Open Access Article. Published on 25 September 2023. Downloaded on 11/2/2025 3:27:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 15840

Received 9th June 2023,
Accepted 22nd July 2023

DOI: 10.1039/d3nr02738d

rsc.li/nanoscale

Introduction

Low-power microwaves: a cell-compatible
physical treatment to enhance the mechanical
properties of self-assembling peptides+

@ Amanda Marchini,®® Jacopo Gazzola,©
9 and Fabrizio Gelain (2 ¥

Maria Gessica Ciulla,
Manuel Sambrotta

Biomaterials designed for tissue engineering applications should, among other requirements, mimic the
native extracellular matrix (ECM) of the tissues to be regenerated, both in terms of biomimetic and
mechanical properties. Ideally, the scaffold stiffness and stress resistance should be tuned for each
specific implantation therapy. Self-assembling peptides (SAPs) are promising synthetic bionanomaterials
prone to easy multi-functionalization, bestowing biomimetic properties. However, they usually yield soft
and fragile hydrogels unsuited for the regeneration of medium-to-hard tissues. For this purpose, chemical
cross-linking of SAPs is an option, but it often requires a moderately toxic and expensive chemical com-
pound and/or the presence of specific residues/reactive sites, posing issues for its feasibility and transla-
tional potential. In this work, we introduced, characterized by rheology, atomic force microscopy (AFM),
Thioflavin-T assay (ThT), and Fourier transform infrared (FT-IR) tests, and optimized (by tuning the power,
temperature and treatment time) a novel fast, green and affordable methodology using mild microwave
(MW) irradiation to increase the mechanical properties of diverse classes of SAPs. Low-power MWs
increase stiffness, resilience, and B-structuration, while high-power MW treatments partially denature the
tested SAPs. Our pure-physical methodology does not alter the SAP biomimetic properties (verified via
in vitro tests of viability and differentiation of human neural stem cells), is compatible with already seeded
cells, and is also synergic with genipin-based cross-linking of SAPs; therefore, it may become the next
standard for SAP preparation in tissue engineering applications at hand of all research labs and in clinics.

scaffold with the surrounding tissues.” Also, negligible
foreign body reaction, the absence of pathogen transfer,

In tissue engineering, several biomaterials are being developed
with the ultimate goal of regenerating tissue injuries or whole
organs. In general, promising candidates should feature low
toxicity, micro-/nano-scaled morphology, selective biomimetic
properties, and tuned biomechanics; final objectives would be
to trigger endogenous cell-driven regeneration, foster trans-
planted cell engraftment (if present), precisely release one or
more drugs (if present) and favor a seamless integration of the
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affordable costs of scaled-up production and minimum lot-to-
lot variability are all features that have to be carefully weighted
in order to develop a successful translational approach.® Self-
assembling biomaterials, yielding supramolecular nano-
structures, can be bottom-up designed and produced at an
affordable cost.”> Molecular self-assembling is ubiquitous in
nature® and it spontaneously occurs when chaotic molecules
self-organize in ordered structures thanks to non-covalent
interactions.” Examples of self-assembled structures in biologi-
cal systems are phospholipid-packed cell membranes,” DNA
double helixes,® and actin filaments responsible for cellular
motility.””® SAPs are synthetic bionanomaterials giving nano-
structures upon exposure to trigger stimuli thanks to physical
entanglements, hydrophobic forces, aromatic stacking and
electrostatic/van der Waals interactions.” SAPs can be readily
synthesized and produced in large quantities with high purity,
reproducibility, and no risk of pathogen transfer; moreover,
they can be designed at the molecular level depending on the
target application.'® Indeed, they have been widely investigated

This journal is © The Royal Society of Chemistry 2023
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in drug delivery approaches,"™* for targeting tumor sites with
anticancer drugs'* and as treatments against bacterial
infections.'®' In tissue engineering, biomimetic (multi-func-
tionalized) SAPs were demonstrated to favor nervous,'®®
liver,'® cartilage,®>' and vascular regeneration.?” Nonetheless,
with just weak interactions (non-covalent bonds) involved in
the self-assembling phenomenon, modest stiffness and poor
resilience have been the major drawbacks of SAPs, thus limit-
ing their applications in many regenerative medicine projects.
In previous works, we combined SAPs with cross-linkers to
enhance their mechanical properties through covalent cross-
linking by using homobifunctional, heterobifunctional,
or photoreactive cross-linkers, such as genipin (GP),*>** 4-(N-
maleimidomethyl) cyclohexane-1-carboxylic acid 3-sulfo-N-
hydroxysuccinimide ester (Sulfo-SMCC),>*?° 1-ethyl-33-di-
methylaminopropyl] carbodiimide/N-hydroxysulfosuccinimide
(EDC/sulfo-NHS),*” and Rubpy.?®

MW irradiation is already known to increase and accelerate
reactions.”” Indeed, it is widely used in organic chemistry, and
it is considered as a non-conventional method to perform
organic synthesis with higher yields under milder reaction
conditions.?® Furthermore, microwaves are used for several
applications, such as in green chemistry,’® for solvent-free
reactions,*! in fullerene chemistry,®* in polymer (and peptide)
chemistry,®® in catalysis and  bio-catalysis,>*?> in
carbohydrates,***” and in medicinal chemistry.?® The resulting
acceleration in terms of reaction time is likely due to both
thermal and non-thermal effects of MWs that cannot be repro-
duced by conventional heating.*?

Stupp et al. have already reported a heating approach suit-
able for a designed peptide amphiphile (PA) library, triggering
two-dimensional plaque formation with filamentous patterns
spontaneously aligning in nanofibers.*® However, their
approach was limited to f-forming PA in systems (PA + solu-
tion) with carefully balanced cohesive and repulsive forces and
required a strong heating procedure of the sample (e.g. 80 °C
for 30 min).

On the other hand, no studies on the effect of MW energy
on the mechanical properties of SAPs have been reported so
far. We here developed and optimized a physical MW-based
method suitable for a set of diverse SAPs to promote the over-
formation of nanofibers (AFM), yielding stiffer and more
resilient hydrogels (rheology), further increasing their
B-structuration (ATR-FTIR and Thioflavin-T assay). This novel
approach improved the stiffness of standard SAPs but was also
synergic to genipin cross-linking of SAPs and allowed them to
withstand multiple deformation cycles similarly to in vivo
tissues. In in vitro tests with human neural stem cells (hNSCs),
we also demonstrated that MW pre-treatment does not affect
SAP biomimetic properties, neither pose issues of residual
cytotoxicity (cell proliferation, viability, and differentiation
test), laying the foundation for a general cheap and green pre-
treatment suited for most SAPs. Lastly, we showed that low-
power (or non-thermal) MW treatments can be applied to cells
already embedded in SAP scaffolds without triggering signifi-
cant cytotoxicity.

This journal is © The Royal Society of Chemistry 2023
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The important role of hydrogels as biomaterials

In the field of biomaterials research, hydrogels (water-swollen
polymeric materials with a 3D structure)*® were the first
materials designed for the human body.***'
potential of polymers is that they can mimic different roles of
the extracellular matrix. Thus, hydrogels may be engineered to
be utilized in regenerative medicine,*>*® tissue engineering,**
targeted-drug delivery,*> organ transplantation,*® and for brain
imaging. However, the limitations of hydrogels are their poor
mechanical properties and their elastic response to external
stimuli.*® Many efforts have been made to improve the ability
of these biomaterials to resist stresses and changes in the
external environment. The use of cross-linkers can enhance
the mechanical properties of various hydrogels, but it is often
expensive, with long-lasting reactions and requires the pres-
ence of active sites (i.e. specific residues) in the polymeric
sequences for selected cross-linkers to be effective. Also, even
small amounts of unreacted cross-linkers may cause toxicity
issues if released in vivo.

Rheology, one of the optimal techniques to investigate the
mechanical properties of hydrogels, is crucial for assessing the
potential feasibility of a hydrogel-like biomaterial in bio-
medical applications.*” The storage modulus, G’, and the loss
modulus, G”, pointing to the solid-like and liquid-like beha-
viors of hydrogels, respectively, are here detailed to character-
ize different pre- and post-treated SAPs.

In this work we present an economic, green and fast
enhancement of the mechanical properties of SAPs by using
microwave irradiation with no chemical helper involved.

The tremendous

Results and discussion
Effect of MW power on SAPs

MWs are not only used in several daily applications,* but also
for food processing,*® sterilization,*® waste treatment,*® and so
on. They are also capable of catalyzing chemical reactions®
and turned out to be helpful in protein unfolding and selective
digestion.>® The most well-known effect of the MW electromag-
netic field is ascribable to the dielectric properties of the
target in which their power is dissipated, where heat is gener-
ated as a result of dipole rotation and oscillation along the
applied field. It was postulated that MWs can excite torsional
vibrations in protein backbones, thus altering their tertiary
structure via unfolding, defragmentation, nucleation, and
fibril growth.>® For this purpose, MWs were used to facilitate

the formation of p-amyloid aggregates from
B-lactoglobulin,”*™® or to obtain whey protein isolate nano-
53,54

fibrils useful for stabilizers of Pickering emulsions.
Nonetheless, the overall MW thermal effect is considered to be
insufficient for explaining their interactions and outcomes on
biological systems,>” hence non-thermal effects of MWs have
been introduced, but they are still under strong debate by the
scientific community.>® Indeed, a considerable amount of
mechanistic research work is still required for an appropriate
interpretation of thermal and non-thermal effects of MWs.

Nanoscale, 2023,15, 15840-15854 | 15841
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The thermal effect is due to vibrational energy that is con-
verted into heat energy:>® this mechanism is different from
conventional heating as it works mainly on the alignment of
dipoles.”” On the other hand, the non-thermal effect is not
related to a macroscopic temperature change, and it depends
on the molecules and solvent involved.>> Indeed, MWs are
more effective on polar biomolecules like water, DNA, and pro-
teins as they force dipole oscillation and influence their
alignment.>

In the present work, we report a MW-based methodology to
increase the p-structuration and mechanical properties of self-
assembling peptides, without affecting their biomimetic pro-
perties and their suitability for subsequent genipin cross-
linking reactions. In this case we suppose that the MW non-
thermal effect has an impact on the aggregation of SAPs.
Indeed, as described below, the most significant results were
obtained with the use of low-power MW irradiation, with
limited temperature increase.

Effects of MW treatments were assessed in terms of the
mechanical, biomimetic and structural properties of SAPs. We

Table 1 Tested self-assembling peptides. Net charges are calculated
forpH =7

Peptide Sequence Net charge

LDLK12 Ac-(LDLK);-CONH, 0

FAQ-LDLK12 FAQRVPPGGG(LDLK);-CONH, +2

BM3 Biotin-GGGAFASAKA-CONH, +1

HYDROSAP Ac-SSLSVNDGGG(LDLK);-CONH, -1
Ac-(LDLK);-CONH, 0
Ac-KLPGWGGGG(LDLK);-CONH, +1
[Ac-(LDLK);G],-KG(LDLK);-CONH, 0

CK; Ac-CGG(LKLK);GGC-CONH, +5,9

Pal1 Pal-GGGAFASAKA-CONH, +1
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Nanoscale

found that small energy and prolonged doses of microwaves
significantly improved the mechanical properties of a variety
of peptide hydrogels (Table 1), representative of different
classes of SAPs. LDLK12 is a non-functionalized SAP widely
used in regenerative medicine applications;*®>° the functional
motif of FAQ-LDLK12 was panned from a phage display
against murine-NSC;*® BM3 is a BMHP1-derived SAP;*
HYDROSAP, comprising branched and linear SAPs, was devel-
oped to obtain an optimal 3D in vitro model of densely cul-
tured hNSCs;"” CK; belongs to co-assembling SAPs used for
hetero-bifunctional cross-linking;***” Pall is an amphiphilic
SAP conjugated with a palmitoyl moiety as hydrophobic tail.

In order to understand this phenomenon, several MW con-
ditions (Table 2 and Fig. 1) were investigated by varying the
irradiation power, time and maximum temperature.

In rheology experiments the SAP sol-to-gel transition,
revealing the occurrence of self-assembly, was triggered by the
gradual addition of DPBS. We measured both the storage (G')
and loss (G") moduli, and the maximum strain % at failure,
important rheological parameters to assess the mechanical
properties of soft materials.®*

A preliminary set of experiments was run to verify the effect
of the standard overnight incubation (OI) at +4 °C after SAP
dissolution in water, allowing for the initial spontaneous for-
mation of loosely interacting nanofibers.®> As previously
demonstrated,*® shortening the incubation time from the stan-
dard OI to a few mins was detrimental to the overall mechani-
cal performance of SAPs (Table S37). As shown in Table 2 and
in Table S1,7 we studied the effect of MW irradiation on self-
assembling peptides with diverse backbones, p-structuration
and functional motifs: BM3, HYDROSAP, LDLK12,
FAQ-LDLK12, CK; and Pall. First, we MW treated them for
5 minutes at 50 W, and at a max. temperature of 50 °C. In all

Table 2 Different protocols used to investigate SAP mechanical properties after gelation with DPBS. The mean values of G' and G” were measured
in frequency sweep tests. Acronyms of different protocols tested: (+), overnight incubation; MW, microwave irradiation power; RT, room tempera-
ture; h, heating at 50 °C for 20 minutes; duration of treatments; maximum sample temperature during the treatment. All results were obtained by
using a cone-plate (cp) geometry for rheological measurement. Working concentrations are BM3 2% w/v; HYDROSAP 1% w/v; LDLK12 1% w/v;

FAQLDLK 2% w/v; CK; 5% w/v; Pall 2% w/v

Peptide Conditions Acronym G' (Pa) G" (Pa)
BM3 Without MW, RT +RTcp 6435 + 587 692 + 53
BM3 Without MW, 50 °C hep 7233 £ 351 587 + 98
BM3 MW, 1 W, 20', 50 °C +MW1/20/50 57250 2975 3984 + 274
HYDROSAP Without MW, RT +RTcp 2500 + 705 140+ 9
HYDROSAP Without MW, 50 °C Hcp 2603 + 443 156 + 28
HYDROSAP MW, 1 W, 20', 50 °C +MW1/20/50 10825 + 630 585+ 97
LDLK12 Without MW, RT +RTcp 1110 =130 105 + 29
LDLK12 Without MW, 50 °C hep 2710 + 245 137 + 36
LDLK12 MW, 1 W, 20', 50 °C +MW1/20/50 10150 =630 585+ 97
FAQ-LDLK12 Without MW, RT +RTcp 442 + 123 61+13
FAQ-LDLK12 Without MW, 50 °C hep 1132 + 89 101 + 38
FAQ-LDLK12 MW, 1 W, 20', 50 °C +MW1/20/50 3154 + 225 159 + 35
CK; Without MW, RT +RTcp 9800 + 354 618 +78
CK, Without MW, 50 °C hep 9845 + 376 741 + 83
CK, MW, 1 W, 20, 50 °C +MW1/20/50 19440 + 225 2399 + 271
Pal1 Without MW, RT +RTcp 112 £ 21 34+7
Pal1 Without MW, 50 °C hep 285+ 29 48 £ 12
Pal1 MW, 1 W, 20', 50 °C +MW1/20/50 1092 + 87 96 + 34
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(A) BM3 and (B) HYDROSAP subjected to different MW treatments. (I) Rheology measurements of saps under different power energy con-

ditions (frequency sweep test). G’ increased significantly along with power increments and for extended application times, but 100 W MW treatment
caused a strong fall of G’ values. (Il) ThT binding assay. ThT fluorescence peak intensity increased over time at 50 W, while peaked at 1 W after

20 min and fell after 100 W MW treatment. (lll) In the ATR-FTIR absorpti

on spectra, both BM3 and HYDROSAP showed typical p-sheet patterns in

amides | and Il, with the highest values for 1 W MW treatment after 20 min. ATR-FTIR spectra, ThT assays and rheological tests suggest a strong cor-
relation between MW-induced B-structuration and higher scaffold stiffnesses.

cases both G’ and G" (with G’ > G") were higher in MW-treated
samples. MW treatment was, first, compared with a simple
heating treatment (heating, 50 °C, Table 2), demonstrating the
poor efficiency of the latter on improving SAP mechanical
performances.

Inspired by these data, we varied the power, time and temp-
erature of MW treatments for BM3 and HYDROSAP in order to
assess potential improvements or limits of our approach
(Table 2, Fig. 1, AI and BI). By extending the duration of MW
irradiation from 5 minutes to 10 or 30 minutes, we detected a
conjoint increase of G’ and G". In contrast, power increments
from 50 W to 100 W were detrimental to the overall scaffold
stiffness. For example, 100 W MW treatment for 5 minutes
caused a decrease in G’ possibly due to SAP degradation.
Indeed, G’ differences were statistically significant for all con-
ditions without MW treatment (+RT), except when 100 W MW
treatment was applied.

Vice versa, 1 W MW irradiation for 20 min caused an
impressive improvement of both storage and loss moduli.

For BM3, we detected a 9-fold increase of G' when com-
pared to untreated BM3 (57.250 Pa vs. 6.435 Pa), while the G’
value of HYDROSAP was ~4 times higher than its untreated
counterpart (10.825 Pa vs. 2.500 Pa). Rheological tests of MW-
treated LDLK12, FAQ-LDLK12 and CK; showed similar results
(Fig. S1A-S3AY) and, as such, increase the range of applica-
bility of MW treatments to a set of diverse SAPs.

This journal is © The Royal Society of Chemistry 2023

Additionally, viscosities of all tested SAPs were measured
prior gelation with DPBS and are reported in Fig. S1B-S4B, S5
and S6f to compare the degree of reticulation of these
materials before and after MW treatments.®®> All MW-treated
samples demonstrated increased viscosity with respect to the
untreated ones, suggesting the presence of somehow augmen-
ted nanofiber aggregation.

Since MW irradiation can exert both thermal and non-
thermal effects, they may contribute to this phenomenon, i.e.,
both irradiation energy converted into thermal energy and
direct interaction of the MW electric field with the SAP dis-
solved in a polar aqueous solution may have played a role.**

However, by demonstrating that main benefits come from
low-power MW treatments we consider the non-thermal effect
of MWs as most likely the main factor of such MW-facilitated
self-assembly. Indeed, the contribution of a non-thermal effect
was corroborated by the observation of a small variation of the
sample temperature (<50 °C throughout all treatment) for
20 min application of 1 W MWs (temperature was continuously
monitored using a fiber optic probe).

For this purpose, Belyaev reported how non-thermal effects
are needed to justify the complex effects of MWs on biological
systems.®®

It was also suggested that MW treatment favors a higher
stabilization of p-sheet conformation and a reduction of un-
ordered structures in p-amyloid fibrils.®® Lee et al. demonstrated

Nanoscale, 2023,15, 15840-15854 | 15843
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that MWs induced the formation of oligomeric amyloid aggre-
gates, showing a significant increase in amyloid aggregation
levels after MW irradiation compared to conventional
heating.®” Recently, a discussion was presented by Ford and
Kloxin regarding the use of MW heating in the synthesis of
SAPs, in the disruption of peptide aggregation, in the for-
mation of but f-aggregates, and in overcoming the steric
hindrance.®®

Here, ThT binding assay and ATR-FTIR experiments were
performed to assess the effect of MWs on SAP secondary
structures.

ThT is a dye used to detect p-rich structures,’® since it
increases fluorescence upon interacting with f-sheet-rich pep-
tides and proteins, its fluorescence intensity is, therefore,
indicative of samples with p-sheet content.®® ThT assay showed
fB-structuration in all samples (amyloid-binding emission peak
at 490 nm), but the fluorescence intensity increased after MW
treatments by varying the time and power energy, reaching the
highest peaks for 20 min treatment at 1 W in both BM3 and
HYDROSAP (Fig. 1, AIl and BII). In accordance with rheology
tests, 50 W MW treatment increased their effect over time (at
5, 10 and 30 min), while increasing the MW power from 50 W
to 100 W was, instead, detrimental to SAP structuration.

A major presence of p-rich components was also found in
ThT fluorescence curves of LDLK12, FAQ-LDLK12 and CK,
(Fig. S1C-S3Cf) after MW treatments; all curves showed the
highest values for 1 W MW treatment after 20 min.

All ATR-FTIR spectra showed typical peaks in amide I
(1616 ecm™, 1623 cm™") and in amide II (1532 cm™") regions

8

A) BM3
+MW1/20/50

10.0nm
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(Fig. 1, Al and BIII), with greater intensities in MW-treated
SAPs (+MW1/20/50 > +MW50/30/50 > +MW50/10/50 > +MW50/
5/50 > +MW100/5/50 > +RT), along with ThT findings, thus
confirming a high sensitivity of secondary structure vibrational
modes to MW treatments (Fig. S127).

Being such absorptions mainly indicative of p-sheets inter-
action in peptides,”®”" we performed FT-IR absorption spectral
deconvolution (after preliminary second derivative analysis) to
resolve the partially overlapped secondary structure bands con-
tributing to amide I and amide II peaks (Fig. S7t). In all cases,
area quantification (shown in Table S41) suggested an incre-
ment of p-sheet components (~15-20%) after MW irradiation
with respect to the untreated samples.

Overall, the results were in accordance with the ThT assay
data and showed the highest presence of p-sheets after
20 minutes of 1 W MW irradiation, while whenever the MW
power was increased, it caused the intensities of amides I and
II to fall.

From AFM analysis we detected morphological changes in
MW-treated samples compared to untreated SAPs, in terms of
fiber height and width (Fig. 2). Indeed, after MW treatment,””
a higher level of clustering of multiple nanofibers was favored,
similarly to what is observed after the chemical cross-linking
reactions of SAPs.””">° In BM3, Fig. 2A, +RT nanofiber popu-
lations showed average width values of 22.3 + 0.92 nm and, in
the case of more entangled fibers, 39.1 + 1.60, while the
average height value was 2.7 + 0.37 nm. Instead, BM3 +MW1/
20/50 exhibited visible fasciculations of nanofibers with
increased values of height and width; the average height value

B) HYDROSAP
+MW1/20/50

100mm

1
0o 1: Height 20um

] 1
1: Height 20pm 00 1: Height 20pm

h=(2.7£0.37) nm
w, =(22.3 +0.92) nm; w, = (39.1 £ 1.60) nm
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%
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Fig. 2 AFM analysis of BM3 (A) and HYDROSAP (B) with and without MW treatment; height (red) and width (blue) distributions are shown. In
general, MW treatment increased the interactions among nanofibers, yielding higher and larger fiber bundles. In BM3, green arrowheads point to

where the largest width profiles were measured.
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was 2.85 *+ 0.37 nm, and width values showed four different
distributions (peaks at 28.0 + 0.92 nm, 43.1 + 1.23 nm, 55.9 +
1.74 nm and 86.7 + 1.18 nm). On the other hand, HYDROSAP
(Fig. 2B) +RT featured short nanofibers, as already reported,®
displaying average width and height values of 13.84 + 1.08 nm
and 1.9 + 0.29 nm, respectively. HYDROSAP +MW1/20/50
showed an average fiber width of 21.15 + 0.20 nm while the
height average was 2.23 + 0.23 nm. Statistical significance was
achieved by comparing fiber width distribution in both BM3
and HYDROSAP (+RT vs. +MW1/20/50), with observed widths
approximately ~50-60% larger than those of MW-treated
samples.

AFM images underlined the over-structuring of self-assem-
bling fibers, resulting in large populations of entangled nano-
fibrous structures after MW treatment (Fig. 2). Morphological
analysis revealed that MW irradiation does lead to the for-
mation of a dense network of fasciculated fibers.

All these data suggest a significant contribution to stronger
fiber fasciculation for MW-treated SAPs. In the case of 50 W
and 100 W MW treatments we detected fiber fasciculation and
defragmentation, respectively, confirming the detrimental
effect of high-power MW treatment on the overall SAP struc-
tural stability (Fig. S9 and S12}) and the presumably major
role of the non-thermal effect of MW treatments on their
mechanical and p-structuration increments.

Lastly, 1 mL of SAP solutions were treated with the same
protocol (1W/20/50) and yielded to comparable rheological
values (Fig. S10%), demonstrating the scalability of the low
power MW irradiation protocol to improve SAP performances
for biomedical applications.

MW treatments and GP cross-linking on SAPs

The important need for novel biomimetic materials custo-
mized for each specific regenerative therapy requires SAPs fea-
turing both functional moieties and mechanical properties
tuned for each target tissue to be regenerated.”>”* In this
regard, stress tolerance (i.e. resilience) and breaking point of

Table 3
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these scaffolds have been among the major limitations of
these biomaterials.

We previously reported a covalent cross-linking approach
using GP, a natural cross-linker with low cytotoxicity against
hNSC.?® Since GP confers promising high G’ values on various
SAP hydrogels,”” we investigated the effect of GP on SAPs pre-
treated with the previously optimized MW irradiation protocol
(i.e. 1 W, 20 min, 50 °C) (Table 3, Table S2,} and Fig. 3).

In other words, +MW1/20/50 SAP scaffolds were incubated
with a cross-linking solution of GP, yielding to MW scaffolds
cross-linked with GP (Fig. 3, Al and BI).

Since the GP diffusion protocol suitable for the cone-plate
geometry setup requires considerably longer time sweeps for
highly viscous MW-treated SAPs, for the sake of simplicity we
preformed the MW-treated GP-crosslinked scaffolds prior to
rheological measurements and used a parallel-plate geometry
for their characterization (see ESI Methods for detailst).”>”®

First, we confirmed similar G’ and G” increments in MW-
treated SAPs and +MW1/20/50 as the best MW irradiation pro-
tocol to achieve the highest mechanical properties (Table 3).

Interestingly GP cross-linking of MW-treated SAPs provided
an additional boost to G’ and G” increments, significantly
higher than standard GP-crosslinked SAPs (Fig. 3, AI and BI;
Table 3).

+MW1/20/50 BM3 after cross-linking showed an average G’
of 96680 Pa while that without MW-treatment BM3-GP
reached 81130 Pa (BM3, +RT-GP). The G' of +MW1/20/50
HYDROSAP cross-linked with GP was 48000 Pa while its
untreated counterpart scored a G’ value of 23 984 Pa after GP
cross-linking. Values of other tested SAPs are reported in
Table 3.

We also performed consecutive strain sweep tests with
incremental maximum strains in order to assess both the
strain-dependent response and the maximum strain % before
failure of each tested SAP after MW treatment and GP cross-
linking (Fig. 3, AIl and BII; Table 3).

Strain sweeps were stopped at maximum strains of 100%,
200%, 300% and so on, until material failure occurred. Each

Investigation of linear and non-linear viscoelastic behaviors in SAPs. Max. strain % was calculated after multiple cycles of strain sweep tests

with incremented maximum strains. Each strain sweep test was extended (in terms of maximum strain) until the material was broken (G' and G" are
significantly lower than in the previous cycle). Acronyms point at sample treatment: overnight incubation (+); MW-treated SAPs or untreated ones
(RT); power intensity; time of MW treatments; maximum temperature allowed for the sample; type of geometry used for rheological measurements
(pp, parallel plate). Working concentrations are BM3 2% w/v; HYDROSAP 1% w/v; LDLK12 1% w/v; FAQLDLK 2% w/v; CK; 5% w/v; Pall 2% w/v

Peptide GP Conditions Acronym G' (Pa) G" (Pa) Max. strain (%)
BM3 v Without MW, RT +RTpp 81130 = 3315 6359 + 410 400-500
BM3 v MW, 1 W, 20', 50 °C +MW1/20/50pp 96 680 + 3825 11110 + 1389 600-700
HYDROSAP v Without MW, RT +RTpp 23984 £ 725 1796 + 118 200-300
HYDROSAP v MW, 1 W, 20', 50 °C +MW1/20/50pp 48 000 + 2150 5640 + 358 500-600
LDLK12 v Without MW, RT +RTpp 19590 = 334 2117 £ 113 100-200
LDLK12 v MW, 1 W, 20', 50 °C +MW1/20/50pp 38160 + 1560 4237 + 237 200-300
FAQ-LDLK12 v Without MW, RT +RTpp 11 640 = 422 1428 £ 71 200-300
FAQ-LDLK12 v MW, 1 W, 20', 50 °C +MW1/20/50pp 48 860 + 2345 4740 + 280 400-500
CK; v Without MW, RT +RTpp 96 000 * 2861 10530 =739 600-700
CK, v MW, 1 W, 20', 50 °C +MW1/20/50pp 234000 + 4512 26131 + 909 >1000
Pal1 v Without MW, RT +RTpp 767 + 52 111 +23 100-200
Pal1 v MW, 1 W, 20', 50 °C +MW1/20/50pp 11830 + 314 516 + 72 200-300

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 GP cross-linking of MW-treated BM3 and HYDROSAP. Rheological investigation of the flow/deformation properties of (A) BM3 and (B)
HYDROSAP after MW treatment and GP cross-linking (parallel-plate geometry). (Al and Bl) Frequency sweep tests: significant G' increments were
achieved for all treated vs. untreated saps (+RT). (All and BII) Strain sweep tests of MW-treated BM3 and HYDROSAP after GP cross-linking. Tests
were initially performed up to a max. strain of 100%, followed by time sweeps and subsequent strain sweeps at higher max. % strains until the bioma-
terial was broken without recovery. For +MW1/20/50 BM3 and +MW1/20/50 HYDROSAP cross-linked with GP failure was obtained at 600%-700%
and 500%-600% strain, respectively. (Alll and BIll) Time-sweep tests for BM3 and HYDROSAP to assess failure/recovery after each strain sweep.
Secondary structure assessment on MW-treated (C) BM3 and (D) HYDROSAP after GP cross-linking. (Cl and DI) ATR-FTIR absorption spectra in the
regions of amides | and I, and their second derivatives (Cll and DIl) used to identify unresolved peaks. (Clll and DIIl) ThT assays for the evaluation of

B-structuration.

strain sweep was followed by 1 hour time sweep (Fig. 3, AIII
and BIII) to track the SAP recovery at 1% strain. As shown in
Fig. 3, AIl and BII, all the samples provided a linear visco-
elastic response up to approximately 10% of strain, but
untreated SAPs usually showed a 50%-200% strain failure
range (Table 3). After MW treatment BM3 cross-linked with GP
showed a max. % strain range of 600%-700%, while for
HYDROSAP it reached 500%-600%. Fig. 3, AIIl and BIII, show
the time sweep tests performed right after each strain sweep
experiment, respectively for BM3 and HYDROSAP. Below the
detected max. % strain threshold, G’ and G” went back to
values similar to those found in strain sweep tests, and they
were steady since the beginning of the time sweeps, thus
suggesting a fast elastic response of the samples.

GP cross-linking increased G', G” and max. % strain, but
MW treatment was also effective alone and, most importantly,

15846 | Nanoscale, 2023, 15, 15840-15854

further boosted the GP effect and they together yielded values
of crucial importance for tissue engineering applications.”®”®
Notably, MW1W/20/50 CK; cross-linked with GP showed
higher max. % strain values that went beyond our instrumen-
tal capabilities (>1000%) (Table 3 and Table S4+).

The effect of GP cross-linking on MW-treated SAPs was also
assessed with ATR-FTIR analysis and ThT binding assays
(Fig. 3C and D). ATR-FTIR spectra showed typical peaks in the
amide I and amide II regions. The presence of f-sheet
vibrational modes was confirmed in amide I (1616-1623 cm™"
range) and amide II (~1539 c¢cm™) bands. The ATR-FTIR
spectra of GP cross-linked samples were very similar to those
of non-cross-linked ones in terms of peak positions. On the
other hand, the ATR-FTIR spectra of MW-treated GP cross-
linked BM3 and HYDROSAP are dominated by the more
intense bands of amides I and II and, in the case of

This journal is © The Royal Society of Chemistry 2023
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HYDROSAP, a small shift of the amide II peak (Fig. 3, CI and
DI). After the second derivative analysis (Fig. 3, CII and DII)
and respective spectral deconvolutions we found the highest
percentages of f-sheets in MW-treated GP cross-linked
samples (Table S4t). As previously reported,””*® GP cross-
linking increased SAP p-structuration, and this was the case of
MW-treated SAP as well.

Similarly, in ThT assays the highest fluorescence intensities
were found in MW-treated GP cross-linked scaffolds (Fig. 3,
CHI and DIII), further confirming that GP crosslinking and
MW treatments synergically contribute to f-sheet formation in
SAPs. GP cross-linking was already proved to be effective on
SAP sequences featuring Lys in their self-assembling back-
bones, suggesting the need for a stable close proximity of
primary amines.”>** By enhancing p-structuration and nano-
fiber fasciculation per se, MW treatments very likely increase
the overall concentration of such potential steady binding sites
and, as such, favor a more efficient scaffold cross-linking, with
superior elastic deformability. Indeed, the FTIR and ThT data
also suggests that chemical GP cross-linking alone is more
effective in “fastening” p-sheets than physical plain MW treat-
ments. Overall, the rheological, FT-IR and ThT results indicate
that MW irradiation can be a valid pre-treatment to improve
cross-linking reactions in SAPs, as also demonstrated by the
lowest percentages of free amines detected with TNBSA assay
(Table S5 and ESI Methodt) after GP cross-linking of MW pre-
treated SAPs.

In vitro tests

Conventional 2D cell cultures offer a quick and easy opportu-
nity to determine the biocompatibility of new biomaterials
and/or advanced treatments in terms of cell proliferation, via-
bility, and differentiation for disparate applications in biology,
medicine, tissue engineering and so on.”® It is well known that
substrate stiffness can influence the fate decisions of various
stem cells.’>®" In our previous works, we demonstrated the
negligible cytotoxicity of GP'” and Sulfo-SMCC>***’ cross-link-
ings of SAPs, as well as their limited effect on hNSC prolifer-
ation and differentiation. hNSCs are a well-standardized bio-
logical source for the in vitro screening of biomaterials in
nervous tissue engineering and are also very sensitive to toxic
compounds. Similarly, we investigated if MW treatments could
affect hNSC behavior in term of cell proliferation, viability, and
differentiation.

hNSCs were seeded on the top surface of BM3 (Fig. 4A) and
HYDROSAP (Fig. 4B) under different conditions (+RT; +MW1/
20/50; GP, +RT; GP, +MW1/20/50) and cultured for 7 days
in vitro. Cultrex-coated and untreated-bottom well surfaces
were used as positive and negative controls, respectively. Cell
proliferation assay was evaluated via MTS assay. Seeded and
differentiated hNSCs on BM3 (Fig. 4, AI) and HYDROSAP
(Fig. 4, BI) showed similar amounts of total cell population as
demonstrated by statistical analysis. All samples resulted in
comparable to gold-standard Cultrex (0.64 + 0.04 a.u. (arbitrary
units)), except for BM3 + RT (0.44 + 0.02 a.u.), and significantly
higher than untreated glass (0.19 + 0.04 a.u.). As shown in

This journal is © The Royal Society of Chemistry 2023
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Fig. 4, AIl and BII, Fig. 5 and Fig. S13,f a similar trend was
obtained in cell viability assays, where high percentages of
viable cells were detected in all tested samples. Cultrex, with
96.97 + 0.59% of live cells, did not show significant differences
with respect to BM3 and HYDROSAP for all treatments, while
hNSCs differentiated on untreated wells exhibited the lowest
values (87.82 + 1.83%) of live cells. In other words, MW treat-
ments did not significantly alter the viability of hNSCs with
respect to their untreated counterparts (Fig. 4, AIl and BII).
hNSC differentiation over the analyzed samples was evaluated
by staining PII-tubulin (neurons), GFAP (astrocytes) and
GALC/0O4 (oligodendrocytes) markers for 7 days in vitro (Fig. 4,
AIIl and AIV; Fig. 4, BIII and BIV). MW treatment did not
affect the percentage of neurons, showing 19.22 + 2.22% (+RT),
17.35 + 1.34% (¥MW1/20/50), 17.06 + 1.39% (GP, +RT) and
15.37 + 1.07% (GP, MW1/20/50) in BM3 (Fig. 5, AIll) and 15.61
+ 1.54% (+RT), 13.50 + 1.33% (+MW1/20/50), 15.57 + 0.97%
(GP, +RT) and 18.76 + 1.56% (GP, MW1/20/50) in HYDROSAP.
On the other hand, astrocytes progeny resulted in more sensi-
tive to stiffness increments conferred by GP (significances
detected between GP cross-linked and untreated samples).
Nonetheless, there was no statistical evidence of significant
differences between MW-treated samples and their untreated
counterparts. Percentages of astrocytes detected on BM3 MW-
treated samples were 27.34 + 1.52% for +MW1/20/50 and 37.21
+ 1.66% for GP + MW1/20/50 while 33.02 + 3.74% and 45.02 +
2.31% were detected for +RT and GP + RT, respectively.
Similarly, the astrocyte population differentiated on
HYDROSAP was not affected by MW irradiation either: values
ranged from 39.71 + 2.13% for +RT and 39.75 + 3.19% for
+MW1/20/50 to 29.51 + 4.18% for GP + RT and 35.69 + 2.74%
for GP + MW1/20/50. Like pIII-Tubulin, a comparison between
all conditions in BM3 and HYDROSAP samples revealed a stat-
istically similar percentage of oligodendrocytes (all results are
comparable to 11.94 + 0.88% of Cultrex). Lastly, qualitative
images of differentiated hNSC progeny (Fig. 4, AIV and BIV)
suggest how increased stiffness of the MW-treated samples
may modulate the cell morphology by affecting cell anchoring
and adhesion.®* Cells became more spread and more adhesive
on stiffer MW-treated substrates and this peculiar feature was
more noticeable with HYDROSAP (Fig. 4, BIV). In general,
microwave treatment (and GP cross-linking) ameliorate cell
sprouting and cell branching.

Since MW treatment does not significantly affect hNSC be-
havior in terms of proliferation, viability and differentiation,
our data demonstrate that low-power MW irradiation does not
affect the biomimetic properties of the tested SAPs, and, as
such, may be a valid technique for already developed SAPs in
regenerative medicine applications and others to come in the
future.

Lastly, we assessed the feasibility of the optimized low-
power MW treatment for hNSCs encapsulated inside
HYDROSAP hydrogels. It is well established that direct MW
treatments on different type of cells induce cell apoptosis,®* >
but low-power MW treatments may be tolerable for encapsu-
lated cells. HYDROSAP gels seeded with hNSCs were treated

Nanoscale, 2023,15, 15840-15854 | 15847


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr02738d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 September 2023. Downloaded on 11/2/2025 3:27:45 AM.

(cc)

View Article Online

Paper Nanoscale

A) BM3

1) Cell proliferation assay 1)  Cell viability assay lll) Cell differentiation assay

” Bl CULTREX
I AR

E3 GLASS
plI-TUBULIN  GFAP

1 +RT
GP, +RT

-
=)
3

=3

S

e
£

)
=3

0.6

N
S

+MW1/20/50
BX GP, +RT
N GP, +MW1/20/50

o
=3

B
-3

N

S

0.2

N
=3

%positive cellss HOECHST
%positive cellsst HOECHST

Absorbance 490nm (A.U.)
e
&

o

0.0

=

GP, +MW1/20/50

BIII-TUBULIN

GALC/O4

B

) HYDROSAP

1) cell proliferation assay 1) Cell viability assay 111) Cell differentiation assay
I .. 100 F - " BN CULTREX

B E3 GLASS
0.6 —J +RT
40 +MW1/20/50

04 BX GP, +RT

20 Bl GP, +MW1/20/50

%positive cellssHOECHST

0 AR Bl i
pll-TUBULIN GFAP GALC/O4

GP. +MW1/20/50

Absorbance 490nm (Arbitrary Unit)

\')

BIN-TUBULIN

Fig. 4 Proliferation, viability and differentiation assays of hNSCs seeded on BM3 (A) and HYDROSAP (B) for 7 days in vitro. (I) MTS assay for the
evaluation of proliferation rate. Absorbance values were detected at 490 nm (a.u., arbitrary units). (Il) Cell viability assay was performed with a Live/
Dead kit. (lll) Quantification of positive cells for plll-tubulin (neurons), GFAP (astrocytes) and GALC/O4 (oligodendrocytes). (IV) Representative fluor-
escence images show neural differentiation of neurons stained with plll-tubulin marker in green, astrocytes with GFAP marker in red, and oligoden-
drocytes with GALC/O4 marker in green. Cell nuclei were stained with Hoechst (in blue). Cultrex and glass (untreated-bottom well surface) were
used as the positive and negative controls, respectively. In all tested samples MW treatments did not significantly alter the proliferation, viability and
differentiation of seeded cells. Data are represented as the mean + SEM. Statistical analysis shows significant differences between different groups
(*p < 0.05; **p < 0.01; ***p < 0.001). All measures were performed in triplicate. Scale bar, 100 um.

) CULTREX
LY L

A

GALC/O4

100 pm

15848 | Nanoscale, 2023, 15, 15840-15854 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr02738d

Open Access Article. Published on 25 September 2023. Downloaded on 11/2/2025 3:27:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Cell viability assay

Cell differentiation and apoptotic cells

= +RT
8o Z3 +MW1/20/50

% positive cells/HOECHST

% positive cells/HOECHST

+MW1/20/50

GABA MAP2 GFAP BII-TUBULIN LIVE&DEAD

TUNEL

Fig. 5 Viability and differentiation assays on the 3d constructs of hNSCs
embedded in HYDROSAP hydrogels after low power MW treatment
(+MW1/20/50) and in the control group (+RT). Quantification of live and
dead cells after viability assay performed at tO (1 hour after sap gelation)
with the Live/Dead kit shows high cell viability in both +RT and +MW1/
20/50, without significant differences between the control and treated
groups. Quantification of positive cells for plll-tubulin (immature
neurons), GFAP (astrocytes), MAP2 (mature neurons), GABA (GABAergic
neurons) and TUNEL (apoptotic cells) after 7 days of hNSC differentiation
confirmed that low power MW treatment did not affect cell differen-
tiation and maturation. Representative fluorescence images of hNSCs
embedded in HYDROSAP in the +RT and +MW1/20/50 groups for Live/
Dead assay with live cells stained in green and dead cells stained in red,
immature neurons stained with plll-tubulin marker in green, astrocytes
with GFAP marker in red, mature neurons with MAP2 marker in green,
GABAergic neurons with GABA marker in green and apoptotic cells with
TUNEL assay kit in green. Cells nuclei are stained with Hoechst in blue.
Scale bar 50 um. Data are represented as the mean + SEM. Graphs show
no significant differences using two-way ANOVA with the Bonferroni
correction between the +RT and +MW1/20/50 groups.
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with low-power MW irradiation (1 W) for 20 minutes at the
monitored temperature (<37 °C). In this case, Live/Dead and
TUNEL assays of MW-treated samples showed similar results
to control samples and, as such, negligible cytotoxicity effects
(Fig. 5). Similarly, hNSC differentiation was not significantly
influenced by low-power MW irradiation, both in terms of the
percentages and morphology of neuronal cells (BIII-Tubulin),
their maturation (MAP2, GABA), and astrocytes (GFAP) (Fig. 5).
Therefore, low-power MW treatments can be considered as a
feasible option for 3D stem cell cultures of SAPs as well.

Conclusion

In this work, we introduced, characterized and optimized a
MW-based protocol aimed at boosting the mechanical pro-
perties of peptide scaffolds, and we demonstrated its feasibility
for a wide range of diverse SAP sequences.

Inspired by the urgent demand for new high-performing
biomimetic biomaterials, we developed a facile method
lending SAP hydrogels significantly higher stiffness, resilience
and increased f-structuration, likely thanks to their non-
thermal MW effects. We have described an accessible, fast,
cheap and green approach based on the irradiation of micro-
waves, which can be taken into account in several biomedical
applications. Although the mechanism involved is not comple-
tely clear, MW treatments improved f-structuration, nanofiber
fasciculation and supramolecular stability of the assembled
SAPs; in turn, the mechanical properties of SAPs were
improved without the use of enzymatic or chemical cross-
linking. On the other hand, when used as pre-treatments, mild
MWs could actually help in subsequent SAP cross-linking reac-
tions as well by stabilizing the close proximity of “reactive
sites” and increasing the concentration of newly formed
chemical bonds. By demonstrating that low-power MW pre-
treatments do not affect SAP biomimetic properties, nor add
any cytotoxicity during and after treatments, we paved the way
for a standard methodology to be widely used in regenerative
medicine applications with SAP biomaterials and probably
with proteinaceous scaffolds as well.

Experimental
Peptide synthesis and purification

Reagents for peptide synthesis were purchased from Merck
(Merck Millipore, Darmstadt, Germany). CEM (Matthews, NC,
USA) was the vendor for all Fmoc-protected amino acids and
Rink amide resin. Solvents for chromatography (VWR, Radnor,
PA, USA) were all technical grade. A Liberty Blue system (CEM
Corp., Matthews, NC, Canada) with solid-phase Fmoc chem-
istry was used to synthesize all peptides.’® The first amino acid
was loaded on Rink amide resin (0.19-0.56 mmol g,
100-200 mesh) and peptides were cleaved from the resin with
a freshly prepared cocktail mixture of 92.5% TFA, 2.5% H,O,
2.5% DODt, and 2.5% TIS. All syntheses were carried out at
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the 0.25 mmol scale in excess of a 0.2 M amino acid solution
(in DMF) and in the presence of 1 M DIC (in DMF) and 1 M
Oxyma (in DMF). A 10% v/v of piperazine in 9:1 NMP/EtOH
was used as the deprotection solution for the removal of
Fmoc-protecting groups. N-terminal acetylation (for LDLK12,
CK;, and pure-HYDROSAP components) was performed using
20% v/v Ac,0 in DMF solution. BM3 was capped with biotin at
the N-terminal group. The crude peptides were purified via
semi-preparative Waters binary RP-HPLC (>96%) using a C18
Restek™ column. The mobile phase consisted of a gradient
over 30 minutes of 75% H,O with 0.1% TFA and 25% CH3;CN
with 0.1% TFA (0 min) until 75% CH;CN with 0.1% TFA
(20 min). The pure fractions were reunited and lyophilized
(Labconco, Kansas City, MO, USA). To confirm purity and
peptide identification, mass spectra were recorded on a LC-MS
via single quadrupole mass detection (Waters LC-MS Alliance
3100) using a nebulizing nitrogen gas at 800 L min™" and a
temperature of 150 °C, 10 mL min~' cone flow, 3.11 kvolts
capillary and 52 V cone voltage.

Peptide selection

We selected a set of diverse SAPs featuring diverse self-assem-
bly backbones to test the effect of MW irradiation on different
classes of SAPs. For this purpose, the tested SAPs are reported
in Table 1 with their respective net charge. LDLK12 is a non-
functionalized SAP widely used in regenerative medicine appli-
cations;’® the functional motif of FAQ-LDLK12 was panned
from a phage display against murine neural stem cells;*® BM3
is a BMHP1-derived SAP,®® linked with biotin at the N-terminal
group; HYDROSAP was developed to obtain a 3D in vitro model
of densely cultured hNSCs;'” CK; belongs to co-assembling
SAPs used for hetero-bifunctional cross-linking,***” and a
representative example of cationic peptides. As previously
reported,”” the purified linear sequences Ac-(Leu-Asp-Leu-
Lys);-CONH,, Ac-Lys-Leu-Pro-Gly-Trp-Gly-Gly-Gly-Gly-(Leu-Asp-
Leu-Lys);-CONH,, and Ac-Ser-Ser-Leu-Ser-Val-Asn-Asp-Gly-Gly-
Gly(Leu-Asp-Leu-Lys);-CONH, and branched tris(Leu-Asp-Leu-
Lys);-CONH, were combined and dissolved in distilled H,O to
obtain the so-called pure HYDROSAP. Pal1 is a novel fatty acid-
conjugated SAP, formed by linking with palmitic acid and a
BMHP1-dreived SAP, a representative example of peptide
amphiphiles.®®

Microwave irradiation protocol

All purified selected SAPs were subjected to MW irradiation
using a Discover single-mode microwave reactor (CEM,
Matthews, NC) that provides self-tuning with a continuous
power delivery in the range of 0-300 Watts (W). The tempera-
ture is continuously monitored using a fiber optic probe. All
experiments were conducted by selecting MW power and
keeping the temperature below a selected threshold value over
time. SAPs were initially dissolved in a stock solution of dis-
tilled H,O at appropriate concentrations (1% w/v LDLK12, 2%
w/v FAQ-LDLK12, 2% w/v BM3, 1% w/v HYDROSAP and 5%
w/v CK;) and incubated overnight at +4 °C prior to usage'®>°
unless specifically stated (ESIT). The selected SAP stock solu-
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tion was divided in vials (100 pL each) and treated for 1, 2, 5,
10, 20, or 30 minutes with microwave irradiation at RT, 37 °C
and 50 °C max. temperature. Untreated and MW-irradiated
samples were used for the subsequent experiments and
characterization.

Mechanical characterization

The mechanical behavior and viscoelastic properties were
investigated using a rotational AR-2000ex rheometer (TA
Instruments, Waters Corp., Milford, CT, USA). For cone-plate
measurements, we used an acrylic cone-plate geometry with a
diameter of 20 mm, a truncation gap of 34 pym and 1% angle
to evaluate the storage (G') and loss moduli (G”) in a linear
regime. Time sweep experiments were carried out for 3 hours
at a constant angular frequency (w = 1 Hz) in the presence of
DPBS (1x). Subsequently, a frequency sweep test (0.1-1000 Hz)
was performed as a function of angular frequency at a constant
strain of 1%.

Viscosity measurements were performed using a cone-plate
geometry via a continuous shear ramp. Curves were fitted with
the Carreau function to calculate values at approximate zero
and infinite shear rates. Additionally, all samples were also
tested at RT using a parallel-plate configuration with a dia-
meter of 20 mm and a gap of 100 pm. A frequency sweep
experiment (0.1-1000 Hz, constant strain of 1%) followed by a
strain sweep test (from 0.01% to 1000%) were performed. For
parallel-plate geometry tests, scaffolds were pre-formed in a
plastic mold before rheological measurements; 1 ml of DPBS
(1x) was added to 100 pL of the selected SAP (previously dis-
solved and incubated overnight at +4 °C) and incubated for
3 hours at RT to allow for complete hydrogel self-assembling.
DPBS was then removed and 1 ml of 170 mM GP cross-linker
solution (95 : 5 DPBS/EtOH) was added and incubated at 37 °C
for additional 72 hours. Right before rheology measurements
the cross-linked scaffold was thoroughly washed with DPBS to
remove the unreacted GP.

All results were processed with OriginPro 2019 software
(OriginLab Corporation, Northampton, MA, USA).

Attenuated total reflection/Fourier transform infrared analysis

To assess secondary structure formation, transition intensities
and vibrational frequencies, a PerkinElmer Spectrum Two IR
spectrometer  (PerkinElmer Ltd, Beaconsfield, United
Kingdom) equipped with a PerkinElmer single-reflection
diamond ATR was used. All samples were measured in the
wavelength range between 400-4000 cm™' at room tempera-
ture, after dissolution in water at the respective working con-
centration, and with the addition of DPBS above the ATR-
diamond to investigate the presence of amides I and II
ATR-FTIR spectra were analyzed with OriginPro 2019 software
(OriginLab Corporation, Northampton, MA, USA) after base-
line correction. Deconvolution of ATR-FTIR absorption spectra
was performed by using the second derivative method followed
by smoothing with a 7-9 point Savitsky-Golay function (poly-
nomial order of 2). Peak fitting/deconvolution was obtained
with the Voigt function from OriginPro.*”

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr02738d

Open Access Article. Published on 25 September 2023. Downloaded on 11/2/2025 3:27:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Preparation of Thioflavin-T assay and fluorescence
measurement

All peptides were treated with a solution of the benzothiol dye
ThT previously dissolved in DPBS buffer and mixed in a ThT/
peptide ratio of 0.5:1. For the detection of p-sheets, the ThT
fluorescence was measured at room temperature, right after
the reaction, using an Infinite M200 Pro plate reader (Tecan,
Mennedorf, Switzerland) with excitation at 440 nm and emis-
sion at 482 nm.

Atomic force microscopy

AFM images were captured in tapping mode using a
Multimode Nanoscope V (Digital Instruments, Veeco,
Plainview, NY, USA), with single-beam silicon cantilever probes
(Veeco RFESP MPP-21100-10: resonance frequency 76-90 kHz,
nominal tip radius of curvature 8 nm). All peptides were dis-
solved in distilled water at a final concentration of 0.01% w/v.
After 30 min sonication, 1 pL of peptide solution was mixed
with 20 pL of distilled water. 1 pL of this final solution was de-
posited on freshly cleaved mica and rinsed with 100 pL of dis-
tilled water.®®

Because of the tip convolution effect, fiber measurements
were performed. Being the observed nanofiber heights far
lower than the tip radius, the observed widths were corrected
with the following formula:*°

Ax = \/2[h(2r; — h)]

where Ax is the width broadening effect, 4 is the nanofiber
height, and r, is the tip radius.

Image flattening was performed prior to image analysis.
Height profiles were traced using FiberApp software,’® while
width profiles were measured using Nanoscope software.

2D cell culture assays

HNSCs were obtained according to good manufacturing prac-
tice (GMP) protocols, in agreement with the European Medical
Agency (EMA) guidelines and Agenzia Italiana del Farmaco
(AIFA), protocol number aM 101/2010 (updated in 2018 after
AIFA inspection to number aM 54/2018). Leukemia growth
factor (LIF) was purchased from Merck (Merck Millipore,
Darmstadt, Germany) and brain derived neurotrophic factor
(BDNF) was obtained from Peprotech. Colorimetric MTS assay
(Promega) to evaluate cell proliferation and LIVE/DEAD™ cell
imaging kit (Invitrogen) were acquired from Thermo Fisher
(Fischer Scientific GmbH, Schwerte, Germany). hNSCs were
expanded and cultured as previously described.'® hNSCs were
seeded on the top surface of SAP hydrogels at a density of 3 x
10* cells per cm® and then cultured for 7 days in vitro. A
Cultrex-BME substrate (from now on called just Cultrex) and
an untreated-bottom well surface (namely glass) were used as
the gold standard and negative control, respectively. hNSCs
were differentiated in basal medium supplemented with basic
fibroblast growth factor (bFGF, 10 ng ml™'). After two days,
bFGF medium was replaced with basal medium supplemented
with leukemia growth factor (LIF, 20 ng ml™') and brain-
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derived neurotrophic factor (BDNF, 20 ng ml™"). Fresh
medium was shifted after 3 days. Cell cultures were main-
tained at 37 °C, 20% O, and 5% CO,. After 7 days, cell prolifer-
ation was evaluated by using colorimetric CellTiter96®
AQueous One Solution Cell Proliferation Assay (MTS assay,
Promega, following manufacturer’s instructions). Briefly, 20%
of MTS solution was added to the culture media and incubated
for 1 h at 37 °C. The absorbance was detected at 490 nm using
Infinite M200 Pro plate reader (Tecan, Mennedorf,
Switzerland). A LIVE/DEAD™ viability/cytotoxicity kit
(Invitrogen) was used to discriminate between live (stained
with green calcein-AM) and dead (identified by nucleic acid
red dye ethidium homodimer-1) cells. For immunofluores-
cence tests, samples were fixed with 4% paraformaldehyde,
washed with DPBS, permeabilized with 0.3% Triton X-100 and
blocked with 10% normal goat serum. To assess hNSC differ-
entiation, the following antibodies were used: rabbit anti-GFAP
(1:500, DakoCytomation), mouse anti-pIlITubulin (1:500,
Biolegend), mouse anti-GalC (1:200, Merck), mouse anti-O4
(1:200, Merck), goat anti-mouse Alexa 488 (1:1000, Molecular
Probes), goat anti-rabbit Alexa 488, goat anti-mouse Cy3 and
goat anti-rabbit Cy3 (1:1000, Jackson Immunoresearch). Cell
nuclei were stained with Hoechst 33342 (1:500, Molecular
Probes). Fluorescence images were acquired using a Zeiss
microscope ApoTome system and processed with Image] soft-
ware. Three independent experiments were performed for each
sample.

Cell viability and differentiation assay after MW treatment of
hNSC-HYDROSAP scaffolds

HNSCs were encapsulated in HYDROSAP hydrogels as pre-
viously reported.'”! Briefly, pure HYDROSAP (previously dis-
solved at 1% w/v in distilled water and incubated overnight at
+4 °C) was mixed with 280 mM sucrose solution, 2.5 mM
NaOH and 4.5 x 10” cells per pL hNSCs. The mixing solution
was treated for 20 minutes at 1 W (+MW1/20/50), reaching the
maximum temperature of 37 °C. As a control, the same hNSCs
+ hydrogel mixing solution was incubated at controlled temp-
erature (<37 °C) for 20 minutes (+RT). After incubation, a
droplet (40 pl) was placed in 24-well plates, and serum-free
medium supplemented with bFGF (20 ng ml™", Peprotech) was
added to trigger SAP gelation. After 1 hour, a LIVE/DEAD™ via-
bility/cytotoxicity kit (Invitrogen) was used to evaluate the cyto-
toxicity effect of MW irradiation. Fluorescence images were
acquired using a Zeiss microscope ApoTome system and pro-
cessed with Image]J software (see Fig. 5 and Fig. S137). For cell
differentiation assay, after 2 days in serum-free medium sup-
plemented with bFGF, the medium was shifted to the basal
medium supplemented with leukemia growth factor (LIF, 20
ng ml™', Merck Millipore) and brain-derived neurotrophic
factor (BDNF, 20 ng ml™', Peprotech). Fresh medium was
added after 3 days. Cell cultures were maintained at 37 °C,
20% O, and 5% CO, for 1 week. After 7 days, 3D
hNSC-HYDROSAP scaffolds (+MW1/20/50 and +RT) were fixed
with 4% paraformaldehyde overnight, incubated in sucrose
30% (in DPBS) and cryopreserved in OCT. Samples were cryo-
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sectioned at 100 pm thick slices using a cryostat (Histo-Line
Laboratories). For immunofluorescence analyses, slices were
washed in DPBS, permeabilized with 0.3% Triton X-100 for
10 minutes at 4 °C and blocked with 10% normal goat serum
(NGS, GIBCO) for 1 h at room temperature. The following
primary and secondary antibodies were used: mouse antipIII-
tubulin (1:500, BioLegend), rabbit anti-glial fibrillary acidic
protein (GFAP) (1:500, DAKO), rabbit anti-nestin (1:500,
Millipore), mouse anti-microtubule-associated protein 2
(MAP2) (1:300, Invitrogen), and rabbit anti-g-aminobutyric
acid (GABA) (1:500, Sigma-Aldrich). To reveal primary anti-
bodies, the following secondary antibodies were used: goat
anti-rabbit Cy3 (1:1000, Jackson), goat anti-mouse Cy3
(1:1000, Jackson), goat anti-rabbit Alexa 488 (1:1000,
Invitrogen), and goat anti-mouse Alexa 488 (1:1000,
Invitrogen). Apoptotic cells were analysed via TUNEL assay
(in situ cell death detection kit fluorescein, Roche), following
the manufacturer’s instructions. Briefly, sections were permea-
bilized with 0.3% Triton X-100 for 10 minutes at 4 °C and incu-
bated with a TUNEL reaction mixture (1:10 in enzyme solu-
tion) for 1 h at 37 °C. Cell nuclei were stained with DAPI
(Molecular Probes). A minimum of three fields for three inde-
pendent experiments were chosen randomly. Acquisitions were
performed at 20x and 40x magnification using a Zeiss
Microscope with Apotome system. Quantitative analyses were
performed by counting manually positive cells for each marker
using NIH Image] software.

Statistics and reproducibility

Statistical analysis was performed using Prism 9 software
(GraphPad, Inc.). One-way ANOVA followed by Tukey’s multiple
comparison test was used to determine statistical significance.
*p < 0.01 for all tests, with the exception of in vitro tests *p <
0.05. All experiments were conducted in triplicate.
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