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Hydrogelation tunability of bioinspired short
peptides†

Sara La Manna,a Daniele Florio,a Valeria Panzetta, bcd Valentina Roviello,c

Paolo Antonio Netti,bcd Concetta Di Natale bcd and Daniela Marasco *a

Supramolecular assemblies of short peptides are experiencing a stimulating flowering. Herein, we report

a novel class of bioinspired pentapeptides, not bearing Phe, that form hydrogels with fibrillar structures.

The inherent sequence comes from the fragment 269–273 of nucleophosmin 1 protein, that is normally

involved in liquid–liquid phase separation processes into the nucleolus. By means of rheology, spectro-

scopy, and scanning microscopy the crucial roles of the extremities in the modulation of the mechanical

properties of hydrogels were elucidated. Three of four peptide showed a typical shear-thinning profile

and a self-assembly into hierarchical nanostructures fibers and two of them resulted biocompatible in

MCF7 cells. The presence of an amide group at C-terminal extremity caused the fastest aggregation and

the major content of structured intermediates during gelling process. The tunable mechanical and

structural features of this class of hydrogels render derived supramolecular systems versatile and suitable

for future biomedical applications.

Introduction

Short peptide-based hydrogels are used in supramolecular tech-
nologies to build new smart light-responsive1 and biocompatible2

materials as well as delivery systems of therapeutics or vaccines.3

These structures can be programmed to self-organize into various
forms: nanofibers, nanotubes, nanoribbons, or hydrogels, acquir-
ing the ability to cross cell membranes and other challenging
biological barriers.4–6 They are also widely used as starting
materials in regenerative medicine7 in wound repair,8 for stem
cell culture niche and differentiation9 and in cancer personalized
treatments.10,11

The hydrogelation mechanism, consists in the formation of
ordered structures regulated by different forces: hydrogen,

hydrophobic, electrostatic, van der Waals and aromatic
bonds.12,13 These interactions allow the formation of hierarch-
ical nano/micro fibrillar structures that then interweave into
a-helices, b-sheets, hairpins and turns.14

The de novo design of supramolecular peptide-systems has
been largely investigated,15 probing that even minor modifica-
tions may affect self-assembly in unpredictable ways, for exam-
ple the C-terminal amidation accelerated the gelation kinetics
of several Fmoc-Phe derivatives,16,17 with respect to a carboxylic
acid termini.18 Many short peptides (o8 amino acids) self-
assemble providing different nanostructures on the basis of the
amphiphilicity and self-complementarity of sequences.19,20 The
ability of phenylalanine residue to aid amyloid oligomerization
process through p–p stacking is widely reported21 and in the
building of microstructures, one of the most employed tem-
plate is the homo-dipeptide Phe–Phe.22,23

Studies related to it demonstrated slight changes in the size
and hydrophobicity of the N-terminal residue of the X-Phe
dipeptide (X = Ile, Val, etc.) significantly affected the self-
assembly process.24 Examples of short-peptide hydrogels with-
out phenylalanine are however available: a pioneering study
reported on the catalytic activities of designed heptapeptides
bearing alternatively hydrophobic (L), cationic (R and K) and
Zn2+ coordinating His residues.25 More recently designed
bioinks-lysine-containing sequences revealed able to form
three-dimensional hydrogels.26 In them, a hydrophobic
N-terminal stretch, constituted by three, four and five residues,
acts as a ‘‘template’’ for the self-assembly, while the variation of
a cationic C-terminal residue (mainly Lys) regulated the stiffness
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and yield stress of hydrogels.27 In short sequences, not only the
identity of single residues but also the overall charge exerts a
crucial role, especially in dependence of N-and/or C-terminal
chemical groups:28,29

Nature is an amazing source of chemical and structural
diversities: proteins contain small fragments, sometimes hid-
den in the protein architecture, with unexpected features that
are exploitable to develop innovative peptide-based molecules
with unique characteristics.30 Following this approach,
recently, we reported on the hydrogel formation of an amyloi-
dogenic hexapeptide protein fragment (268–273, FINYVK) of
Nucleophosmin 1 (NPM1), located in the second helix of the
wild-type (wt) three helix bundle of the C-terminal domain
(CTD).31 NPM1 is a homopentameric nucleolar protein mainly
involved in chaperon activity32,33 and nucleolar organization
through liquid–liquid phase separation (LLPS) phenomena.34,35

NPM1 resulted the most mutated gene in a subtype of Acute
Myeloid Leukaemia (AML) providing mutations within the
third helix of the CTD.36,37 Many SAR investigations focused
on the conformational consequences of AML mutations pro-
vided experimental evidences that protein regions including
different mutations are able to self-aggregate in an amyloid way
often producing cytotoxic fibers.38–51

Herein, to obtain hydrogels driven from different interac-
tions we further modified the original hexapeptide by focusing
on a five-residues fragment 269–273 (INYVK), deleting the
N-terminal Phe residue. We investigated the extremity charge
effects on the self-recognition mechanism of four different
sequences with N- and C-termini free, or both acetylated/
amidated or alternated (Table 1).

By means of different solution spectroscopies, as fluores-
cence and circular dichroism, we analyzed pentapeptides’
ability to aggregate, and the conformational intermediates
involved in gelling process. The morphology of deriving struc-
tures was investigated through scanning electron microscopy
as well as the viscoelastic properties of hydrogels by rheological
analysis while biocompatibility of single pentapeptides was
tested in MCF7 cancer cells.

Results and discussion

Peptides were synthesized following standard procedures, pur-
ified and identified through LC-MS (Fig. S1, ESI†).

Fluorescence studies

The role of the charges at the C- and N-termini of the fragment
269–273 of NPM1 in the hydrogelation process was firstly
investigated through the evaluation of the Critical Aggregation
Concentration (CAC) of each sequence performing ANS titra-
tions. In them, the variations of ANS fluorescence signal at
increasing amount of peptides were detected. As shown in
Fig. 1, all peptides showed fluorescence changes providing
CAC values in the high micromolar range (Table 1), except
the fully unprotected sequence, H-INYVK-OH, which did not
exhibit any variation.

In particular, the highest CAC value (B640 mM) was pro-
vided by the fully protected variant, Ac-INYVK-NH2, while
sequences partially protected presented intermediate CACs
(B400 and 250 mM). The zwitterionic form of the sequence
H-INYVK-OH negatively affects the self-aggregation as also
confirmed by fluorescence results of tyrosine emission shown
in Fig. 2, upper panel. In them, by reporting the fraction I/I0 as
function of time (insets of Fig. 2(a)–(d)), the greatest variation
was exhibited by acetylated/amidated sequence with a decrease
of B80%, in a time interval of 11 h (Fig. 2(a)). Conversely, the
fully deprotected sequence showed slight signal variation,
B30% despite very long analysis, 80 h (Fig. 2(d)). As expected,
partially protected sequences presented an intermediate beha-
viour providing variations of I/I0 of B50% and both reached
saturation later with respect to the fully protected peptide
(Fig. 2(b) and (c)).

These data were confirmed by the comparison of t1/2 values
(Table 1): these are the times at which the normalized Tyr
fluorescence intensity (I/I0) reached its maximum value/2.

The ability of pentapeptides to generate autofluorescence
during self-aggregation47 was evaluated by monitoring emis-
sion spectra at different wavelengths of excitation during time.
As expected, at t0 of aggregation, no significative fluorescence

Table 1 Sequences, theoretical pIs, experimental CAC, t1/2 values of
aggregation of peptides analyzed in this study. Morphological features of
obtained fibers (averaged values) from SEM studies were also reported

Sequence pI CAC (mM) t1/2 (h)

Fiber diameter length (mm)

t = 0 t = 6 d

Ac-INYVK-NH2 10.38 635 � 2 3 13 704 17 1858
H-INYVK-NH2 10.49 386 � 4 7 12 203 13 3162
Ac-INYVK-OH 3.92 (24 � 1) � 10 8 n.d.a 16 525
H-INYVK-OH 9.75 n.d.a n.d.a n.d.a n.d.a

a Not detected.

Fig. 1 CAC values estimation. ANS fluorescence intensity at lmax versus
peptide concentration (a) Ac-INYVK-NH2, (b) H-INYVK-NH2, (c) Ac-
INYVK-OH, (d) H-INYVK-OH.
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signals were observed for all four pentapeptides (Fig. S2, ESI†)
but after 6 days of stirring, interestingly, three pentapeptides
exhibited marked autofluorescence as reported in Fig. 2, lower
panel. For the fully protected sequence the blue fluorescence
emission is the most sensitive to the aggregation with a max-
imum at B455 nm, upon excitation at 420 nm (Fig. 2(e)). The
two partially protected peptides exhibited greater intensities
upon excitations at 390 nm (Fig. 2(f) and (g)) while the fully
unprotected sequence, again, did not show significative intrin-
sic fluorescence (Fig. 2(h)). The amyloid character of the
aggregation of the fully protected peptide was confirmed by
ThT-assay reported in Fig. S3 (ESI†). In it, Ac-INYVK-NH2 was
the only sequence to exhibit an increase of fluorescence signal
over time and a t1/2 value comparable with that estimated with
Tyr emission assay (Table 1).

Conformational analysis through circular dichroism

Conformational variations during aggregation were analyzed by
CD spectroscopy52 and the overlays of spectra at indicated
times are reported in Fig. 3.

At t = 0 all peptides presented spectra indicating a prevalent
random coil state, mostly for C-terminal acid variants (Fig. 3(c)
and (d)), as suggested by the absolute minimum at l o 200 nm
even if a small relative minimum around 218 nm can suggest a
certain contribution of b-structure, again minor for acidic
sequence. However, time evolutions CD profiles of four
sequences appeared quite different and the time-dependent
profiles of yratio, reported as insets of Fig. 3(a) and (b), help in
the analysis of conformational transitions. Ac-INYVK-NH2,
exhibited a strong tendency to aggregate within the first
3 hours of analysis as indicated by the progressive decrease of
Cotton effect. This behavior is followed by different conforma-
tional contents that, in the interval 4–7 h seemed overwhelmed
by b-structure (for the prevalence of a minimum at 219 nm) and
by helices in the interval 8–9 hours (for the two minima at 219
and 198 nm and one positive band at 195 nm) (Fig. 3(a)). A
similar behavior was exhibited by amidated sequence H-INYVK-
Ac (Fig. 3(b)) for which the b-transition is much less evident and
occurred in longer times (84 h). Also, acidic sequences showed
a progressive reduction of CD signal, but for them conforma-
tional transitions appeared less pronounced especially for the
acetylated variant (Fig. 3(c) and (d)).

Scanning electron microscopy (SEM) analysis

The morphology of aggregates deriving from our pentapeptides
was analyzed by SEM. Images were registered at t = 0 (Fig. S4,
ESI†) and after 6 days of aggregation (Fig. 4 and Fig. S5, ESI†).
For freshly prepared samples, only Ac-INYVK-NH2 and H-
INYVK-NH2 demonstrated the presence of fibers (Fig. S4, ESI†).
Indeed, the full protected peptide provided a fiber with an
average diameter of 13 mm (Table 1) constituted by a network of
fibers better visible at 500 nm of magnification (Fig. S4a0 0 0,
ESI†). Conversely, fibers of only amidate peptide, even if with a
similar size, did not appear yet fully mature, since immersed in
the stub. After 6 days, both amidate sequences exhibited
numerous twisted fibers longer with respect to those observed

Fig. 2 Intrinsic fluorescence emission during aggregation. Upper panel: Overlay
of Tyr emission spectra recorded at indicated times, as insets I/I0 values of Tyr
emission at 303 nm during time. Lower panel: Overlay of emission spectra at
indicated excitation wavelengths after 6 days of aggregation (a) and (e) Ac-INYVK-
NH2, (b) and (f) H-INYVK-NH2, (c) and (g) Ac-INYVK-OH, (d) and (h) H-INYVK-OH.

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/1
9/

20
24

 3
:4

8:
40

 A
M

. 
 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2SM01385A


This journal is © The Royal Society of Chemistry 2022 Soft Matter, 2022, 18, 8418–8426 |  8421

at t = 0. After 6 days, also Ac-INYVK-OH peptide formed fibers
(Fig. 4(b) and Fig. S5b, ESI†), with diameters and lengths
similar to the others (Table 1). In line with previous data, no
fiber formation was detected for the full free peptide, even after
long time of incubation (Fig. 4(d) and Fig. S5d, ESI†).

Hydrogel formation

The heating–cooling53 method was employed to form hydrogels
as assessed by 3D self-supporting hydrogels and inverted tube
test54 (Fig. 5, upper panel).

Fig. 3 Conformational analysis during aggregation. Overlay of CD spec-
tra, recorded at indicated times of (a) Ac-INYVK-NH2, (b) H-INYVK-NH2,
(c) Ac-INYVK-OH, (d) H-INYVK-OH, as insets y ratio values (calculated as
reported in experimental section) versus time.

Fig. 4 Morphology of assembled structures. SEM micrographs of penta-
peptides after 6 days of aggregation: (a) Ac-INYVK-NH2, (b) H-INYVK-NH2,
(c) Ac-INYVK-OH, (d) H-INYVK-OH. Overviews of the surface of fibers at
50 mm (a–d) and 500 nm (a0–d0). In red, measured diameters: (a) 22.58 mm,
11.20 mm, 17.00 mm; (b) 17.13 mm, 6.881 mm, 14.26 mm; (c) 15.80 mm,
20.31 mm, 16.66 mm, 10.63 mm.

Fig. 5 Hydrogel characterization Upper panel: Inverted tube test for
(a) Ac-INYVK-NH2, (b) H-INYVK-NH2, (c) Ac-INYVK-OH, (d) H-INYVK-
OH, lower panel rheological studies: storage modulus G0 (solid symbols)
and loss modulus G00 (open symbols) at 30 1C in dynamic frequency (e) and
amplitude sweeps (f).
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For Ac-INYVK-NH2 the presence of a stable gel was obser-
vable throughout the solution (Fig. 5(a)), for H-INYVK-NH2 a
suspension containing small white precipitates was observable
(Fig. 5(b)) while Ac-INYVK-OH presented a non-homogeneous,
opaque hydrogel (Fig. 5(c)). As expected, the free pentapeptide,
did not exhibit any gel (Fig. 5(d)).

Rheological analysis

Rheological studies were performed on all pentapeptides, pre-
pared in glass vials, subjected to heating–cooling process and
transferred to the rheometer for the analysis. Dynamic fre-
quency and strain sweep experiments were performed at 0.1%
and 1 Hz, at three temperatures, and three out of four
sequences (except fully unprotected peptide), exhibited a linear
viscoelastic (LVE) behavior (Fig. 5 lower panel and Fig. S6,
ESI†). At 10 and 20 1C (Fig. S6a, b, ESI† and Table 2), frequency
sweeps profiles for H-INYVK-NH2 presented viscoelastic moduli
one order of magnitude higher than Ac-INYVK-NH2 and Ac-
INYVK-OH systems, and two order of magnitude higher to
those of H-INYVK-OH. This behaviour could be due to the
presence of one protonable group at the N-terminal extremity
of only amidated sequence, that likely favored non covalent
crosslinks in inter-molecular self-assembly, causing an
immediate increase of storage and loss moduli values
(Table 1).55

In frequency profiles at 30 1C (Fig. 5(e) and Table 2), the
viscoelastic moduli increased for all gels, except for the free
pentapeptide. For acetylated sequences storage moduli G0 were
larger than loss moduli G00, indicating a characteristic visco-
elasticity of the gel, no crossovers were detectable within the
0.1–10 Hz frequency range and G0 did not show a frequency
dependence. These features suggested the presence of strong
junctions among macromolecular chains responsible for the
emergence of a viscoelastic plateau.56 On the contrary, the H-
INYVK-OH sequence behaved as a gel within the range 10�1 to
100 Hz (G0–G00) and as a liquid for higher frequencies (Fig. 5(e)
and Fig. S6a, b, ESI†).

On the other hand, strain sweeps profiles (Fig. 5(f)) indi-
cated that high values of strains determined changes in the gel
structures causing a decrease of the measured moduli likely
due to the rupture of bonds and/or entanglements. As expected,
the yield strain decreased by increasing temperature (Fig. 5(f)
and Fig. S6c, d, ESI†).

Similar experiments carried out at 37 1C for Ac-INYVK-NH2

(Fig. S7, ESI†), exhibited storage and loss moduli values almost
overlapped to those at 30 1C.

In addition, the viscosity curves at 20 1C (Fig. S8, ESI†)
indicated that all sequences had a shear-thinning behaviour,
typical of macromolecules, except the free sequence that, since
unable to polymerize efficiently, exhibited a very low viscosity
(1–4 mPa s, water viscosity at 20 1C B1 mPa s) close to the
sensitivity limit of the rheometer.

Cytotoxicity

Cell compatibility of hydrogels was investigated in cancer cells
for their potential application as delivery systems of anticancer
drugs.57 Cell toxicity experiments were performed using human
MCF7 breast cancer cells incubated with all peptides at a final
concentration of 0.5 mg mL�1 in cell culture medium. Results
obtained from MTT assays (Fig. 6) revealed that both amidated
pentapeptides exhibited a good compatibility with a cell viabi-
lity close to 100%. Conversely, the free amine sequences
negatively affected the cell viability, in particular the fully
unprotected peptide H-INYVK-OH, at a greater extend. This
behavior could be ascribed to unspecific effects of protonable/
deprotonable extremities that can induce not selective interac-
tions within the cell and cause its death.58

Experimental
Peptide synthesis and purification

Pentapeptides were synthesized as C-terminal acids or amides
on Wang (substitution 0.5 mmol g�1) and Rink-amide (sub-
stitution 0.78 mmol g�1) resins, respectively, using 9-
fluorenylmethoxycarbonyl/tert-butyl (Fmoc/tBu) as already
reported.31 Briefly, Fmoc deprotections were carried out using

Table 2 Storage moduli (G0) and loss modulus (G00) extracted from the
frequency sweeps at 1 Hz for the peptides analyzed in this study

Sequence

G0@1 Hz (Pa) G00@1 Hz (Pa)

Temperature (1C)

10 20 30 10 20 30

Ac-INYVK-NH2 5.3 25.3 227.6 0.84 3.5 56.6
H-INYVK-NH2 50.6 163.0 136.0 13.6 16.3 11.5
Ac-INYVK-OH 5.0 22.1 317.1 0.9 4.8 58.2
H-INYVK-OH 0.1 1.0 0.8 0.1 0.6 0.8

Fig. 6 Cell viability assay in the presence of pentapeptides. The histo-
grams report the percentage of viable cells (100% viable cells represent the
control) incubated with the hydrogels at the concentration of 0.5 mg mL�1

for 24 h. The statistical analyses were performed using Student’s t test
(*p o 0.05, ***p o 0.001).

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/1
9/

20
24

 3
:4

8:
40

 A
M

. 
 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2SM01385A


This journal is © The Royal Society of Chemistry 2022 Soft Matter, 2022, 18, 8418–8426 |  8423

a 40% (v/v) piperidine solution in DMF (reaction time: 10 min).
The coupling reactions were carried out by treatment with a
solution of the Fmoc-amino acid (5 equiv.) and (HBTU)/(HOBt)/
(DIEA) (5 : 5 : 10) in DMF. All couplings were performed for
20 minutes and repeated twice. When required, the N-
terminal primary amino group was acetylated by treatment
with a solution at 20% of acetic anhydride and 5% DIEA in
DMF. All sequences were removed from the resin by treatment
with a TFA : TIS : H2O (90 : 5 : 5 v/v/v) mixture for 90 min at room
temperature. Then, they were precipitated in cold ether, dis-
solved in a water/acetonitrile (1 : 1 v/v) mixture, and lyophilized.

Crude products were identified through LC-MS analysis and
purified by RP-HPLC, applying a linear gradient of 0.1% TFA
CH3CN in 0.1% TFA water from 5–70% over 13 min with a
semipreparative 2.2 � 5 cm C18 column at a flow rate of
15 mL min�1. Pure peptides were analyzed through LC-MS
(Fig. S1, ESI†), treated with (HFIP) 1,1,1,3,3,3-hexafluoro-2-
propanol, lyophilized and stored at �20 1C until use.

Hydrogel formation

Hydrogels were prepared following the heating–cooling
method.59 In detail, solutions were prepared by dissolving
freeze-dried peptide samples (2 mg mL�1, 2.5 mM) in 20 mM
borate buffer (pH 8.7) and the peptide, Ac-INYVK-OH, in 20 mM
acetate buffer (pH 4.0).

Homogeneous solutions were obtained by sonication at
25 1C until they were visibly clear, then they were immersed in
a thermoblock at 90 1C for 30 minutes and then cooled at room
temperature for 2 hours. The formation of gels was assessed via
tube-inverting method60 reported in Fig. 5, upper panel.

Fluorescence assays

Florescence assays were performed on a spectrofluorometer
Jasco FP 8300 with a cell of 10 mm path-length quartz cuvette.
Tyrosine, ThT and intrinsic fluorescence signals were measured
on samples at 400 mM in borate (pH 8.7) or acetate (pH 4.0)
buffers (10 mM for Tyr and intrinsic fluorescence and 50 mM
for ThT), at 25 1C under magnetic stirring. lexc: 275 nm, lemiss:
303 nm for Tyr emission, lexc: 440 nm, lemiss: 483 nm for ThT
assay while, for intrinsic fluorescence, excitation wavelengths
of acquisition were 350, 370, 390 and 420 nm. Critical aggrega-
tion concentration (CAC) values were determined by fluores-
cence titration of the dye 8-anilino-1-naphthalene sulfonic acid
ammonium salt (ANS) (lexc = 350 nm; lemiss: 491–480 nm).
Small aliquots (2 mL) of each peptide at 2 mM were added at
250 mL of ANS 80 mM in borate or acetate buffer 20 mM.

Circular dichroism

CD spectra were registered with a Jasco J-815 spectropolari-
meter (JASCO, Tokyo, Japan), at 25 1C in the spectral range 190–
260 nm and are averaged over two scans, with the subtraction
of blanks. Peptides concentrations were 400 mM in 10 mM
borate and acetate buffer using a 0.1 cm path-length quartz
cuvette. The y ratio was calculated as the ratio between the two
CD signals at two minima in each spectrum at corresponding
time. Concerning acid peptides, this value was obtained as the

ratio between the minimum at B218 nm and that 195 nm while
for amidated sequences the value was initially calculated as the
ratio 219/198 nm, and, after the conformational transitions
(t = 8, 9 h for Ac-INYVK-NH2, and t = 36, 84 h for H-INYVK-NH2),
as 220/210 nm. For the fully protected sequence the absence of
another minimum besides that at B222 nm, did not allow to
evaluate this ratio at t = 5, 6, 7 h.

SEM analysis

Samples, at two different times of aggregation (t = 0 and 6 days),
were dropped on stub at 400 mM concentrations and introduced
into chamber of field emission scanning (Nova NanoSem 450
FEI/ThermoFisher Scientific), to obtain Sem micrographs at
3.00 and 5.00 kV in high vacuum mode, with an Everhart
Thornley Detector (ETD) and the Through the Lens Detector
(TLD), as previously reported.61–65

Rheological studies

Rheological measurements were performed on peptides sub-
jected to heating–cooling procedure already described using a
stress-controlled shear rheometer (Anton Paar MCR 502)
equipped with 25 mm stainless steel parallel plate geometry tool
and a Peltier heating system to control the temperature at 10, 20
or 30 1C. 500 mL of hydrogels were prepared as described above,
placed on the rheometer stage and the geometry was lowered
onto the sample to a gap height of 0.75 mm. Rheological studies
included a dynamic strain sweep (0.1 to 100 strain%) collected at
a constant frequency of 1 Hz, a dynamic frequency sweep
(frequency range of 0.1 to 10 Hz) collected at 0.1% strain and a
flow test obtained in a shear rate range of 10�2 to 102 s�1.66

Cell culture and in vitro cytotoxicity assay

MCF7 cells were grown at 37 1C in a humidified atmosphere of
5% CO2 in Eagle’s minimum essential medium (EMEM, Sigma-
Aldrich) containing 10% fetal bovine serum (FBS), 100 mg mL�1

L-glutamine and 100 U mL�1 penicillin/streptomycin. Cells
were seeded in triplicates in 96-well plates at a density of
8000 cells per well and allowed to adhere overnight. Pre-
formed gels (2 mg mL�1) were prepared as previously describes,
diluted in cell culture medium at a final concentration of
0.5 mg mL�1 and added to the cells for 24 h. Control cells were
incubated with borate buffer and acetate buffer diluted in cell
culture medium at the same final concentration used for the
pre-formed gels. After the incubation, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assays was used
according to the manufacturer’s instructions. Briefly, 200 mL
of MTT labelling reagent (final concentration 0.5 mg mL�1;
Sigma-Aldrich) were added to each well for 3 h. Then, the
supernatant was removed and substituted with 200 mL of
isopropanol for 10 min at 37 1C, 5% CO2. The optical density
of each well sample was determined at 550 nm determination at
495 nm using a microplate reader. A blank absorbance value of
0.058, obtained from wells without cells, but treated with MTT
reagent, was subtracted from all the absorbance values. Then,
the average absorbance value of cells treated with gels were
normalized to those of control cells incubated with the same
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buffer and cell viability was expressed as a percentage of the
corresponding control. Standard deviations of normalized
absorbance values were calculated via error propagation.

Conclusion

The application fields of peptide hydrogels closely depend on
self-recognition processes and on the type of generated
structures.67 In the present study, by applying a reductionist
approach, we analyzed the gelling properties of the short 269–
273 stretch of NPM1. We investigated the INYVK peptide in four
different forms deriving from the partial absent, and complete
amidation/acetylation at the extremities of the backbone. The
most prone gelling sequence resulted the fully protected pep-
tide that provided: the highest CAC value, the fastest kinetic of
aggregation, the most hierarchical nanostructures bundled into
twisted, ribbon-like fibers and the greatest value of ratio G0/G00.
Interestingly the gelling process is accompanied by a series of
structural transitions including a-helical intermediates, related
to the native structure of the protein fragment and Ac-H-INYVK-
NH2 sequence provided good cellular compatibility. From our
results, even just the presence of N-terminal acetylated group,
that increased hydrophobicity, favored hydrogelation, even if at
a lesser extent with not-homogeneous gel-states. Conversely,
the fully deprotected sequence did not exhibit any feature of gel
even if analyzed for long times suggesting that an amidated
C-terminus is required for the gelation of the sequence. Indeed,
the only amidated sequence stood out for the presence of more
ordered helical structures and of nanostructures at early stages
of aggregation assuming the greatest values of viscoelastic
moduli with respect to the others. Overall data indicate that
the absence of Phe269 in NPM1’s fragment does not alter the
ability of this stretch to self-assembly even if it delays the
aggregation as evident by the comparison of ThT profiles of
269–273 (Fig. S3, ESI†) and its longer parent fragment 268–
273.31 In the case of 269–273, the aromatic contribution to self-
recognition process is due to Tyr271 side chain, exclusively. Also
the gel features of the fully protected pentapeptide appeared
different from the already investigated hexapeptide stretch:
indeed, for Ac-FINYVK-NH2, similar rheological investigations
indicated lower mechanical performance of the hydrogel (data
not shown) corroborating our reductionist approach to investi-
gate the sequence INYVK. However, to detail self-recognition
mechanism of our sequences, solution and solid state NMR
investigations would be required to experimentally follow the
process but overall data allow to speculate that involved physi-
cal factors in self-assembly process are comparable with to
those reported for similar systems.68,69 In conclusion we have
presented a novel class of self-assembling peptides that exhib-
ited tuneable and versatile conditions to become hydrogels.
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