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• Genipin increases mechanical properties
of various lysine-containing SAPs while
maintaining their nanofibrous structure.

• Cross-linking reaction does not involve
the bioactive motifs, thus preserving
the SAP biomimetic properties.

• Cross-linking boosts SAP thermostability
beyond 100°C.

• Cross-linking reaction allows for charge
transfer between cross-linked peptide
chains.

• Optical properties of cross-linked SAPs
are changed showing absorption and
fluorescence bands in the visible spectral
range.
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Self-assembling peptides (SAP) are ideal components for biomedical devices. However, their practical applica-
tions have been limited due to their intrinsic unstable, low-performance, and low-stress response given by
non-covalent interactions involved in self-assembling. Herein, a library of SAPs featuring different self-
assembled nanostructures was successfully cross-linked with genipin, allowing to produce nanofibrous
hydrogelswith enhancedmechanical properties (G′ ≥ 0.2MPa, stress-failure ≥ 3.5 kPa) and enhanced thermosta-
bility (≥100 °C) while maintaining their native nanoarchitecture. Cross-linking dramatically changed the optical
properties of SAPs: it triggered new absorption/fluorescence bands in the visible spectral range,which are attrib-
uted to charge transfer between peptide chains. Genipin cross-linking,fitted for different classes of SAPs, could be
a powerful tool to obtain biomimetic SAP scaffolds with tunable stiffness and thermostability. Lastly, because of
the changed absorption/emission properties and relaxation kinetics of cross-linked SAPs, genipin cross-linking
may bestow novel optical properties to several well-known lysine-containing SAPs, with intriguing potential
for biomedical imaging, photonics and optoelectronics.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

“About 10,000 years ago, humans began to domesticate plants and
animals. Now it's time to domesticate molecules”, said Susan Lindquist
(Whitehead Institute for Biomedical Research - MIT). Indeed, scientists
have designed new molecular patterns that can serve as a blueprint of
new materials and sophisticate molecular machines [1]. In the field of
nanotechnology, natural building blocks such as amino acids and/or
oligopeptides are used to create molecular structures for applications
in medicine [2], photonics [3], and electronics [4]. Two-decades ago,
nanobiotechnologists have begun to exploit molecular self-assembly
of peptides [5] to build nanostructured scaffolds aimed to repair dam-
aged organs and tissues [6–11], or yielding nanovesicles for drug encap-
sulation [12–14] and nanocarriers for gene delivery [15].

Nature itself is the grandmaster when it comes to building high-
performance materials: it is capable of precisely regulating not only
the architecture (e.g. nanotopography) but also mechanical stiffness
and error-correction capability (e.g. self-sustainability) of materials in
space and time. For instance, actin, the major constituent of the cyto-
skeletal network of eukaryotic cells, is bundled with cross-linked fila-
ments of actin-binding proteins, leading to porous and nanofibrous
networks with unique mechanical properties: its stiffness can vary
widely along with small changes in cross-links density, and can mark-
edly increase upon application of external stimuli. These peculiar prop-
erties make the actin filaments essential in a variety of cellular
processes, including motility, and mechanoprotection [16]. Other bio-
logical nanostructured gels, such as fibrin, the main structural protein
in blood clots and acting as a scaffold to promote wound repair, show
analogous architectures and properties. As a matter of fact, fibrin
gels are among the most resilient gels in nature; they stiffen strongly
when deformed and thereby become increasingly resistant to further
deformation [17].

In stark contrast, synthetic self-assembling peptides (SAPs)
nanofibrous gels, studied for many biomedical applications (e.g. hemo-
stat solutions [11,18], bone fillers [19,20], wound healers [21,22], inject-
able scaffolds for the regeneration of injured heart [23] and spinal cord
[6,24,25]) usually feature poor mechanical stability and are not stress-
responsive. This is due to the transient weak non-covalent interactions
involved in the self-assembling phenomenon; indeed, SAP assemblies
interact through electrostatic attractions, H-bonds, van der Waal's
forces, π-π stacking, and hydrophobic forces. Tuning of SAP biomechan-
ics is usually achieved before triggering self-assembling by changing
their concentration (when in solution), their self-assembling environ-
ment (e.g. temperature, solvents, or ionic strength), the density of bio-
active functional motifs (if any) tethered to the self-assembling
backbone: as such, altering the self-assembling kinetics, pore size and
final conformation of entangled nanostructures [26–28]. Alternative
strategies for tuning SAP biomechanics are the usage of chemical
cross-linkers [29–32] or modifications of the ratio of oppositely charged
co-assembling peptides [25,33]. Nonetheless, chemical cross-linking
has to be carefully weighted in biological applications as unselective
cross-linking of peptides and proteins found in cells and tissue may
cause biocompatibility and toxicity issues.

Recently we introduced chemical cross-linking based on genipin, a
naturally occurring cross-linking agent used in Chinese medicine
[34–36] that specifically reacts with primary amines of peptides and
proteins (Supplementary Scheme S1), as a reliable strategy to improve
mechanical features (e.g. stiffness and stress-response) of FAQ(LDLK)3,
a self-assembling peptide hydrogel [30]. However, feasibility of genipin
cross-linking reaction with other classes of SAPs, and opto-electronic
properties aswell as stability of genipin cross-linked SAPswere allmiss-
ing pieces to the bigger picture.

Here, we demonstrate how the genipin cross-linking can be adopted
with a number of different lysine-containing SAPs (pure, mixtures, lin-
ear, branched, biotinylated) to produce nanofibrous networks with in-
creased mechanical properties and thermostability while maintaining
their native nanoarchitecture. Similarly to the abovementioned actin
and fibrin networks, we selectively cross-linked different SAP-
molecules inside the assembled bundles, without altering their net-
works nanoarchitecture. Further, we also show how the efficiency of
cross-linking (measured by stiffness and β-sheet packing increments)
is primarily correlatedwith the total amount of β-structures present be-
fore the cross-linking reaction itself.We also show that the cross-linking
reaction does not involve the residues of the bioactive functionalmotifs,
usually not involved in backbone β-structuring, thus potentially pre-
serving the biomimetic properties of cross-linked multi-functionalized
SAPs. Lastly, we demonstrate that cross-linking deeply changes the op-
tical properties of SAPs, giving rise to absorption and fluorescence bands
in the visible spectral range, paving theway to novel optoelectronic and
photonic applications of cross-linked SAPs.

This approach is potentially useful for any lysine-containing SAP and
may be a precious tool to better tailor the biomechanics of nanostruc-
tured scaffolds/devices entirely made of SAPs, providing them with
novel resilience, stress-stiffening, and optoelectronic properties to suit
the needs of different applications in tissue engineering and beyond.

2. Methods

All reagents and solvents used for the peptide synthesis and charac-
terizations were purchased from commercial sources and used without
further purification. See Supplementary information for further experi-
mental details.

2.1. General procedure for peptide synthesis and purification

All peptides were synthesized by solid-phase Fmoc-based chemistry
on Rink amide 4-methyl-benzhydrylamine resin (0.5 mmol g−1 substi-
tution) by using the Liberty-Discovery (CEM) microwave automated
synthesizer. Peptides were subsequently purified via Waters binary
HPLC apparatus, and the molecular weight of each peptide was identi-
fied via single quadrupole mass detection (Waters LC-MS Alliance-
3100) (Supplementary Fig. S1).

2.2. Sample preparation

The peptides for structural, mechanical, and optical analyses were
dissolved in distilled water (GIBCO®). After 24 h, 170 mM of genipin
(Guangxi Shanyun Biochemical Science and Technology Co., Ltd.) solu-
tion was added to the samples for the cross-linking reaction, as previ-
ously described [30]. Briefly, genipin powder was dissolved in 100 μl
of DPBS (Ca2+/Mg2+ free) and EtOH (95:5 v/v; pH = 7.4), and filtered
(0.22 μm pore size). Genipin cross-linked peptides were prepared by
adding 170 mM of genipin to 50 μl of peptide (from 21 to 34 mM) and
incubating at 37 °C for 72 h. 170 mM optimal concentration of genipin
was selected as it guarantees an 80–90% of cross-linking degree with
a substantial improvement in mechanical properties of SAPs and
does not hinder the formation of cross-β nanofibers [31]. Functiona-
lized SAPs were used at a concentration of 5% (w/v) [30]; multi-
functionalized SAPs were tested at the concentration of 1% (w/v) [37];
BMHP1-derived peptides were dissolved at a concentration of 3%
(w/v) [38]. For the optical characterization all the aforementioned pep-
tideswere used at a concentration of 0.5% (w/v). All the aforementioned
peptide concentrations are above the critical concentration at which
peptides show self-assembly (i.e. ~0.3% w/v).

2.3. Rheological test

Rheological properties of assembled nanostructures were carried
out using a stress/rate-controlled AR-2000ex Rheometer (TA instru-
ments) equipped with a truncated cone-plate geometry (acrylic trun-
cated diameter, 20 mm; angle, 1°; truncation gap, 34 μm). All
measurements were obtained at 25 °C using a Peltier cell in the lower
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plate of the instrument to control the temperature during each test. All
samples were tested one day after dissolution. Each experiment was
performed in triplicate. Data were processed using Origin™ 8 software.

2.4. Thioflavin T (ThT) spectroscopy assay

ThT analysis of assembled peptides was performed to assess the
presence of β-sheet fibril structures, as we previously described [37].
Measurements were done in triplicate, normalized over ThT-alone fluo-
rescence, and processed with Origin™ 8 software.

2.5. Fourier transform infrared spectroscopy (FTIR) analysis

The FT-IR analysis of the assembled nanostructures was performed
on peptides dissolved in distilled water (GIBCO®). All spectra were re-
corded in attenuated total reflection (ATR) using a PerkinElmer Spec-
trum 100 spectrometer. All the obtained spectra were reported after
ATR correction, smoothing and automatic baseline correction using
Origin™ 8 software. Each sample preparationwas repeated three times.

2.6. Atomic force microscopy (AFM)

AFM measurements were performed in tapping mode by using a
Multimode Nanoscope V system (Digital Instrument, Veeco), using
single-beam silicon cantilever probes (Bruker RFESP-75 0.01–0.025
Ohm-cm Antimony (n) doped Si, cantilever f0, resonance frequency
75 kHz, constant force 3 Nm−1). All peptideswere dissolved in distilled
water (GIBCO®) a day prior to imaging. AFM images were taken by de-
positing 5 μl drop of peptide solutions (final concentration of 0.01%w/v)
onto freshly cleaved mica. The samples were allowed to dry under am-
bient conditions for 5 min. Subsequently samples were rinsed with dis-
tilled water to remove loosely bound peptides, and then dried under
ambient conditions for 30 min. The images were analyzed and visual-
ized using Nanoscope Software as previously described [37].

2.7. Steady state absorption and ultrafast optical spectroscopy

Stationary absorption spectra were measured using a Jasco® V-570
UV-VIS-NIR spectrophotometer. Static photoluminescence was acquired
using a Horiba® Nanolog Fluorometer (with excitation tuned from
350 nm to 550 nm, in steps of 50 nm). Absorption measurements on
SAPs at different pH were performed maintaining the same 0.5% (w/v)
concentration, starting from 1% concentration and adding the same
amount in volume of different pH buffers. Ultrafast transient absorption
(TA) experimentswere performedusing a Ti-Sapphire chirpedpulse am-
plified laser (1-mJ output energy, 1-kHz repetition rate, 800 nm central
wavelength, 100-fs pulse duration) [39]. For a detailed description of
the TA experimental apparatus seeMethods in the Supplementary infor-
mation. All samples were measured at room temperature keeping the
same concentration but varying the cuvette thickness according to the
experiment: photoluminescence was measured in a 1 cm optical path
cuvette, TA in a 1 mm optical path quartz cuvette, stationary absorption
in 100 μm optical path quartz cuvette. Measurements were processed
with Matlab™ 2019, and Origin™ 8 software. Global Analysis of the TA
data was performed with Glotaran™ software [40].

3. Results and discussion

3.1. Cross-linking of designer self-assembly peptides

We selected a series of different SAPs comprising at least one lysine-
residue permolecule to be cross-linkedwith genipin. All peptides name,
sequences, their molecular structure, and genipin binding sites are re-
ported in the Supplementary Table S1.

At first, we investigated six variants of the ionic self-assembling
LDLK12 peptide, featuring strong propensity to spontaneously self-
assemble into ordered cross-β nanofibrous structures and with proven
potential for tissue engineering applications [41–43]. FAQRVPP-
LDLK12 [44], SSLSVND-LDLK12 [44] and KLPGWSG-LDLK12 [45]
sequences were derived from Ph.D.-7 phage library and provided func-
tionalized microenvironments with specific biological cues coaxing
adult neural stem cell (NSC) adhesion and differentiation. Both acety-
lated and free N-terminal versions of the above SAPs were tested to as-
sess the contribution of a potential additional reactive group for genipin
cross-linking.

We subsequently analyzed a mixture of some of the aboveme-
ntioned SAPs, subsequently reinforcedwith LDLK12-branched peptides,
acting as “molecular connector” integrated among the multi-
functionalized linear SAPs (i.e. LDLK12, SSLSVND-LDLK12 and
KLPGWSG-LDLK12): we selected 476 as a molar ratio between
branched and linear SAPs since we previously reported it as the optimal
one to have the highest increments in their storage moduli (i.e. in-
creased overall scaffold stiffness) and intriguing neuroregenerative po-
tential [37]. This synthetic but nature-inspired biomaterial causes a
manifold increase of the stiffness, improves the β-sheet self-
arrangement of LDLK12 based-sequences, fostered human neural stem
cell (hNSC) maturation in 3D densely seeded cultures, and recently
showed neuroregenerative potential into sub-acute spinal cord injuries
[46,47].

Lastly, we explored seven Bone Marrow Homing Peptide 1
(BMHP1)-derived SAPs [38,48,49]. Biotin-GGGPFSSTKT (B3), Biotin-
GGGAFSSTKT (B15), Biotin-GGGAFASTKT (B24), Biotin-GGGPFASTKT
(B26), and Biotin-GGGAFASAKA (B42) peptides feature a N-terminal
Biotin-tag to foster self-assembly, while Ac-WGGGAFASTKT (30) and
Ac-WGGGAFSSTKT (31) peptides are just N-terminal acetylated. This
ensemble of SAPs displayed awide range of different self-assembly pro-
pensities, ranging from absent (for B26) to medium (for 30, 31) and
high ones (for B3, B15, B24, and B42) [38,50]. Also, in solid-state Nuclear
Magnetic Resonance (NMR) spectroscopy experiments their properties
at the atomic-scale (such as mechanics, mobility and polydispersity)
were efficiently correlated to their pro-adhesion and differentiation ef-
fects on neural stem cells, suggesting intriguing design strategies for tis-
sue engineering therapies in the near future [51]. All SAP samples
looked transparent before cross-linking.

3.2. Mechanical properties and nanoarchitecture of peptide networks

In the case of nanostructured hydrogels, the usual biomechanical
features to be characterized are the storage (G′) and loss (G″) moduli.
The former reflects the stiffness trendof the biomaterial, while the latter
represents the energy dissipated during the test and correlates with the
liquid-like response of the hydrogel. The ratio between G′ and G″ pro-
vides insights on the viscoelastic profile of tested material, allowing
for the characterization of viscous-liquid (G′ b G″) and/or elastic-solid
(G′ N G″) materials. Accordingly, sol-gel transition and mechanical be-
havior (with and without genipin cross-linking) have been probed
using oscillatory stress rheology [30].

For all tested peptides, genipin did not influence their assembling
propensity: self-assembly is usually a fast process under standard con-
ditions (final macroscopic hydrogelation may be a matter of a few sec-
onds), while cross-linking is much slower (from a few hours to days)
[29,30].

In the gel phase, phage-derived functionalized SAPs with (full dots)
and without (empty dots) genipin cross-linking (Fig. 1a) showed a G′
profile almost unchanged along the tested frequency range
(0.1–100Hz), and displayed a hydrogel-like behaviorwithG′ N G″ (Sup-
plementary Fig. S2). However, the assembled functionalized SAPs with-
out genipin are held together by non-covalent interactions (mainly by
electrostatic attractions, H-bonds, and hydrophobic forces), displaying
a G′ profile typical of soft scaffolds [52]. Indeed, the storage modulus
of FAQ(LDLK)3, SSL(LDLK)3, and KLP(LDLK)3 ranges from 0.7 to 8 kPa:
as expected, the G′ value of N-terminal acetylated peptides is



Fig. 1.Mechanical property and amyloid-like fibrillar assembly of different variants of SAPs. Dynamic frequency sweep of (a) functionalized LDLK12 peptides (5% w/v), (b) different SAP
mixtures composing the final multi-functionalized hydrogel (1% w/v), (c) BMHP1-derived SAPs (3% w/v), with (full dots) and without (empty dots) genipin cross-linking, recorded as a
function of angular frequency (0.1–100Hz) at afixed strain of 1%. (aI, bI, cI) ThT emission spectra of hydrogelswithout genipin; all tested SAPs show amyloid-binding emission signal (peak
centered at 490 nm) highlighting the β-rich nature of hydrogels. (aII, bII, cII) ThT emission spectra of genipin cross-linked hydrogels; genipin covalent cross-linking (peak at 630 nm) does
not negatively interfere onβ-sheet fibril structures composing SAPs. Rather, ThT fluorescence emission further increases after cross-linking, thanks to the genipin cross-links fastening the
β-structured nanofibers.
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approximately 1-fold higher than their free-N-terminal counterparts as
acetylation favors self-assembly of SAPs and stabilizes the assembled
nanofibers [53]. By contrast, the addition of genipin cross-links inside
the assembled bundles impacts on the elastic properties of the SAP
hydrogels. After genipin cross-linking, G′ values are increased by 50-
to-100 times. The effect of the cross-linking reaction becomes most rel-
evant on FAQ(LDLK)3 and Ac-FAQ(LDLK)3 peptides, featuring G′ of
80 kPa and 0.2 MPa respectively, while for SSL(LDLK)3, and KLP(LDLK)
3 display G′ profiles ranging from 26 to 54 kPa.

Also, keeping in mind that nanoarchitecture and mechanical
properties of nanomaterials are strictly correlated [30,37], we used
the ThT-binding assay to characterize the network structure of stan-
dard (Fig. 1aI) and cross-linked SAPs (Fig. 1aII). As expected, FAQ
(LDLK)3, SSL(LDLK)3, and KLP(LDLK)3 peptides showed affinity for
ThT due to the presence of cross-β fibril structures. Interestingly,
genipin covalent cross-linking (peak at 630 nm) does not negatively
interfere on the cross-β structures comprising the SAP nanofibers:
cross-β structures are actually favored (increased peak intensity at
~490 nm) in both standard and acetylated SAPs, suggesting that
genipin-mediated cross-linking acts as a “molecular fastener” pre-
serving the previously self-assembled load-bearing nanofibrous net-
works, but capable of enhancing their overall mechanical
properties. These data are further supported by X-ray diffraction
analyses (XRD) (see Supplementary Fig. S3), where the strong
peak centered at 0.45 nm was ascribable to the typical peptide
backbone distance in β-sheets [30].



Fig. 2. Supramolecular organizations of assembled peptides. FTIR analysis of (a) functionalized LDLK12 peptides, (b) multi-functionalized peptides, and (c) BMHP1-derived peptides
without genipin showing the presence of anti-parallel β-sheet assemblies. (aI, bI, cI) Native β-sheet arrangements of all SAPs are all maintained after genipin cross-linking (column i).
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Similarly, we probed the mechanical behavior of the multi-
functionalized SAP, dubbed (LDLK)3/SSL(LDLK)3/KLP(LDLK)3/tris(LDLK)
3 (Fig. 1b). Firstly, we tested the stiffening response of the different SAP
mixtures composing the final hydrogel (empty dots) to gain insight on
how cross-links may act on each of them. (LDLK)3, (LDLK)3/SSL(LDLK)
3/KLP(LDLK)3, and (LDLK)3/SSL(LDLK)3/KLP(LDLK)3/tris(LDLK)3 hydro-
gels exhibited a typical viscoelastic profile with minimal G′ modulus of
1.5, 2, and 4 kPa, that was starkly increased after cross-linking (full
dots). Noteworthy, the G′ modulus of (LDLK)3/SSL(LDLK)3/KLP(LDLK)3/
tris(LDLK)3 was about 80-fold higher (G′ = 83 kPa) after cross-linking,
revealing a trend similar to that one observed in FAQRVPP-(LDLK)3, al-
beit used at lower peptide concentration (1%w/v). Indeed, as previously
reported [37], branched-SAPs act as “molecular connectors” capable of
integrating within self-assembled nanostructures of linear peptides,
causing amanifold increase of the assembled hydrogel stiffness (propor-
tional to the number of self-assembling branches) with no detrimental
effect on linear SAP self-assembly propensity. Indeed, in the ThT binding
assay the multi-functionalized SAPs with branched tris(LDLK)3 (Fig. 1bI)
showed the highest increments of ThT fluorescence values, that
increased the most after cross-linking (Fig. 1bII). Therefore, genipin
may efficiently enhance bothmechanical properties and the overall pres-
ence of cross-β structures in multi-functionalized linear/branched SAP
hydrogels as well.

Finally, we probed the abovementioned theory underlying genipin
cross-linking in SAPs featuring different backbone chain sequences,
length, and self-structuration (Fig. 1c). We selected different self-
assembling variants of the BMHP1-derived SAPs (see Section 3.1 for fur-
ther details). Self-assembled hydrogels of peptides B3, B15, B24, and
B42 (Fig. 1c, empty dots) showed typical hydrogel-like profiles, featur-
ing a predominantly elastic solid-like behavior with G′ of 1.5, 3.6, 7
and 9.5 kPa, respectively, while peptides B26, 30, and 31 (Fig. 1c and
Supplementary Fig. S4a) showed viscous-liquid properties (G′ near to
zero), implying aweaker tendency to assemble. In contrast, the addition
of genipin cross-links inside the BMHP1-derived SAP assembled bun-
dles, triggered G′ increments from 43 to 68 kPa for B3, B15, B24, and
B42 (Fig. 1c, full dots). Notably, cross-linked B26 displayed an elastic-
solid profile with increased storage moduli (G′ N 100 Pa) and similarly,
30 and 31 showed G′ values well above 2 kPa. In this case too, the ThT
assay, probing β-sheet presence, showed higher values for cross-
linked SAPs (Fig. 1cI, cII and Supplementary Fig. S4aI, aII). To further re-
inforce our hypothesis, we showed that genipin cross-linking takes
place also with SAPs featuring two well-interspaced lysines (Supple-
mentary Fig. S5a), while no cross-linking occurred for a SAP with no ly-
sines (Supplementary Fig. S5b).

In addition to the stiffening behavior of cross-linked samples, stress-
to-failure tests were also performed to assess failure when subjected to
Fig. 3. Thermo-mechanical stability of assembled cross-linked peptides. Thermo-mechanica
(c) BMHP1-derived peptides before (empty dots) and after genipin cross-linking (full dots):
from 25 to 80 °C the slope of G′ of standard SAPs drastically decreases, suggesting a gel-sol tr
withstands the heating ramp, showing preserved stiffness throughout the tested range of tem
a linear strain/stress progression. Cross-linking of peptide chains
yielded to overall failure-stress increments (final values up to 3.5 kPa,
Supplementary Fig. S6) compared to standard hydrogels [29,30,37].

Moreover, interestingly the obtained G′ values of cross-linked
FAQRVPP-(LDLK)3 (0.2 MPa; at 5% w/v), (LDLK)3/SSL(LDLK)3/KLP
(LDLK)3/tris(LDLK)3 (83 kPa; 1% w/v), and B42 (68 kPa; 3% w/v), con-
siderably higher than those of other SAP-based hydrogels [25,54,55],
fall within the range of various biological tissues [56], and, therefore
may constitute an appropriate match for their regeneration. Lastly, the
same cross-linked SAPs may be used as stiff but wet components in
seals, conductors, sensors, and actuators [57,58].

3.3. Supramolecular organizations of assembled peptide networks

The supramolecular nanoarchitecture of assembled peptide net-
works was also pursued by ATR FT-IR spectroscopy. In the Amide I re-
gion (1600–1700 cm−1), mainly associated with different C_O
stretching vibrations in secondary structures of peptides/proteins,
both mono-functionalized (Fig. 2a) and multi-functionalized (Fig. 2b)
SAP-samples showed anti-parallel β-sheet features characterized by
the presence of the two components at 1630 and 1695 cm−1 [59]. The
β-sheet aggregation was also confirmed by the peak at 1540 cm−1 in
theAmide II region (1480–1575 cm−1), directly related to CN stretching
andNHbending. Predominantly anti-parallelβ-sheet featureswere also
observed in cross-linked SAPs (Fig. 2aI, bI), but with a ~10% higher β-
sheet organizational index (ratio of the peak intensities at 1695 cm−1

and 1630 cm−1, proportional to the ratio of antiparallel/parallel β-
sheet structures) [60].

FT-IR spectra of standard BMHP1-derived SAPs showed variations of
their supramolecular organization correlated to their different self-
assembly propensity (Fig. 2c). B26 hydrogel, in line with its poor self-
assembly propensity, gave a shapeless spectrum typical of unordered
aggregated strands. On the contrary, Amide I, and Amide II region of
B3 showed peaks at 1650 cm−1 and 1537 cm−1 respectively, testifying
its high content of β-turn/random coil conformers. In stark contrast,
B15, B24, and B42 hydrogels showed intense peaks at 1624 and
1695 cm−1 (β-sheet organizational index = 36.6%), featuring strong
anti-parallel β-sheet aggregation. Notably, in both B3-GP and B26-GP
hydrogels, peaks at 1624 cm−1 (in the Amide I region) and at
1537 cm−1 (in the Amide II region), ascribable to β-sheet structures,
were clearly visible (Fig. 2cI). This observation highlights that genipin
cross-links could switch supramolecular structures of B26 and B3 pep-
tides from unordered (ormore complex) aggregated strands to ordered
β-sheet structures. Conversely, hydrogels B15, B24, and B42 cross-
linked with genipin still maintained anti-parallel β-sheet patterns,
with a β-sheet organizational index of 45%. Native β-sheet
l analysis of (a) functionalized LDLK12 peptides, (b) multi-functionalized peptides, and
G′ measurement during a temperature ramp (25–110 °C). Above temperatures ranging
ansition of all hydrogels. Conversely, the G′ profile of genipin cross-linked SAPs steadily
peratures.
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arrangements of peptides 30 and 31 were also maintained after cross-
linking (Supplementary Fig. S7). These findings strongly indicate that
genipin cross-links play a key role in the formation of ordered and
rigid BMHP1-derived scaffolds, maintaining (in case of already struc-
tured SAPs) or boosting (in case of poorly self-assembling peptides)
theβ-structuration of the already assembled supramolecular structures.

Altogether, FT-IR analysis confirmed the self-aggregation of all
tested SAPs into β-sheets, suggesting that the introduction of genipin
cross-links in the assembled bundles did not impair the β-sheet forma-
tion propensity of the tested SAP hydrogels.

3.4. Tuning thermo-mechanical stability

We previously demonstrated that genipin cross-linking increases
the bioabsorption time of functionalized self-assembling peptides
in vitro [30]: we here assessed the thermo-mechanical properties of
SAPs before (empty dots) and after genipin cross-linking (full dots) by
measuring G′ throughout a temperature ramp (25–110 °C) (Fig. 3a, b,
c) (see Methods for details). Above temperatures ranging from 25 to
40 °C (for LDLK12-based SAPs) or 35–80 °C (for BMHP1-derived
SAPs), the slope of G′ of standard SAPs drastically decreased, suggesting
a gel-sol transition of all hydrogels concurrently with a substantial loss
of their viscous-elastic properties. On the other hand, the G′ profile of
genipin cross-linked SAPs steadily withstood the heating ramp, remain-
ing constant within the tested temperature range. Unlike most of SAP-
hydrogels [61], cross-linked gels showed preserved stiffness throughout
the tested broad temperature ramp. For the sake of completeness, data
trends were also confirmed by using a parallel plate geometry (see Sup-
plementary methods and Supplementary Fig. S8). This change strongly
points out the resistance of the genipin covalent links to thermal dena-
turation and, most importantly, their strong contribution to the overall
thermal resistance of the cross-linked β-sheets comprising the
nanofibrous hydrogels. This remarkable property ascribable to genipin
cross-links was also observed by Pan et al. [62]: they cross-linked
layer-by-layer the positively charged polyethylenimine (PEI) and nega-
tively charged hypophosphorous acid-modified chitosan (HACH) on
cotton fabric, demonstrating that uniformly dispersed genipin can sig-
nificantly increase the thermal stability of coated cotton fabric com-
pared with untreated samples.

In summary, genipin cross-linking enhanced themechanical proper-
ties of the tested SAPs, but also their thermo-stability up to and beyond
100 °C.

3.5. Morphological studies

Morphological characterization of assembled SAP networks was un-
dertaken via Atomic forcemicroscopy (AFM) (Fig. 4). For simplicity, we
reported SAPs data that showed better performance in terms of stiffness
and β-sheet packing increments.

AFM of peptide FAQ(LDLK)3 (Fig. 4a) showed short and single fibers
(height ~0.8 nm, Supplementary Fig. S9a;width ~13.37± 4.20 nm, Sup-
plementary Fig. S10a–b), comparable to previously obtained data [30].
Instead, genipin cross-linked FAQ(LDLK)3 assembled into a uniform
tight and clustered bundle network of cross-linked nanofibers (Fig.
4a) (height ~1.6 nm, Supplementary Fig. S9b; width ~19± 3.5 nm, Sup-
plementary Fig. S10c–d). Hence, average nanofibers height of cross-
linked SAP is ~1 fold bigger, while width is ~6 nm bigger if compared
to FAQ(LDLK)3.

AFM (Fig. 4b) data of multi-functionalized SAP showed that both
(LDLK)3/SSL(LDLK)3/KLP(LDLK)3/tris(LDLK)3, with andwithout genipin
cross-linking, assemble into homogeneous nanofibers. The (LDLK)3/SSL
(LDLK)3/KLP(LDLK)3/tris(LDLK)3 height was ~1.25 nm (Supplementary
Fig. S9c), while after genipin cross-linking it was ~1.9 nm (Supplemen-
tary Fig. S9d). In agreement with previously published data [37], aver-
age fiber width was 7.22 ± 2.5 nm (Supplementary Fig. S11a–b) and
23.62 ± 6.58 nm (~16 nm bigger, Supplementary Fig. S11c–d) for
(LDLK)3/SSL(LDLK)3/KLP(LDLK)3/tris(LDLK)3 before and after cross-
linking respectively.

Finally, we explored morphological properties of BMHP1-derived
SAPs (Fig. 4c). B42 peptide assembled into uniform long and flat nano-
fibers (Fig. 4d) (height ~1.13 nm, Supplementary Fig. S9e; width =
20.62 ± 5.8 nm, Supplementary Fig. S12a–b) in agreement with
previous studies [48]. Contrarily, AFM data showed that B42 peptide
cross-linkedwith genipin exhibitedmarkedly different nanofibersmor-
phology, featuring thicker and left-handed twisted nanofibers (Fig. 4e).
Nanofibers height was around 5 nm (Supplementary Fig. S9f), while
widthwas 40.7± 5.23 nm (Supplementary Fig. S12c–d), the bigger fea-
tures being ascribable to fibers clamped together by genipin cross-links.
The detected height and width changes between not cross-linked and
cross-linked SAPs, together with FT-IR data, suggest that genipin cova-
lent bonds mainly connect already self-assembled nanostructures, act-
ing at the nano- and micro-structural levels, and minimally affecting
SAP secondary structure arrangements. As such, the theories developed
so far for SAPs to warrant proper biomimetic and self-assembling prop-
erties [2] are still valid for genipin cross-linked SAPs.

3.6. Optical characterization

We performed stationary and transient optical characterization of
the two SAPs displaying the most dramatic changes after cross-
linking: B42 and the multi-functionalized (LDLK)3/SSL(LDLK)3/KLP
(LDLK)3/tris(LDLK)3 peptide. Fig. 5a shows the linear absorption spectra
of the genipin molecule alone (red dots), of B42 before (light green
dots) and after the genipin cross-linking (green line) and of the multi-
functionalized SAP without (light green dash-line) and with genipin
cross-linking (blue dash-line). The inset is a zoom in the visible spectral
range of the linear absorption spectra.

Cross-linkingdeeplymodified the absorption spectrumof both SAPs.
A direct comparisonwith the genipin spectrum showed that the band at
240 nm could be assigned to the genipin moiety, while the absorption
below 220 nm was due to the peptide backbone. The other transitions
at longer wavelengths (360 nm, 450 nm, and 600 nm) were present
only in the cross-linked samples and thuswere correlated to their struc-
tural characteristics. In the wavelength range between 300 nm and
450 nm, similar transitions (and corresponding emissions) have already
been observed in β-sheet-rich peptide aggregates [63–65]. They were
tentatively assigned to networks of hydrogen bonds connecting differ-
ent protofibrils, promoting charge delocalization through proton trans-
fer (Fig. 5b, light blue clouds). In our samples, the increased nanofibrils
order bestowed by cross-linking likely enhanced these transitions [66].
Another clear band, peaking at 600 nm,was detected in the cross-linked
samples: we assigned it to a newly formed electronic state, directly con-
nected to the genipin covalent bonding between peptide chains. This
band was indeed present in both the cross-linked B42 and (LDLK)3/
SSL(LDLK)3/KLP(LDLK)3/tris(LDLK)3 samples (inset in Fig. 5a), with
similar spectral position and intensity. There was actually a slight red
shift of a few nanometers and a peak broadening in (LDLK)3/SSL
(LDLK)3/KLP(LDLK)3/tris(LDLK)3 peptide,whichwe tentatively justified
with the presence of more linking points (if compared to B42) between
the SAP chains (red clouds in Fig. 5b), and to the higher complexity
of the supramolecular configuration of the fibrils of the multi-
functionalized SAP [37]. We also performed static photoluminescence
of the cross-linked peptides: the emission spectra with excitation
from 350 nm to 550 nmare shown in Fig. S13.We detected three differ-
ent emissive states peaked at ~450 nm, 510 nm, and 610–620 nm. These
states showed different ratio of intensity for the two SAPs, giving a sec-
ond confirmation of the differences in their supramolecular organiza-
tion (due to cross-linking and aggregation degrees) and distribution of
energy levels. The shorter wavelength emissive peaks are related to
the absorption bands at 360 nm and 450 nm, and their large Stokes
shift is consistent with previous results [65]. The emission at
610–620 nm, instead, presented a smaller Stokes shift: this is a further



Fig. 4. Atomic force microscopy (AFM) studies. AFM images of (a) FAQRVPP-(LDLK)3, (b) (LDLK)3/SSL(LDLK)3/KLP(LDLK)3/tris(LDLK)3, and (c) B42 peptides fibers with and without
genipin cross-linking (scale bar is 1 μm). 3D surface, amplitude, and height of B42 peptide high-magnification images, (d) without and (e) with genipin cross-linking. B42 peptide
assembles into uniform long, and flat nanofibers; contrarily, peptide B42 with genipin self-organize into thicker and left-handed twisted nanofibers.
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confirmation of the novel nature of the absorption band peaked at
600 nm.

To further confirm the nature of these transitions, both SAPs have
been characterized for different values of the buffer pH. Looking at the
B42 absorption (Fig. 5c), the transitions related to the backbone and
the genipin ring were unchanged for all pH values except for pH 14,
where a drastic shift of the 240 nm transition could be assigned to a
breaking of the genipin ring [67]. The transitions between 250 nm and
450 nm displayed stronger pH dependence due to the modification of
the H-bonds, confirming the previous assignment [66]. On the other
hand, the transition around 600 nm followed a different trend. For pH
values closer to the buffer neutrality, spectra were all similar, while
the ones at pH 2 and pH 10 were slightly red shifted. This shift usually
happens for transitions possessing a charge transfer (CT) character
[68,69]. Hence the optical transition at 600 nm corresponds to an elec-
tronic excited state configurationwhere the electrons and holes are spa-
tially separated from each other, creating a local distribution of
delocalized charges. Therefore, CT states are sensitive to the charged sol-
vent environment in which the molecular complex is dissolved. In the
cross-linked B42, the CT state is delocalized across the genipin and it is
sensitive to charge-environment variations induced by highly basic or
acidic buffers. Going towards more basic buffers (pH 12 and 14) the
600 nm transition started to blue shift and eventually lost intensity
due to the known breaking of the genipin ring [67], thus giving a
confirmation that the 600 nm absorption band is related to the covalent
bonding of the peptide chains through the genipin molecule. Fig. 5d re-
ports the pH dependence of the absorption spectrum for (LDLK)3/SSL
(LDLK)3/KLP(LDLK)3/tris(LDLK)3: the spectral shift of the CT state was
less clear likely due to the higher complexity of the self-assembled
nanostructures.

The presence of a transition in the visible was very interesting, since
polypeptides and proteins typically absorb in the UV only, in the
250–300 nm band (for the aromatic amino acids) and at wavelengths
shorter than 250 nm (for the polypeptide backbone). The observation
of visible absorption and fluorescence paves the way to novel biocom-
patible, pH-sensitive and biodegradable fluorophores to be potentially
used in biomedical imaging, optoelectronic and photonic devices.

Consequently, we have investigated the ultrafast dynamics of this
visible transition using femtosecond transient absorption (TA) spectros-
copy. In this technique an ultra-short (~100-fs duration) pump pulse
photoexcites the sample and a time-delayed broadband probe pulse
measures the pump-induced absorption change ΔA. In our experiment
the pump pulse was tuned to 400 nm, resonant with one of the transi-
tions of the SAPs formed only in presence of genipin, with the probe
covering the 450–750 nm wavelength range. Fig. 5e and f shows 2D
ΔA maps, as a function of probe wavelength and pump-probe delay,
for B42 and (LDLK)3/SSL(LDLK)3/KLP(LDLK)3/tris(LDLK)3 respectively.
Negative signals, identified by red color, were assigned to Ground



Fig. 5. Static and transient optical characterization. Static absorption (a) of B42 andmulti-functionalizedpeptideswithout (greendots) andwith genipin cross-linking (green and blue line)
compared with the one of genipin itself (red dots). The inset is a zoom in the visible spectral range of the linear absorption spectra showing peak at 600 nm, detected only in the cross-
linked samples.We assigned it to a newly formedelectronic state, directly connected to the covalent bonding between the chains due to genipin. (b) Schematic representation of the cross-
linked SAPs along with the parts of the molecules mostly involved in the optical transitions, namely the CT state-like (red clouds) and the H-bond induced transition (blue clouds).
Absorption spectra of both (c) B42 and (d) multi-functionalized peptide tested at different pH values. Transient absorption data of (e) cross-linked B42, and (f) cross-linked multi-
functionalized peptide. The ΔA maps in time and wavelength are shown with corresponding cuts in time (spectrum at 2 ps, green line in the top panel) and in wavelength (dynamics
at 485 nm, dark blue line, and at 602–604 nm, dark red line, in the side panel). In the top panel of both (e) and (f) the absorption spectra (yellow) and fluorescence spectra (orange)
of the SAPs are shown for comparison with the ΔA signal.
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State Bleaching (GSB), i.e. reduction of the sample absorption due to
photoexcitation of the electronic transition, and/or to Stimulated-
Emission (SE) from the excited state. Positive signals, identified by
blue color, corresponded to photo-induced absorption, i.e. decreased
transmission of the probe pulse. For clearer identification of these sig-
nals, we reported in the upper panels of both Fig. 5e and f theΔA spectra
(at 1-ps pump-probe delay) together with the absorption (yellow) and
photoluminescence (orange, with excitation at 400 nm) spectra of the
corresponding samples. The negative band centered at around 600 nm
corresponded to the superposition of GSB and SE from the photoexcited
electronic transition. The blue-shifted positive band peaking at 485 nm
(excited state absorption) could be assigned either to a higher lying
state or to a blue shift of the ground state absorption spectrum induced
by the photoexcited charges: this phenomenon, known as photoin-
duced stark effect [70–72], could be a further confirmation of the CT na-
ture of the transition.

The side panels of Fig. 5e–f report twoΔA time traces atwavelengths
corresponding to positive (dark blue, 485 nm) and negative (dark red,
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600 nmca.) peaks of theΔA spectrum. Global analysis of theΔA dynam-
ics according to a sequential model reveals a bi-exponential decay with
two-times decay constants. The obtained time constants are reported in
Table S2,while the corresponding Evolution Associated Spectra (EAS) of
the two sequential excited species are shown in Fig. S14. The first time
constant (τ1 b 50 ps) could be assigned to relaxation from the photoex-
cited bright state to the CT state and the second one (τ2 N 200 ps) to the
ground state recovery. This interpretationwas confirmed by the change
of shape from the first EAS (EAS-τ1) to the second one (EAS-τ2), show-
ing a red shift around 600 nm,which corresponds to the formation of SE
from the CT state after the first relaxation. The dynamics of (LDLK)3/SSL
(LDLK)3/KLP(LDLK)3/tris(LDLK)3 peptide showed time constants
approximately one third longer than in B42 (see Table S2 for time
constants values). This was likely ascribable to different chain interac-
tions in the peptide network, resulting in a stronger delocalization of
the excitation, or to a higher probability of trap states formation
[73,74], yielding to a slower relaxation path of the electrons towards
the ground state. This behavior is also confirmed by the different shapes
and intensity ratio of the peaks in the emission spectra (see Fig. S8). In
theB42 cross-linked sample, the strong intensity of the emission around
620 nm is a consequence of the faster relaxation of the excitation to-
wards this lower energy state. Instead, the presence of highly emissive
intermediate states between the excitation at 400 nmand the transition
at 600 nm in the (LDLK)3/SSL(LDLK)3/KLP(LDLK)3/tris(LDLK)3 cross-
linked peptide (shown by the higher relative intensity of emission
around 450 nm and 510 nm) is strictly related to the slower relaxation
decay of the excitation observed in the pump probe experiments.

4. Conclusions

Overall genipin cross-linking featured the great advantage of being
effective with very different lysine-containing SAP hydrogels, without
altering their secondary structure and nanofibrous morphology, both
critical for many biomedical applications (e.g. biomimetic scaffolds,
drug release, etc.). Presumably, this cross-linking approach may offer
the opportunity to fine-tune any β-sheet forming SAP featuring at
least one lysine residue, or other more complex proteinaceous mate-
rials, yielding to stiffer and more thermostable biomimetic hydrogel
scaffolds. Lastly, genipin cross-linking, changing the absorption/emis-
sion bands in the visible range and the kinetic of relaxation of a variety
of SAPs, may bestow a promising unexplored potential in biomedical
imaging, photonics [75], optoelectronics [76], power harvesting [77] to
several well-known and new SAPs, resulting in potentially novel bio-
compatible and pH-sensitive fluorophores [63].
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