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o-crosslinkable self-assembling
peptides with pH-switchable “on–off”
luminescence†

Raffaele Pugliese,*ad Monica Montuoric and Fabrizio Gelain *ab

Significant progress has beenmade in peptide self-assembly over the past two decades; however, the in situ

cross-linking of self-assembling peptides yielding better performing nanomaterials is still in its infancy.

Indeed, self-assembling peptides (SAPs), relying only on non-covalent interactions, are mechanically

unstable and susceptible to solvent erosion, greatly hindering their practical application. Herein, drawing

inspiration from the biological functions of tyrosine, we present a photo-cross-linking approach for the

in situ cross-linking of a tyrosine-containing LDLK12 SAP. This method is based on the ruthenium-

complex-catalyzed conversion of tyrosine to dityrosine upon light irradiation. We observed a stable

formation of dityrosine cross-linking starting from 5 minutes, with a maximum peak after 1 hour of UV

irradiation. Furthermore, the presence of a ruthenium complex among the assembled peptide bundles

bestows unusual fluorescence intensity stability up to as high as 42 �C, compared to the bare ruthenium

complex. Also, due to a direct deprotonation–protonation process between the ruthenium complex and

SAP molecules, the fluorescence of the photo-cross-linked SAP is capable of exhibiting “off–on–off–on”

luminescence switchable from acid to basic pH. Lastly, we showed that the photo-cross-linked hydrogel

exhibited enhanced mechanical stability with a storage modulus of �26 kPa, due to the formation of

a densely entangled fibrous network of SAP molecules through dityrosine linkages. As such, this

ruthenium-mediated photo-cross-linked SAP hydrogel could be useful in the design of novel tyrosine

containing SAP materials with intriguing potential for biomedical imaging, pH sensing, photonics, soft

electronics, and bioprinting.
1. Introduction

Self-assembling peptides (SAPs) have gained considerable
attention because of their potential applications in biology,
nanotechnology, tissue engineering, and regenerative medi-
cine.1–4 Rationally designed SAPs can self-assemble into various
nanostructures (i.e. nanobers, nanotubes, nanospheres,
nanorods, and plate-like crystals).5 These structures with high
water content (�99%) and a high density of functional groups
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(namely bioactive motifs) may act as versatile scaffolds and
provide various affinities for material manipulation.6

Transient non-covalent interactions determine the nal
morphology of SAPs, which can be controlled by varying the
sequence of amino acids or the peptide concentration (when in
solution), or by manipulating the environmental parameters
(e.g. temperature, solvents, or ionic strength); as such, these
changes can alter the self-assembling kinetics, pore size, nal
conformation of entangled nanostructures, and the density of
bioactive functional motifs (if present).7–9

In contrast, covalent cross-linking aer self-assembly using
irreversible bonds would lead to more robust and stable struc-
tures.10–12 However, lack of self-error correcting mechanism
during the linking process is perhaps the reason why direct
formation of irreversible covalent bonds has not been widely
attempted for well-dened nanostructures. Moreover, covalent
cross-linking may interfere with the self-assembly process of the
hydrogelator and result in dehydrogelation. Thus, a promising
strategy to overcome this issue is to modulate the self-assembly
process, followed by the covalent stabilization of the formed
nanostructures; the non-covalent self-assembly rst controls
the nanostructure formation, while subsequent covalent bond
formation stabilizes such structures.11 The success of this
Nanoscale Adv., 2022, 4, 447–456 | 447
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process requires that the reaction conditions must not disturb
the self-assembly phenomenon, and the covalent linking must
not negatively inuence the scaffold's self-assembled nano-
architecture. Furthermore, it is necessary to use cross-linking
or photo-cross-linking agents that do not interfere with the
nal biocompatibility and functionality of the scaffold. Finally,
achieving specic cross-linking sites is another key aspect to
keep in mind for this approach.13

Over the past few years, various processing methods and
cross-linking techniques proved to be valuable tools for covalent
linking of SAP-based materials, providing excellent improve-
ments of their chemical–physical and biomechanical
properties.11,14–23

For instance, Hartgerink and his team reported the use of
covalent capture of collagen mimetic peptides (CMPs), through
the formation of isopeptide bonds between lysine and either
aspartate or glutamate, using carboxylate activating reagents 1-
ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) and
hydroxybenzotriazole (HOBt).24,25 By using a similar approach,
our laboratory reported the design of covalent capture of SAP-
hydrogel using a one-pot in situ gelation system, based on
EDC/N-hydroxysulfosuccinimide (sulfo-NHS) coupling, to
readily cross-link LDLK12 molecules, in order to tune its
biomechanics without affecting the spontaneous formation of
b-sheet-containing nanolaments.16 In addition, we demon-
strated how genipin cross-linking can also be adopted with
a number of different lysine-containing SAPs (linear, mixed,
branched, biotinylated, and functionalized) to produce nano-
brous networks with increased mechanical properties (G0 $0.2
MPa), thermostability ($100 �C) and optical properties, paving
the way for novel optoelectronic and photonic applications of
cross-linked SAPs.15

Dityrosine cross-linking draws considerable interest because
of its distinctive properties such as outstanding elasticity and
intrinsic uorescence.26 Further, dityrosine bonds are a key
component of many natural materials in their native tissues:
indeed tyrosine cross-links stabilize proteins in numerous
structural tissues.27 The sea urchin egg, for example, utilizes
tyrosine cross-linking during fertilization, yielding a membrane
structure harder andmore resistant to physical deformation and
proteolysis digestion.28 Dityrosine cross-linking has also been
detected in resilin extracted from desert locusts and dragonies,
which contributes to the exceptional jumping abilities of these
species.29 Also, in order to protect themselves during develop-
ment, aquatic caddisy larvae build composite shelters from
adhesive silk bers, stones, and organic materials collected from
their environment through dityrosine bonding.30,31

Drawing inspiration from natural living systems, in order to
expand the tool kits for the covalent capture of supramolecular
SAP hydrogels and improve their chemical–physical and
biomechanical features, we developed and validated a photo-
cross-linking approach for the in situ cross-linking of a tyro-
sine-containing LDLK12 peptide (Ac-YYGGGLDLKLDLKLDLK,
dubbed 33Y). This approach is based on the well-established
ruthenium catalyzed (in the presence of ammonium persul-
fate) photo-cross-linking reaction of two tyrosine residues in
close proximity to each other to give dityrosine adducts, under
448 | Nanoscale Adv., 2022, 4, 447–456
visible light. Ruthenium is an efficient visible light-harvesting
molecule, which donates an electron to the persulfate upon
excitation, resulting in the cleavage of the O–O bond. The
products are Ru(III), an electron oxidant, and a sulfate radical.
Ru(III)-mediated formation of a tyrosyl radical is proposed as an
initiating step. Coupling of this radical with one of several
possible nucleophiles (e.g. another tyrosine residue in close
proximity) and the subsequent removal of a hydrogen atom by
the sulfate radical completes the reaction.32

By positioning the reactive sites outside the self-assembling
backbone of the 33Y peptide sequence, we managed to prevent
interference between the self-assembling and photo-cross-
linking processes. As a result, we demonstrated that ruthe-
nium specically reacts with 33Y pre-assembled nanostructures.
The dimerization of tyrosine residues among peptide bundles
was veried by UV-vis absorbance and uorescence emission. In
addition, ruthenium photo-cross-linking enhanced the
mechanical stability of the hydrogel with a storage modulus of
�26 kPa. Another intriguing observation ascribable to the direct
electron transfer between the ruthenium complex and SAP
molecules is that the uorescence of the photo-cross-linked SAP
“turns off” (in acid solution) and “turns on” (in basic solution),
generating a pH-switchable on–off system.

We anticipate that this strategy could potentially be useful
for other tyrosine-containing SAPs, by improving their uores-
cence, biomechanical, and optoelectronic properties to suit the
needs of different applications in bioimaging, photonics, tissue
engineering, and beyond.
2. Results and discussion
2.1 Design and evidence of a photo-cross-linkable peptide

Biomimetic LDLK12-based assembling peptides have been
extensively studied, and have shown promise as a platform for
the regeneration of the injured spinal cord,33,34 cartilage,35 and
nucleus pulposus.36 LDLK12 efficiently self-assembles into
nanobers (with 10–20 nm diameter) and rapidly changes into
a three-dimensional porous supramolecular hydrogel with high
water content (from 96% to 99.5%) under physiological condi-
tions. In addition, it can be feasibly functionalized with short
epitopes at one or both termini to obtain biomimetic scaffolds
customized for specic applications.37–40 Further, it is amenable
of multiple ramications, connected with one or multiple
“Na,N3-di-Fmoc-lysine knots”, which can be mixed (at different
molar ratios) with linear SAPs before self-assembling in order to
increase the stiffness of the SAP hydrogels without affecting
their secondary b-sheet structure.41

Starting from this background, we added two tyrosine resi-
dues to the N-terminus of LDLK12 to produce photo-cross-
linkable peptide Ac-YYGGGLDLKLDLKLDLK-CONH2 (dubbed
33Y). To avoid the crosstalk between the assembly of LDLK12
and tyrosine cross-links, we introduced a three-glycine spacer
between the LDLK12 backbone and tyrosine residues. The
glycine linker serves as a spacer to disconnect the geometric
constraints of dityrosine cross-links from the self-assembling
LDLK12 backbone, as previously reported.42
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The 33Y peptide was dissolved in distilled water (pH 5.5) to
achieve a nal concentration of 1% (w/v), and incubated over-
night at +4 �C in order to guarantee the spontaneous formation
of pre-assembled nanobers. Aerwards, we mixed the desired
amounts of Ru(bpy)3Cl2 and APS with the pre-assembled 33Y
(see the Materials and methods for further details) and irradi-
ated the mixture with UV-light to initiate the photo-cross-linking
(Fig. 1a). To study the formation of dityrosine cross-links among
the assembled 33Y peptide bundles, we investigated the photo-
cross-linking of a set of 33Y peptides subject to different irradi-
ation time courses (i.e. 5, 10, 15, 20, 25, and 60 min) in the
presence of Ru(bpy)3Cl2 and APS, by UV-vis absorbance and
uorescence spectroscopy. As shown in Fig. 1b, upon light irra-
diation, a major peak of tyrosine centered at 276 nm gradually
red-shied to 286 nm, which corresponds to the absorbance of
dityrosine (indicated by the grey arrow); this is because the
formation of dityrosine cross-linking further delocalizes the
electrons on the aromatic rings, leading to the red shi in the UV
absorbance.43 Notably, we observed a stable formation of dityr-
osine cross-linking aer 5 minutes of photo-irradiation (cyan
line), with a maximum peak aer 1 hour of UV irradiation (dark
green line). Furthermore, the formation of a peak at �450 nm is
clearly visible, due to the presence of the ruthenium complex
within the peptide bundles (not present in the wild type 33Y
peptide, dark line). In contrast, in the uorescence spectra of
photo-cross-linked 33Y peptides (Fig. 1c), two emission peaks
located at 430 nm and 675 nm appeared (excited at 280 nm),
which are characteristic of the dityrosine moiety and ruthenium
complex, respectively. In this case we observed the maximum
uorescence intensity at 20 min. There were no uorescence
peaks at 430 nm and 675 nm for the 33Y wild type (dark line),
Fig. 1 (a) Schematic of ruthenium-complex-catalyzed conversion of t
dityrosine formation among 33Y assembled bundles upon different irradia
absorbance of dityrosine cross-linking. (c) Fluorescence spectra of photo
linked 33Y peptides showed two emission peaks located at 430 nm and 6
complex among peptide bundles. (d) Fluorescence images of photo-cro

© 2022 The Author(s). Published by the Royal Society of Chemistry
conrming the assumption that such emission peaks are related
to the photo-cross-linking reaction. As expected, the uorescence
images conrmed that photo-cross-linked 33Y showed high
uorescent emission in the visible region (Fig. 1d), exhibiting
crystal-like structures similar to those reported by Gazit et al.
with diphenylalanine-derivative peptides,44 useful as photo-
luminescent assemblies for power generation.45

2.2 Thermal stability of the luminescent photo-cross-linked
peptide

Since the uorescence of several dyes presents a strong depen-
dence on temperature, hampering their practical applications in
temperature sensing/imaging,46,47 we next evaluated the
temperature-dependent uorescence intensity. Indeed, the devel-
opment of temperature sensors at the nano- and micro-scales has
recently received considerable attention due to the growing
interest in performing measurements on a variety of unconven-
tional systems, e.g., cells, lab-on-a-chip, andmicrouidic devices.48

As already reported,49–52 the excited Metal-to-Ligand Charge
Transfer (MLCT) state of bare Ru(bpy)3Cl2 decays with temper-
ature increments. Therefore, the uorescence of the free
aqueous ruthenium complex decreases with increasing
temperature. As expected, we observed a drastic decrease in the
intensity of the emission peak of the bare ruthenium complex in
a linear fashion (r2 ¼ 0.99) in the range of 20–42 �C (Fig. 2a),
a relevant temperature range for biological systems. Surpris-
ingly, the entrapped Ru(bpy)3Cl2 among photo-cross-linked 33Y
peptide bundles retains its photo-luminescent properties up to
42 �C (Fig. 2b) and even aer several heating cycles (data not
shown). No uorescent decay was observed for the peptide
moiety (emission peak at 430 nm, Fig. S1†).
yrosine to dityrosine upon light irradiation. (b) UV-vis spectra of the
tion time courses; the increasing redshift at 286 nm corresponds to the
-cross-linked 33Y peptides with excitation at 280 nm; the photo-cross-
75 nm, which are characteristic of the dityrosine moiety and ruthenium
ss-linked 33Y exhibiting crystal-like structures.

Nanoscale Adv., 2022, 4, 447–456 | 449
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Fig. 2 Temperature-dependent fluorescence intensity of (a) bare
ruthenium and (b) entrapped ruthenium among photo-cross-linked
33Y peptides. A drastic decrease of the intensity of the emission peak
of the bare ruthenium complex was observed in the range of 20–
42 �C, while ruthenium among photo-cross-linked 33Y peptides
retains its photo-luminescent properties up to 42 �C.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 8

/4
/2

02
5 

8:
50

:5
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Overall, these data demonstrate that the ruthenium complex
entrapped in the photo-cross-linked 33Y SAP retains its photo-
physical properties compared to the free complex, and that
the temperature dependence of uorescence can be exploited to
develop thermo-stable devices at the nano-scale level.

2.3 pH-switchable on–off system

Since pH plays a key role in regulating many cellular metabolic
pathways, and it is also a fundamental input signal in making
sensing, switching, and logic molecular devices, we explored
whether the photo-cross-linked 33Y features pH-induced “on–off”
emission-switching properties. In this endeavor we selected the
photo-cross-linked 33Y peptide with the highest emission inten-
sity value (i.e. aer 1 hour of UV irradiation), to which a desired
volume of different pH buffers (pH 2–14, see the Materials and
methods for further details) has been added before assessing its
UV-vis absorbance and uorescence properties (Fig. 3a and b). At
acidic pH 2 to 4 (green and purple lines), we observed low values
of emission peaks located at 430 nm (uorescence off). In
contrast, pH 6 featured a sharp intensity increase for the band at
430 nm (cyan line, uorescence on). A third state of low value
uorescence intensity was observed upon increasing the pH from
8 to 10 (lines light-green and orange, uorescence off). Lastly, pH
12 (yellow line) exhibited a high uorescence intensity similar to
that of pH 6, while pH 14 showed a slight decrease of the uo-
rescence band at 430 nm (uorescence on).

The above-mentioned four luminescence “on–off” states are
reported in Fig. 3c and S2,† thus conrming the propensity of
the photo-cross-linked SAP to have “off–on–off–on” lumines-
cence switchable from acid to basic pH. Notably, as previously
reported on other ruthenium-based complexes, this “on–off”
450 | Nanoscale Adv., 2022, 4, 447–456
emission switching could be associated with the deprotona-
tion–protonation processes among the ruthenium complex at
different pH values.53 In brief, the imidazole rings uncoordi-
nated to the ruthenium can exhibit three independent ground-
state protonation/deprotonation processes at different pH
values with a transition from the state [Ru(bpy)3]

2+ to the state
[Ru(bpy)3]

4+ (+2H), or to the state [Ru(bpy)3]
5+ (+1H) and vice

versa.54–57 Overall, this exciting property gained from the photo-
cross-linked SAP makes it a promising tool for advanced optical
display and/or sensing.

2.4 Changing the photo-physical properties of the
ruthenium complex

As it is well known that sulfuric acid (H2SO4) can inuence the
absorbance and uorescence emission of the ruthenium complex
by modifying the MLCT transition to different states,58 we added
H2SO4 to the bare Ru(bpy)3Cl2 (see the Materials andmethods for
further details) to evaluate whether this change can inuence the
photo-cross-linking and the luminescence “on–off” emission-
switching properties. As shown in Fig. 4a, the Ru(bpy)3Cl2–
H2SO4 (dark green line) exhibited a shi of the absorbance
emission peak to 700 nm, compared to the Ru(bpy)3Cl2 wild-type
(peak at 450 nm, light green line), as well as for the uorescence
spectrum in which the emission peak is located at 589 nm
(Fig. 4b), thus resulting in a change of electroluminescence color.

Hence, we subjected the 33Y peptide to photo-cross-linking
with the Ru(bpy)3Cl2–H2SO4 complex (1 hour under UV-light),
and, subsequently, to different pH buffers to test the pH-
induced “on–off” emission-switching properties (Fig. 4c).
Again, we observed four luminescence “on–off” steps (purple
line), which appeared to be similar to those of the unmodied
photo-cross-linked 33Y peptide (blue line). Indeed, pH 2
featured high values of the emission peak at 430 nm (uores-
cence on). In contrast, low uorescence intensity was detected
upon increasing the pH from 4 to 8 (uorescence off). Instead,
a sharp intensity increase of uorescence was seen at pH 10
(uorescence on). Lastly, pH 12 exhibited again low uores-
cence intensity, while at pH 14 a slight increase of the uores-
cence band at 430 nm was seen (uorescence off).

It is worth noting that exhibiting luminescence at extremely
acidic pHs may be useful for applications in tumor cell detec-
tion or glial scar formation following acute spinal cord injury.
Overall, the ability to modulate the “off–on–off–on” and “on–
off–on–off” pH-induced luminescence using the same photo-
cross-linked peptic system obliterates any ambiguity from the
detected signal coming from a set of unmodied and sulfuric
acid-treated photo-cross-linked 33Y peptides and, as such, may
pave the way for the development of miniaturized optical
sensors entirely made of SAPs that can be feasibly integrated
into lab-on-a-chip detection devices.

2.5 Mechanical stability and nanostructure of the photo-
cross-linked peptide hydrogel

Finally, we investigated the mechanical properties and the
nano-morphology of photo-cross-linked 33Y by rheology and
atomic force microscopy (AFM), respectively.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV-vis absorbance and (b) fluorescence spectroscopy of the photo-cross-linked 33Y peptide after 1 hour of UV irradiation with
different pH buffers. (c) “Off–on–off–on” luminescence switchable from acid to basic pH of the photo-cross-linked 33Y peptide, and images of
the photo-cross-linked 33Y peptide under UV light (l �395 nm) at different pHs.

Fig. 4 Rutheniummodified with sulfuric acid showing a shift of the absorbance emission peak to 700 nm (a) and the fluorescence emission peak
to 589 nm (b) compared to the ruthenium wild type, thus resulting in a change of electroluminescence color. (c) “On–off–on–off” pH-induced
luminescence using a 33Y photo-cross-linked peptic system pre-treated with sulfuric acid.

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 447–456 | 451
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Fig. 5 (a) Frequency sweep (0.1–100 Hz, fixed strain 1%) of 33Y and 33Y photo-cross-linked peptides. 33Y displayed a G0 value of 2 kPa, while
photo-cross-linked 33Y showed an increase in the storage modulus throughout the tested frequency range, with G0 equal to 26 kPa. (b) AFM
images of 33Y and 33Y photo-cross-linked peptides. 33Y yields short, single fibers, while photo-cross-linked 33Y self-organizes into a much
longer and clustered network of bundled nanofibers.
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Looking at their mechanical properties, the viscosity of the
photo-cross-linked 33Y was analyzed and compared to that of the
untreated 33Y (Fig. S3a†). Both peptides showed non-Newtonian
shear-thinning behavior with a decrease of viscosity as the shear-
rate increases. However, photo-cross-linked 33Y showed overall
increased viscosity values (0.19 Pa s) compared to 33Y alone (0.03
Pa s); this is likely ascribable to the dityrosine cross-links among
the peptide nanober bundles, providing additional and
stronger (covalent links) entanglements at the nanoscale. We
next measured the mechanical stiffness of the SAP hydrogels
using oscillatory shear rheological experiments. By monitoring
the temporal evolution of G0 upon addition of neutral pH-buffer,
we observed the gelation kinetics and the increasing hydrogel
stiffness of both un-cross-linked and photo-cross-linked 33Y
peptides (Fig. S3b†). Trends of G0 for all peptides showed typical
hydrogel-like proles, suggesting that the glycine linker effec-
tively acts as a spacer, lowering the interference of geometric
constraints coming from dityrosine cross-links vs. the self-
assembly propensity of the LDLK12 backbone. Subsequently,
we investigated G0 as a function of angular frequency (1–100 Hz,
xed strain 1% within the LVR) of both 33Y peptides (Fig. 5a). As
expected, the 33Y wild type, being a so hydrogel, displayed an
elastic shear modulus of 2 kPa. On the other hand, photo-cross-
linked 33Y showed a signicantly increased G0 throughout the
tested frequency range, with values of around 26 kPa. In addi-
tion, strain failure tests were performed within the linear visco-
elasticity region to assess material failure when subjected to
a linear strain progression at +25 �C (Fig. S3c†). In this case
failure occurred for both peptides at �12% strain.

Lastly, AFM analysis was performed to study the effect of
photo-cross-linking on the peptide nanostructures (Fig. 5b).
Both the peptides formed nanobers, with 33Y yielding short
single bers, while photo-cross-linked 33Y showed an increased
presence of much longer and clumped bers. In addition, no
changes in the morphology of the nanobers were observed in
both acidic and basic buffers (Fig. S4†). From a morphological
point-of-view, ruthenium photo-cross-linking did not hamper
33Y's propensity to self-assemble, but, on the contrary, fostered
a “clustering effect” of the self-assembled nanobers, favoring
452 | Nanoscale Adv., 2022, 4, 447–456
their pairing and lengthening. From a mechanical perspective,
ruthenium photo-cross-linking efficiently increased the stiff-
ness of the 33Y hydrogel and its shear-thinning features,
making it useful for 3D printing applications, where SAP-based
materials have not yet been fully probed.
3. Conclusions

In this work, we reported the feasibility of ruthenium photo-
induced chemical cross-linking on a tyrosine-containing
LDLK12 SAP. The peptide sequence has been rationally
designed to avoid crosstalk between self-assembly and photo-
cross-linking, thus ensuring the effectiveness of ruthenium-
complex-catalyzed conversion of tyrosine to dityrosine upon
light irradiation. We observed a stable formation of dityrosine
cross-linking aer 5 minutes with a high uorescent emission
in the visible region. Also, due to the direct deprotonation–
protonation process between the ruthenium complex and SAP
molecules, the uorescence of the photo-cross-linked SAP can
selectively “turn off” and “turn on” in acid and basic solutions,
respectively, while in the presence of sulfuric acid the pH-
sensitive switch was inverted. At the same time, this approach
enhances themechanical stability and shear-thinning feature of
the peptide-based hydrogel. Altogether, the photo-cross-linking
method reported in this work can contribute to new applica-
tions of SAP-based biomaterials in biomedical imaging, pH
sensing, photonics, so electronics, and 3D printing.
4. Materials and methods
4.1 Materials

All reagents and solvents used for the peptide synthesis and
characterization were purchased from commercial sources and
used without further purication.
4.2 General procedure for peptide synthesis and purication

The peptide Ac-YYGGGLDLKLDLKLDLK-CONH2 (dubbed 33Y)
was synthesized via Fmoc solid-phase peptide synthesis, by
© 2022 The Author(s). Published by the Royal Society of Chemistry
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using a Liberty-Discovery (CEM) microwave automated synthe-
sizer. Synthesis was carried out with 0.5 M HBTU in DMF and
2 M DIEA in NMP as activator and activator base solutions,
respectively. Fmoc-protected amino acids were dissolved at
a concentration of 0.2 M in DMF, and the deprotection solution
for Fmoc-group removal was 20% (v/v) 4-methylpiperidine in
DMF. A 20% (v/v) solution of Ac2O in DMF was used for the N-
terminal acetylation. Removal of side-chain protecting groups
and cleavage was obtained by using a 95 : 2.5 : 2.5 mixture of
TFA : TIS : H2O. Puried peptide powder was dissolved in 0.1 M
HCl solution in order to remove the potential presence of TFA
salts. Raw peptide was subsequently puried using a Waters
binary HPLC apparatus, and the molecular weight was identi-
ed via single quadrupole mass detection (Waters LC-MS Alli-
ance-3100).

4.3 Photo-cross-linking of hydrogels in the presence of
Ru(bpy)3Cl2 and ammonium persulfate (APS)

Lyophilized 33Y was dissolved in distilled water to achieve
a nal concentration of 1% (w/v) and then stored at +4 �C
overnight. The photo-cross-linked 33Y peptide was prepared by
adding Ru(bpy)3Cl2 (4 ml, 6.25 mM) and APS (2 ml, 178 mM) to
a 50 ml pre-assembled solution of 33Y peptide. Then, the
mixture was vigorously vortexed and stored for 5 min at room
temperature prior to light irradiation with white light (using
a 220 W lamp as the light source, lex ¼ 452 nm) for a certain
amount of time (i.e. 5, 10, 15, 20, 25, and 60 min). Meanwhile, 8
ml of sulfuric acid (H2SO4) was added to change the electro-
chemical and photo-physical properties of Ru(bpy)3Cl2 (0.18
mg). Aerwards, the photo-cross-linked 33Y peptide was
prepared by adding Ru(bpy)3Cl2–H2SO4 (8 ml) and APS (2 ml) to
a 50 ml pre-assembled solution of 33Y peptide.

4.4 UV-vis spectroscopy

To monitor the formation of dityrosine crosslinks, solutions of
Ru(bpy)3Cl2 alone (50 ml), 33Y wild type (50 ml, 1% w/v), and
photo-cross-linked 33Y (50 ml, 1% w/v) aer different light-
irradiation times were prepared for UV-vis measurement. The
UV-vis spectra (250–800 nm at 25 �C) were recorded on an Innite
M200 PRO plate reader. The background from the solvent was
subtracted, and data were processed with Origin™ 8 soware.

4.5 Fluorescence spectroscopy

Solutions of Ru(bpy)3Cl2 alone (50 ml), 33Y wild type (50 ml, 1%
w/v), and photo-cross-linked 33Y (50 ml, 1% w/v) aer different
light-irradiation times were prepared for the uorescence
experiment. The uorescence intensity was recorded using an
Innite M200 PRO plate reader (Tecan) with lex¼ 280 nm (5 nm
bandpass) and lem ¼ 380–800 nm (10 nm bandpass), at 25 �C.
Measurements were processed with Origin™ 8 soware.

4.6 Absorption and uorescence spectroscopy at different
pHs

Absorption and uorescence measurements on photo-cross-
linked 33Y peptides at different pHs were performed
© 2022 The Author(s). Published by the Royal Society of Chemistry
maintaining the same 1% (w/v) nal concentration, starting
from 2% concentration and adding the same amount in volume
of different pH buffers. All samples were measured at room
temperature using an Innite M200 PRO plate reader (Tecan).
Measurements were processed with Origin™ 8 soware.

4.7 Rheology measurements

The rheological properties of the peptide hydrogels were
studied using an AR-2000ex rheometer (TA Instruments)
equipped with a truncated cone-plate geometry (acrylic trun-
cated diameter, 20 mm; angle, 1�; truncation gap, 34 mm). The
viscosity of the peptide samples was measured using a ow step
program, at increasing shear rate, to evaluate the non-
Newtonian behavior of the hydrogels. To monitor the sol–gel
transition and to evaluate the storage (G0) and loss (G00) modulus
increase as a function of time, a 10 h time sweep test (constant
angular frequency, 1 Hz; xed strain, 1%) was carried out.
Aerwards, to evaluate the G0/G00 moduli of the assembled
peptide hydrogels, frequency sweep experiments were con-
ducted as a function of angular frequency (0.1–1000 Hz) at
a xed strain of 1%. Then, a strain sweep test was performed on
the samples from 0.01% to 1000% strain to determine the limit
of the linear viscoelastic regime (LVR) and, therefore, the
maximum strain to which the sample can be tested.

4.8 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, reso-
nance frequency 75 kHz, constant force 3 N m�1). The 33Y
peptide and photo-cross-linked 33Y peptide were prepared a day
prior to imaging. AFM images were taken by depositing a 5 ml
drop of peptide solutions (nal concentration of 0.01% w/v)
onto freshly cleaved mica. The samples were allowed to dry
under ambient conditions for 5 min. Subsequently, the samples
were rinsed with distilled water to remove loosely bound
peptides, and then dried under ambient conditions for 30 min.
The images were analyzed and visualized using Nanoscope
Soware as previously described.15 The morphological param-
eter analysis of the AFM data was performed using the Matlab-
based open-source soware FiberApp, as previously described.16
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