperature control
system. Experiments were performed at 25 °C, from 190 to 300 nm,
using a 0.1 mm path length quartz cuvette. ATR-IR measurements
were performed in a Varian 660 spectrometer operating at the ATR
mode. 128 scans were acquired for every sample with a resolution of 4
cm™". For the preparation of the samples, a portion of the gel (i.e., 0.5
mL) was deposited on top of silicon wafer and was dried under
vacuum.

Oscillatory Rheology. Rheological analyses were performed on a
stress-controlled rotational rheometer Haake MARS III equipped with
a Peltier temperature control system. 60 mm titanium flat plates were
used for all measurements with a gap of 0.345 mm. Time sweeps were
performed at 1 Pa and 1 Hz for 1 h. Frequency sweeps were recorded
at 2 Pa from 0.1 to 10 Hz. Stress sweeps were performed from 1 Pa up
to gel failure at 1 Hz. For the recovery tests, the gelation was allowed
to occur for 30 min before challenging for 30 s at increasing stress
values (i, 50, 100, 150, 200, 250 Pa) with S min intervals for
recovery.

TEM and AFM Imaging. For TEM imaging of carbon nanoma-
terials, a concentrated dispersion of the sample in ethanol was
ultrasonicated and then drop-casted on a copper grid (200 mesh,
copper, carbon only). After evaporation of the solvent under vacuum,
the samples were analyzed with a Philips EM 208 microscope
operating at 100 kV. For the TEM images of the hydrogels and
precursor solutions, a small portion of the gel or the solution (i.e., 20
uL) was deposited on top of a copper grid (200 mesh, copper, carbon
only or lacey carbon). After 30 s of contact, water was drawn from the
sample. Then, the grid was deposited on top of a drop of 2% aqueous
potassium phosphotungstate at pH 7.2 for 30 s, and the grid was dried
under vacuum before its visualization on a TEM FEI Tecnai G2
operating at 100 kV. For AFM imaging, samples were placed on a
clean mica surface. Atomic force microscopy (AFM) measurements
were performed using a Nanoscope V microscope (Digital Instruments
Metrology Group, model MMAFMLN) in tapping mode at room
temperature in air, using standard gmasch SPM probe (HQ:NSC15/
AIBS) with tip height 12—18 ym and cone angle <40° (Resonant
frequency 325 kHz, force constant of ~40 N m™"). Image analysis was
performed with Gwyddion software.

Computer Modeling. Coarse-grained molecular dynamics (CG-
MD) simulations with the Martini coarse-grained force field, v2.2,%7
were performed with the GROMACS 5.1.4 simulation suite.”® In order
to increase computational efficiency, the MWCNT was modeled by a
DWCNT built by two concentric nanotubes: (128,0) and (119,0),*
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since the bulk of the intermolecular interaction with the adsorbates
and solvent arises from the two outermost layers of the MWCNT.*

Two oxidized moieties were considered: epoxide and alcohol
groups. In the CG CNT model, CG-CNT, four pristine carbon atoms
were represented by the SC4 bead, while the epoxide functional group
(C—0-C) and alcohol functional group (C2—OH) were represented
by the SNO and SP1 beads, respectively. The CG-CNT model was
generated with a python code written for this purpose. For the
oxidized CG-CNT systems, 1% and 10% SNO/SP1 beads were located
randomly on the surface of the outermost CNT. The simulations were
performed in an orthogonal 19.5 X 19.5 X 11.9 nm® periodic box
dimensions containing: an 11.9 nm periodic CNT, 430 peptides, and
26170 water beads. An unpolarized water model was used in all
simulations due to improved computational efficiency after a model of
pristine carbon nanotubes in solution yielded similar results with
polarized and unpolarized CG water models. CG-MD simulations
were run at 320 K after energy minimization and equilibration with
semi-isotropic NPT Berendsen rescaling. Production runs were
computed with stochastic velocity rescaling in the NVT ensemble
with a time step of 30 fs. The CG-CNT beads were frozen during all
the simulations.
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