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ABSTRACT

Peptide-based hydrogels have attracted much attention due to their extraordinary
applications in biomedicine and offer an excellent mimic for the 3D microenvironment
of the extracellular matrix. These hydrated matrices comprise fibrous networks held
together by a delicate balance of intermolecular forces. Here, we investigate the
hydrogelation behavior of a designed decapeptide containing a tetra-leucine self-
assembling backbone and fibronectin-related tripeptides near to both ends of the strand.
We have observed that this synthetic peptide is able to produce hydrogel matrices
entrapping > 99% wt/vol% water. Ultrastructural analysis combining atomic force
microscopy (AFM), small-angle neutron scattering (SANS) and X-ray diffraction
revealed that amyloid-like fibrils form crosslinked networks endowed with remarkable
thermal stability, the structure of which structure is not disrupted up to temperatures >
80 °C. We also examined the interaction of peptide hydrogels with either NIH3T3
mouse fibroblasts or HelLa cells and discovered that the matrices sustain cell viability
and induce morphogenesis into grape-like cell spheroids. The results presented here
show that this decapeptide is a remarkable building block to prepare highly stable
scaffolds simultaneously endowed with high water retention capacity and the ability to

instruct cell growth into tumor-like spheroids even in non-carcinoma lineages.
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INTRODUCTION

Over the last two decades, research on supramolecular hydrogels has grown
exponentially because of the revolutionary applications of these materials in biomedical
technology.* In addition to more conventional uses such as controlled drug release and
wound dressing, hydrogels have found extraordinary applications in tissue engineering
with the production of cell adhesion scaffolds, the design of artificial skin, and the 3D
bioprinting of prosthetic corneas and vascularized organoids.>® Indeed, the production
of bioinks from peptide-based hydrogels has openned avenues for the design of
organotypic cultures endowed with tunable properties.®° From the perspective of basic
research, these matrices are equally impressive. The 3D arrangement of the supporting
medium influences a variety of cell behaviors such as proliferation, differentiation and
signaling, and hydrogels are able to emulate both the topology and the chemical milieu
of the extracellular matrix to provide more realistic mimics for in vivo conditions.!!
These remarkable features allow the culturing of multicellular spheroids that reproduce,
for instance, tumoral microenvironments for cancer research’®'® and organotypic

models for drug discovery.'*

A common strategy to produce supramolecular hydrogels is through self-
assembling low molecular weight gelators (LMWG). These small molecules self-
organize into nanoscopic fibers that form crosslinked or entangled networks entrapping
large amounts of water through surface tension and capillary forces.! Short peptides
have been used as efficient LMWGs for designing hydrogelled matrices able to
interface with biological structures.’® Peptides have very interesting characteristics,
including biocompatibility, low immunogenicity and chemical diversity that allows the

design of customized “building-blocks”. These features enable the construction of



networks with different active motifs, assisting manipulation and application of the

resulting hydrogels.®

Herein, we investigate the hydrogelation behavior and microstructural order of a
low-molecular weight peptide with the following composition: DGRLsDGW (D:
aspartic acid, G: glycine, R: arginine, L: leucine and W: tryptophan). The N-terminus
holds a DGR tripeptide which is the reverse sequence of the well-known fibronectin
adhesion motif.)” DGR tripeptides are part of the osteopontin cell adhesion motif and
have been previously used in combination with RADAL16 peptides and PEG to produce
functional hydrogels.'®® On the other hand, the C-terminus carries a DGW tripeptide
that was previously found to bind to fibronectin epitopes with high affinity. We show
that this designed decapeptide endowed with bolaamphiphilic characteristics can
produce hydrogelled matrices entrapping > 99% wt/vol% water. Atomic force
microscopy (AFM) combined with small-angle neutron scattering (SANS) revealed that
supramolecular networks are formed through crosslinking of [-sheet fibers. The
resulting matrices exhibit remarkable thermal stability. Although the hydrogel mesh size
is found to expand as a function of temperature, likely because of a theta-to-good
solvent transitions of peptide-water interactions, the structure of the hydrogel is not
disrupted up to temperatures > 80 °C. We also examined the interaction of peptide
hydrogels with HelLa cells and with non-carcinoma NIH3T3 mouse embryonic
fibroblasts. These assays indicated that hydrogels based on DGRL4DGW peptides
sustain fibroblast viability and induce cell morphogenesis into spheroid assemblies.
Therefore, the results presented here show that this decapeptide is a promising building
block to produce highly stable scaffolds endowed with high water retention capacity,

and with an ability to induce the formation of tumor-like spheroids.



MATERIALS AND METHODS

Peptide synthesis, reagents, and sample preparation. The decameric peptide NH.-
DGRL4sDGW-COOH (D: aspartic acid, G: glycine, R: arginine, W: tryptophan, L:
leucine) was synthesized using standard solid-phase approaches via a Fmoc strategy
using Wang resin as described elsewhere.?! Briefly, the Fmoc-Trp-Wang resin was
hydrated with dichloromethane for 15 minutes and two cycles of basic hydrolysis were
performed with 4-methylpiperidine in DMF (20%, 10 mL, 15 min) to remove the Fmoc
protecting group. Coupling reactions were carried out with 2.50 equivalent of amino
acid and 5.00 equivalent DIC and HOBt in NMP (10 mL) for 4 and 12 h (G/W/L/D and
R respectively). All reaction cycles were monitored by the Kaiser ninhydrin test. The
decameric peptide was deprotected and a mixture of TFA (90.0%), thioanisole (5.00%),
1,2-ethanedithiol (3.00%), and anisole (2.00%) was used to release it from the resin.
The reaction was left under agitation for 4h and the supernatant was collected by
vacuum filtration. Then, ice-cold diethyl ether was added to precipitate the peptide,
which was successively washed with ice-cold diethyl ether and then lyophilized.?* The
yield was estimated at 40-50%. The decameric peptide was characterized by liquid
chromatography coupled to mass spectroscopy (LC-MS), Figure S1, revealing that
about of 86 % of the product was composed of DGWLsRGD (measured Mw = 1158,
calculated Mw = 1157.3). In the remaining fraction, we detected a mixture containing
DGWL4RGD and a product with Mw = 1140, which is associated with the release of an
H20 molecule upon spontaneous aspartimide formation between adjacent Asp and Gly
side-chains.??23 The peptide composition and sequence were confirmed through Edman
sequencing. The hydrogels were prepared through a two-step method as described
elsewhere.?* Briefly, the peptide sequence was first dissolved in cold 1,1,1,3,3,3-

hexafluoro-2-isopropanol (HIFP) at a concentration of 50 mg/ml. This step was quickly



followed by the addition of ultrapure water at appropriate volumes to provide final
concentrations ranging between 0.96 and 9.6 mg/ml (0.096 to 0.96 wt/vol%). To assist
solubilization in water, the mixtures were submitted to ultrasonication at 40 °C for a few
minutes. At this stage, the mixtures were transparent solutions, which were then
transferred to an evacuated desiccator to improve the evaporation of HFIP. The
formation of gels started in about 20 minutes for solutions containing > 0.67 wt/vol%
peptide. Samples were kept under vacuum for about 1 hour to ensure evaporation of the
organic phase. Measurements of the tryptophan fluorescence were performed during the
hydrogelation process of a peptide sample to assess the evaporation of HFIP from the
gelled matrices. These assays indicate red shifts of tryptophan emission during the
hydrogelation, which is ascribed to growth of dielectric constant of the solvent due to
evaporation of HFIP (Figure S2A).% The tryptophan fluorescence in hydrogelled
samples exhibits a maximum near to 345 nm, the same Amax found in diluted samples
prepared in pure water (Figure S2B), indicating that the physicochemical
microenvironment in hydrogel matrices is dictated by water. Weight measurements on
the resulting hydrogels indicated that the volume of organic solvent remaining in the

preparations were about 4% on average.

Fluorescence assays: The fluorescence of thioflavin T (ThT) was assessed to
investigate the formation of amyloidogenic aggregates. The hydrogels were prepared as
described above, but instead of pure water, a 30 uM ThT solution was added in the
preparation. The data were collected using a F-2500 Hitachi fluorimeter coupled to a
thermostatic bath for temperature control. The excitation wavelength was kept at Aexc.=
440 nm and data collection was carried out in the interval 465-650 nm, with both
excitation and emission slits fixed at 10 nm. Spectra were collected immediately after

addition of ThT or after a period of 90 minutes under vacuum in the desiccator to assess



fluorescence changes upon hydrogelation. Spectra from ThT solutions without peptides
were used a control. Tryptophan fluorescence was also monitored to get insights into
the self-assembly during hydrogelation. In this case, excitation was at Aexc= 280 nm,
and 30 spectra in the 300-450 nm range were registered every 3 minutes during HFIP

evaporation.

Fiber X-ray diffraction: fiber X-ray diffraction (FXRD) assays were carried out to get
information on the supramolecular structure of peptide fibrils in the hydrogels. A small
amount from a 0.96 wt/vol% hydrogel was suspended between the ends of wax-coated
capillaries and left to dry within Petri dishes sealed with parafilm for one week at room
temperature. The resulting stalks were positioned on the goniometer of a RAXIS
IV++X-ray diffractometer (Rigaku) equipped with a rotating anode X-rays generator
and a Saturn 992 CCD camera (pixel size 89.8 um?). The sample-to-detector distance
was 50 mm and unit-cell optimization was performed using the software CLEARER?®

to verify compatibility of the data with an orthorhombic lattice.

Circular Dichroism (CD) and Fourier transform infrared (FTIR) spectroscopy.
CD spectra were measured using a JASCO-810 spectropolarimeter. Peptide hydrogels
were placed in demountable Hellma cells with 0.1 mm path length, and data were
collected in the range 190 — 260 nm, in steps of 1 nm and 1 s per step, using six
accumulations. All data were background subtracted before further treatment, and
curves were smoothed using FFT filtering (6 window points). FTIR measurements were
performed on a Varian 610-IR instrument using an ATR accessory. Samples were
prepared using D20 as a solvent to avoid H2O vibrations in the amide | range. Data
were collected in the range 1575-1750 cm?, at 2 cm? resolution, using 128

accumulations. A D20 background spectrum was subtracted from the spectra.



Microscopy assays. Hydrogels have been visualized through polarized light
microscopy (PLM), electron scanning microscopy (SEM), and atomic force microscopy
(AFM) to get morphology information across the mesoscopic scale. PLM experiments
were performed using a Nikon Eclipse E-200 instrument equipped with cross-polarizers.
A 0.96 wt/vol% hydrogel sample was sandwiched between a glass slide and a coverslip
and then observed at room temperature using a 20x objective. For SEM imaging, thin
layers of 0.96 wt/vol% hydrogel were cast on clean silicon substrates and left to dry
overnight in a desiccator at room temperature. The samples were sputtered with a
platinum film to provide a conductive layer to enable SEM imaging. Micrographs were
collected using a FEI Quanta FEG 250 instrument at the center for electron microscopy
of UNIFESP (CEME, UNIFESP). The microscope operated at 30 kV, with spot size at a
sample of 3.0 nm and a working distance of 11.3 nm. An Everhart-Thornley detector
collected secondary electrons. Typical magnifications in our experiments were between
25,000x and 150,000x. Further image treatment and enhancement were performed with

ImageJ software.

AFM assays imaging was performed using a Park NX10 microscope at LNNano
(CNPEM, Campinas — Brazil). Samples were prepared by casting a thin layer of gels on
freshly cleaved mica substrates. The specimens were left to rest for about 5 minutes and
then abundantly rinsed with ultrapure water to wash out excess gel. This procedure was
carried out to obtain specimens with peptide self-assemblies adhered to mica where the
sub-structures of the peptide network could be separated to allow for visualization of
individual structures. The substrates were left to dry overnight in desiccators before the
measurements, which were performed in tapping mode using a cantilever operating at
~75 kHz. Image visualization and enhancement were performed with software

Gwyddion.



Small-angle neutron scattering (SANS). SANS experiments were carried out on the
LOQ beamline at ISIS (Didicot, UK). For these assays, a 0.96 wt/vol% peptide
hydrogel was prepared within a 1 mm pathlength cuvette using deuterated water (D20)
to minimize incoherent scattering. The disc-shaped cell was accommodated in a metal
rack coupled to a Julabo bath circulator to control the temperature between 25 °C and
80 °C. The acquisition time was about 40 minutes per temperature step until the
detector count reached 60 pA, and the beam size at the sample was adjusted to 8 mm.
A waiting time of 5 minutes was used at each temperature set point to allow for sample
equilibration. The instrument operated at 25 Hz to supply neutrons with wavelengths
between 2.2 A and 10 A, enabling access to a g-range in the interval 0.08 nm* < q <6
nm™. Data fitting was performed with SASFit software, using the correlation length
model proposed by Hammouda et al.,” and often used to describe nanoscale features of

hydrogels:28-%

I(q) = + Bkg €Y)

Iy
1+ @™
In Equation (1), lo is the intensity at g = 0, and Bkg is a flat background to account for
incoherent scattering. The parameter £ is a correlation length associated with the mesh
size in the case of a gel network.®! The parameter m is a Porod exponent that also

correlates with polymer-solvent interactions. For instance, m = 2 indicates Gaussian

chains in theta conditions, whereas a m = 5/3 corresponds to chains in good solvent.?’

Rheology measurements. Rheology assays were carried out as detailed elsewhere.3
Briefly, experiments were performed using an AR-2000 rheometer (TA Instruments),
using a plate-plate geometry (plate radius = 20 mm, gap = 1 mm). Measurements on
both storage and loss moduli (G’ and G”) were carried out as a function of oscillatory
stress at a fixed angular frequency of 6.283 rad-s™ to determine the linear viscoelastic

8



regime, linearity being observed for ¢ > 10 Pa. Frequency and temperature sweeps of

G’ and G” were measured at ¢ = 100 Pa, within the linear regime.

Cell Culture and Fluorescence Imaging using Confocal Microscopy: Substrates for
cell culture were prepared by placing coverslips at the bottom of 24 well plates and
pouring 50 pL from a fresh 0.96 wt/vol% peptide solution on the top. The plates were
left at room temperature for about 1 hour to enable evaporation of the organic solvent to
trigger hydrogelation. Once hydrogelation was achieved, 1 mL of DMEM was added to
the wells and left to rest for 24 hours at 37° C to infuse culture medium into the gels and
wash out residual organic solvent from the matrix. After 24 hours, DMEM was washed
out, and 5 x 10* NIH3T3 mouse embryonic fibroblasts or HeLa cells were seeded on the
top of both hydrogel-coated and control coverslips. These cells were left to rest for 15
minutes to spread across the substrates and adhere to the surfaces. The wells were then
completed with 1 mL of complete DMEM supplemented with 10% fetal bovine serum
and 2 mM glutamine (Thermo Fisher Scientific). The plates with cells were kept at 37
°C in a humidified incubator under an atmosphere of 5% CO; for 24, 72 or 120 hours
before further observations. Controls in hydrogel-free coverslips were prepared using
the same protocol. After incubation, cells were washed and stained with calcein-AM to
monitor the activity of esterases. After calcein staining, a fixation step was carried out
by incubating the plates with 4% paraformaldehyde (PFA) for 15 minutes at room
temperature. Finally, fixed cells were stained with DAPI and phalloidin (Texas red
labeled) to monitor morphological changes by tracking actin distribution in the
cytoskeleton. Fluorescence images were collected using a Leica TCS SP2 confocal
microscope and image data treatment was carried out with LAS X softaware and Image

J.



RESULTS AND DISCUSSIONS
Tube inversion assays:

The main steps for obtaining DGRL4sDGW hydrogels are illustrated in Figure
1A. Samples containing peptides at final concentrations ranging from 0.096 to 0.96
wt/vol% were first assessed through tube inversion tests to determine conditions for the
formation of the self-supporting gels at room temperature. These preliminary table-top
assays revealed that hydrogelled matrices appear when the peptide concentration
exceeds ~ 0.67 wt/vol%, a value that is interpreted as an estimation for the minimum
hydrogelation concentration (MGC). The samples were kept at room temperature for
several weeks, and it was verified that they have long-term stability, although samples
closer to the estimated MGC exhibit signs of phase separation in 5-10 days, suggesting
the release of water from the interstices of hydrogel matrix (syneresis).®*34 Further
analyses were carried out on samples prepared at 0.96 wt/vol% peptide to assure the
production of stable specimens within the hydrogelation regimen. Tube inversion tests
were performed to evaluate the conditions for the formation of self-supporting
hydrogels upon temperature variation. In Figure 1B, photographs from a 0.96 wt/vol%
peptide sample submitted to different heating conditions indicate the high stability of
hydrogels across a wide range of temperatures, from 25 °C to 80 °C. Interestingly, no
melting effects are observed across the temperature range, and the hydrogel matrix was

found to break only at ~ 95 °C, indicating exceptionally high thermostability.
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Secondary structure:

The secondary structure of hydrogels was investigated by circular dichroism
(CD) and Fourier transform infrared spectroscopy (FTIR). In Figure 1C, a CD spectrum
from a 0.96 wt/vol% peptide sample exhibits a very strong positive peak at 197 nm and
a remarkable negative band at 219 nm. These peaks are respectively associated with
n—n* and n—x* transitions in the amide chromophore N-C=0,% and the spectra are
consistent with B-sheet conformation formed by anti-parallel aligned peptide strands.®
In Figure 1D, the presence of an intense peak at 1627 cm™ and a smaller band at 1692
cm? in the FTIR spectrum from a 0.96 wt/vol% peptide sample confirms that the

secondary structure in the hydrogels is comprised of anti-parallel B-sheets.3®
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Figure 1: (A) Step-by-step representation of the hydrogelation process for

DGWL4DRG. (B) pictures from tube inversion tests performed on a 0.96 wt/vol%

peptide sample submitted to different temperatures. (C) CD and (D) FTIR spectra from

a 0.96 wt/vol% peptide hydrogel.

Microscopy imaging:
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Microscopy assays were performed on hydrogel samples to unveil the
morphology from the micrometer range down to the nanoscale. In Figure 2A, a PLM
micrograph from a 0.96 wt/vol% peptide exhibits Schlieren textures with thread-like
patterns suggesting locally-oriented domains characteristic of nematic mesophases.®’
The PLM images provide evidence for the presence of highly anisotropic assemblies in
the hydrogels. We performed SEM imaging to investigate the spatial organization in
greater detail. The SEM image shown in Figure 2B shows elongated structures with
average thickness estimated at 99 = 24 nm. In addition, oriented domains where fiber-
like assemblies appear aligned due to excluded volume interactions between adjacent
assemblies are found across the sample. At higher magnifications, inset in Fig. 2B, it is

possible to discriminate finer details of these structures and identify intertwined regions.

Atomic force microscopy (AFM) was used to probe the ultrastructure of
hydrogels to provide insights into morphological features of individual self-assemblies
at the nanoscale. In contrast to the local tightly packed fibril aggregates observed in
SEM experiments, rinsing steps carried out to prepare AFM specimens allowed the
netwrk to be diluted to visualize discrete nanostructures. In Figure 2C, topography data
from a 20 x10 um? area allows the discrimination of peptide fibrils with mean thickness
63 + 28 nm, compatible within uncertainty with the dimensions obtained from SEM
images. The AFM images also reveal fibrils entangled into larger bundles that give rise
to an intricate network which is responsible for sthe elf-supporting capabilities of the
hydrogel matrix. A closer inspection in Figure 2D reveals coexistence between flat and
rod-like fibers. Heights of flat structures are less than 20 nm, indicating they are
assembled from only a few peptide layers. In Figure 2E, an AFM image froma 1 x 1

um? region allows visualizing fibers at a very high resolution. At this level of detail, the

12



topographic image shows the extensive presence of crosslinking knots between fibers

responsible for holding the network together.

9.0 nm

Figure 2: Microscopy images unveiling morphology features of 1wt/vol% hydrogel
samples, from the micrometer range down to the nanoscale. (A) PLM image displaying
Schlieren texture of nematic mesophases. (B) SEM micrograph showing an intricate
network with locally oriented domains. (C) AFM topography images exhibiting discrete
fibers organized into bundle-like arrangements (dashed circles). (D) Coexistence
between flat and rod-like fibers. (E) Higher magnification image reveals crosslinking
knots (white arrows) that stabilize the hydrogel network.
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Small-angle neutron scattering:

Although the microscopy data presented above provide valuable insights into the
morphology of hydrogels, such measurements were performed on dried samples which
are far from native conditions. To overcome this issue, SANS was carried out to probe
the mesoscale structure of the peptide network under hydrated conditions. SANS
measurements were performed on a 0.96 wt/vol% peptide sample for eight temperature
set points, from 25 °C to 80 °C. In Figure 3A, the double-logarithmic representation of
SANS data reveals a smooth decay scaling with exponents between -1.3 and -1.7, in
agreement with meshed fibrils forming mass fractal arrangements.®®*° Subtle
modifications in the shape of curves are noticed either at low q (i.e., g < 0.2 nm™) or at
intermediate g values (1 nm™? < g < 2 nm™), indicating that conformational changes
appear in the hydrogel matrix upon temperature variation. Full g-range data fitting to the
functional form presented in Eq (1) shows excellent agreement with the experimental
data, as attested by y?.q values displayed in Table 1. In the Kratky representation shown
in Figure 3B, variations between curves are emphasized and this reveals that the degree
of folding of peptide fibrils decreases at higher temperatures. The Kratky plots show
hyperbolic-shaped profiles, the product 1(q) x g2 steeply rising with g, consistent with
unfolded fibers.*! This behavior is due to thermal fluctuations that likely appear upon

heating.

Model data fitting allowed to quantify the evolution of structural parameters
with temperature, as shown in Table 1. In Figure 3C, the correlation lengths (&) and
Porod exponents (m) from the fits are plotted as a function of temperature. The
parameter § is associated with the mesh size of the hydrogel network. Our data indicate

that the dimension of pores in the matrix follow a near-constant behavior in the interval
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between 25 °C and 70 °C, ranging between 7.5(3) and 9.3(4) nm, which is interpretated
as evidence for thermostability. Above 70 °C, however, & jumps significantly to 17.7

nm, indicating expansion of the hydrogel matrix.

On the other hand, the exponent m, associated with polymer-solvent interactions,
decreased from 1.97(2) at room temperature to 1.73(1) at 70 °C. This behavior suggests
that the solvation state of the peptide network undergoes a transition from theta
conditions at room temperature to good solvent conditions at higher temperatures. At 80
°C, this parameter decreases to 1.51(2), possibly due to collapse of the peptide network.
The correlation length is associated with mesh size whereas the Porod exponent (m) is
related to interactions between solvent and the fibrillar network. Since our data indicate
theta-to-good solvent transitions upon temperature increase, revealing that solvation of
peptide fibers become energetically more favorable, an expansion of the fibrillar
network is also expected to occur. Tryptophan fluorescence has been assessed as a
function of the temperature, and we found that the quantum vyield decreases upon
heating (Figure S2C). These findings suggest accessibility of side chains, which is

consistent with theta-to-good solvent transitions in the hydrogel matrices.

As a whole, the findings derived from SANS are fully consistent with the high
thermostability suggested by inversion tube tests and corroborate with rheology

measurements discussed below.

Table 1. Best fitting parameters from least-square adjustment of SANS data at different
temperature set points.
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25 3.92) 7.5(3) 1.97(2) 0.0269(5) 1.34
30 4.5(3) 8.5(4) 1.85(2) 0.0246(5) 0.95
37 4.7(3) 8.7(4) 1.82(2) 0.0222(4) 1.43
40 45(2) 7.1(3) 1.93(2) 0.0262(5) 1.05
50 5.6(2) 8.9(2) 1.85(2) 0.0254(4) 1.88
60 5.1(1) 8.6(2) 1.79(2) 0.0212(4) 2.30
70 5.3(3) 9.3(4) 1.73(1) 0.0212(2) 2.14
80 9.0(L.0) 17.7(L.7) 1.51(1) 0.0178(3) 1.71
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Figure 3. SANS data from a 0.96 wt/vol% peptide hydrogel, curves collected at
temperature set points ranging from 25 °C to 80 °C. (A) Double-logarithmic
representation of scattering profiles. Solid black lines are data fits according to the
correlation length model shown in Equation (1). Curves have been shifted for clarity.
(B) Kratky plots of fitted curves showing hyperbolic shapes characteristic of unfolded
structures. (C) Fitted correlation lengths (&) and Porod exponents (m) as a function of
temperature. Dashed lines are guides to the eye. (D) Schematic representation of the
morphological changes pertaining to this network of fibers with increasing & upon
temperature increase.

Rheology:
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Rheology experiments were performed to characterize the viscoelastic properties
of peptide hydrogels. Similar to SANS, these assays were carried out using hydrated
samples and therefore allowed structural information to be obtained closer to native
conditions. Firstly, we assessed the dependence of dynamic moduli on oscillatory stress
(o) and identified the existence of a linear regime for ¢ > 10 Pa (Figure S3). Then,
o was kept fixed at 100 Pa in further measurements to ensure linearity of viscoelastic
properties.*? Frequency sweeps of storage (G’) and loss (G””) moduli for a 0.96 wt/vol%
peptide sample are shown in Figure 4A. The first feature noted is that the G’ remains
about one order of magnitude larger than G” across the angular frequency (®) range.
Therefore, we can conclude that the elastic component dominates the rheological
reponse of these hydrogels.**** A smooth increase of G’ with increasing o indicates that
the gel does not have enough time to respond at high frequencies, enhancing elasticity
and confirming a solid-like behavior.*® In addition, the absence of crossover points
between G’ and G” indicates that hydrogels do not break in the m range studied here.
Altogether, the frequency sweep data provide clear evidence that the hydrogel structure
is composed of highly crosslinked elastic networks in agreement with the morphology
images shown in Figure 3. In Figure 4B, measurements of G’ and G” are presented
as a function of temperature between 25 °C and 80 °C. Interestingly, the maintenance of
G’ > G” demonstrates that the elastic component prevails across the temperature ramp,
confirming high thermostability indicated also by tube inversion tests and by SANS
measurements. A slight G’ decrease with increasing temperatures indicates a weakening
of entanglement crosslinking upon heating, but not enough to break the hydrogel
structure. The loss modulus, G”, remains nearly constant across the temperature range
studied. These findings correlate with SANS data, which indicated a transition from

theta to good solvent condition at high temperatures.
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Figure 4. (A) Frequency and (B) temperature sweeps of storage (G”) and loss (G”)
moduli for a 0.96 wt/vol% peptide hydrogel. The frequency sweep was carried out at
25 °C, whereas the temperature sweep was performed at o = 1 rad/s.

Amyloidogenic features and hydrogelation:

We also endeavored to correlate structural information of hydrogels with the
amino acid sequence to provide insight into the origin of hydrogel formation. The
DGRL4sDGW sequence has a triblock design as illustrated in Figure 5A, where a
tetraleucine segment is flanked by more hydrophilic regions at both termini. This
feature conveys a bolaamphiphilic design to the strands and favors self-assembly into
tapes and fibers*-° nanostructures able to form hydrogel networks.! The presence of
fibers with B-sheet conformations as indicated by FTIR and CD led us to test the
hypothesis of amyloidogenic features in the gels. To get further insights into the
supramolecular ordering, we monitored the fluorescence of thioflavin T (ThT) during
the hydrogelation process. The yield of ThT fluorescence is known to increase upon
intercalation in the grooves of pleated B-sheets found in amyloid-like fibers, thus

making this dye a suitable reporter for amyloids.>* In Figure 5B, an increase of ThT
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fluorescence is observed immediately after peptide mixing (blue curve in 5B), the
intensity growing by about one order of magnitude in comparison to control solutions.
Upon hydrogelation, the yield increases further and reaches values 30 times higher than
the control, thus suggesting that the fibers in the hydrogels possess amyloid-like
features. To provide a deeper description of the supramolecular structure, we performed
X-ray diffraction (XRD) on samples dried from a 0.96 wt/vol% sample. The
diffractogram shown in Figure 5C is characterized by six Bragg reflections, including a
very strong peak at repeat distances (d) of 10.8 A, corresponding to intersheet
separation between stacked B-sheets, and a reflection at d = 4.9 A, consistent with
interstrand spacing in anti-parallel B-sheets.>? The set of Bragg peaks found in the
diffractograms is characteristic of an orthorhombic unit cell with lattice parameters a =
34 A, b =11 A, and ¢ = 9.7 A, depicted in Figure 5D. The organization into
orthorhombic configuration is often found in amyloid structures.®*** In this
configuration, DGRLsDGW strands are oriented anti-parallel, and tetraleucine cores of
adjacent chains appear aligned with each other. Arginine and aspartic acid residues of
neighboring strands also align with each other, and the self-assembly is likely stabilized
by electrostatic attraction between oppositely charged groups in these side-chains. In
addition, C-terminal tryptophans are located next to N-terminal aspartic acids and may
establish ion-m interactions. Measurements carried out to probe the microenvironment
of tryptophan residues during the hydrogelation process indicate fluorescence
quenching (Figure S2A), consistent with ion-rt interactions between tryptophan indole
and aspartic acid side chains in adjacent strands.>® Putting the findings above together,
our data indicate that, except for glycine spacers, all amino acids in DGRLs.DGW
cooperate in the molecular self-assembly process. Moreover, this combination of

leucine-driven hydrophobic effect, arginine/aspartic acid electrostatic attraction, and
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tryptophan/aspartic acid ion-m interaction makes ordering into amyloid structures highly
favoured. Thus, we hypothesize this high propensity to self-aggregate into amyloid
fibers is on the basis of the relatively low hydrogelation concentration of DGRLsDGW
and the high thermostability demonstrated by the resulting gelled matrices. With these
characteristics, a small amount of peptide is sufficient to produce a high number of
fibers that form dense and very cohesive networks through entanglement crosslinking of

their fibril constituents (Figure 5E).
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Figure 5. (A) Structure of the DGRL4sDGW peptide highlighting the different blocks of
amino acids. (B) Fluorescence spectra from samples containing thioflavin T showing
the growth of fluorescence upon peptide self-assembly and hydrogelation. (C) X-ray
diffractogram from stalks dried from a 0.96 wt% hydrogel. The inset shows both

experimental and predicted peak positions along with Miller indices that are consistent
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with an orthorhombic unit cell. (D) 3D model of the unit cell derived from X-ray data.
(E) Schematic illustration of the anti-parallel assembly of fibrils and their entanglement

crosslinking responsible for the formation of hydrogelled matrices.

Interaction with fibroblasts and carcinoma cell lines: NIH3T3 cells have been cultured
on hydrogel substrates to investigate the effect of these hydrated matrices on both
cytotoxicity and the topology of cellular distribution. NIH3T3 are fibroblast models
widely used to investigate the interaction between cell membranes and hydrogel
matrices.>®>” In addition, these cells do not exhibit a propensity to aggregate into
spheroids, thus making them suitable models for investigating this aspect in our gels. In
Figure 6A, confocal fluorescence microscopy images show the morphology of the
culture after 24 hours and 72 hours of incubation in the gels. In the first row,
micrographs from uncoated plates display the characteristic morphology of fibroblasts
with cells spreading across the surface. The cells exhibit esterase activity, as attested by
calcein-AM fluorescence, indicating maintenance of viability on the surface of
hydrogels.®®*® The reddish phalloidin colour reveals the distribution of actin filaments
in a 2D network linking cells to each other.%® In contrast, cells cultured on hydrogel
substrates, shown in the second row, are found assembled into spheroids where groups
of cells appear aggregated. At this time point (24 h), it is possible to observe the
coexistence of cells showing adhered 2D morphology along with groups of cells
interacting with each other and giving raise to colonies and spheroids (see SI_videol).
The calcein-AM fluorescence appears very intense, indicating strong esterase activity,
thus implying that spheroids are formed from viable cells. Interestingly, the morphology
of these assemblies of cells assumes the same grape-like conformations found in breast
cancer cell lines used in the investigation of spheroid models.®! The formation of

spheroids is ascribed to the reorganization of the cytoskeleton and redistribution of cell-
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to-surface and cell-to-cell interactions. An essential component for this process is
filamentous actin (F-actin), a protein that is already linked to the self-assembly of cells
in spheroid aggregates in other tissues.®> On closer inspection, Figure 6B, the three-
dimensional structure reveals that at this stage spheroids gather cells into cohesive
groups with diameters of a few tens of micrometers. Reconstructions from confocal
planes along the z-direction show that NIH3T3 cells stack up on top of each other,
forming 3D agglomerates (see Fig. S4 and Sl_video2). Figure 6C shows a 3D
reconstruction of a grape-like spheroid. At this level of detail, it is possible to observe
the presence of membrane projections that may anchor the assembly on the substrate.
Therefore, our data suggest that DGRL4sDGW hydrogels may promote cell-cell adhesive
forces that induce 2D to 3D morphogenesis.®® We hypothesize that trimeric functional
groups at both ends of peptide strands play a relevant role for this cell behavior since
the N-terminal DGR sequence is part of adhesion motifs in osteopontin proteins® and
the DGW tripeptide has been reported to show affinity for fibronectin receptors.?° In
this case, these tripeptides could stimulate membrane receptors related to fibronectin
fibrillization, favoring cell-cell interactions.%% At 72 h, cells are still viable and are
found to proliferate confirming the low cytoxocity of the gels; however, cells appear
grouped into large colonies and a remarkable grape bunch morphology is observed
(third row in 6A). These bunches appear to segregate and cell groups are spread across
the substrate (Figs. S5-S7). At 120 h, the population of spheroids adhered to the
hydrogels is reduced, indicating disengagement of these aggregates from the gels (Fig.
S5 and S8). These observations indicate decrease of cell-cell interaction, similar to
observations found in grape-like spheroids obtained from brest cancer cells.5! Therefore
the DGRL4sDGW hydrogels are capable of inducing clear tumor-like features in non-

carcinoma fibroblast cells.
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Figure 6: (A) confocal micrographs from NIH3T3 cells after 24 h and 72 h incubation:
in the first row, control cells seeded on uncoated substrates exhibit the usual fibroblast
2D morphology. In the second row, cells cultured on 0.96 wt/vol% peptide hydrogels
appear assembled into spheroids after 24 h. In the third row, cells cultured on hydrogel-
coated surfaces proliferate into large colonies after 72 h. (B) magnified images of grape-
like spheroids (24 h). (C) 3D view of a grape-like spheroid (24 h) revealing projections
used to cell-cell and cell-substrate interaction.

We also investigated morphogenic effects of hydrogels on HelLa carcinoma
cells. In Figure 7A and B, confocal images reveal that cells grown on the surface of

hydrogels appear organized into grape-like spheroids, similar to results found in the
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non-carcinoma NIH3T3 cells. Indeed, data from plates partially coated with the
DGRLsDGW matrix reveal strong capacity of the peptide to induce cell-cell interactions
in this lineage. Again, the successful calcein-AM staining of colonies and spheroids
reveals cell viability, whereas changes in the distribution of the phalloidin fluorescence
indicate reorganization of actin filaments in the cytoskeleton (Figure 7C). Cells on
peptide-coated zones are observed side-by-side with their counterparts on untreated
substrates, and the contrast between the 2D morphology of HelLa on uncoated surfaces
and the presence of cell colonies and grape-like spheroids in the hydrogels is clear
(Figure 7D). It is interesting to note that cells on either the uncoated substrate or the
hydrogel surfaces shared the same culture medium; therefore, induction of spheroids is
mediated by the interfaces between cell membranes and the hydrogel surface, and not

by secretion signals released in the culture medium.

Hydrogel iy ‘ 20um | Hydrogel eoating
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Figure 7: HelLa cells cultivated for 24 h on (A) uncoated substrates and (B) hydrogel
surface. (C) and (D) Cells observed side-by-side on untreated substrates (upper) and on
hydrogel-coated surfaces (bottom). The dashed line delimits the boundary between
hydrogel and uncoated surfaces.

CONCLUSIONS

We have presented a detailed investigation of hydrogelation properties and assembly
from the nano- to micro- scale of supramolecular hydrogels built from a self-assembling
decapeptide. The peptide was designed with a triblock architecture, with a hydrophobic
tetra-leucine core conjugated to fibronectin-related tripeptides at both ends of the
sequence. We demonstrated that this unique design makes the peptide an efficient
gelator and enables the resulting hydrogels to induce morphogenesis of tumor-like
spheroids either in HeLa carcinoma cells or in non-carcinoma NIH3T3 fibroblasts. The
DGRL4sDGW peptide was found to form stable matrices enclosing large amounts of
water at values >99% wt/vol%. Interestingly, the gels exhibit remarkable
thermostability and their self-supporting capabilities are retained up to temperatures
higher than 80 °C. Ultrastructural examination revealed that the matrices are composed
of highly intertwined networks with amyloid-like fibrils crosslinking to form porous
meshes at the nanoscale. In situ neutron scattering measurements indicated theta-to-
good solvent transitions in the regimen of peptide-water interactions upon heating,
leading to the development of peptide fibrils and the growth of pore sizes. The
hydrogels were also tested regarding their interaction with NIH3T3 and HeLa cells and
found to induce the formation of tumor-like assemblies, with morphogenesis into grape-
like cell spheroids. These features are likely to result from the morphologenic features

of DGRL4DGW, since spheroid morphogenesis has been observed for NIH3T3 cells, a
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fibroblast lineage which is unlikely to form tumor-like structures, as well as HeLa cells.
This effect is probably a consequence of the tripeptide groups appended to the ends of
the decapeptide strands, which are fibronectin epitopes. These groups likely stimulate
membrane receptors that activate cell-cell interactions which in turn trigger 3D
assembly. The matrices are able to sustain cell viability and grape-like spheroids
produced from fibroblasts remain stable for periods of at least 72 h, similar to
observations found in spheroids produced with breast cell lines.5! In summary, the
results presented here demonstrate that this type of triblock peptide design may be
suitable for designing peptide gelators to produce highly stable matrices endowed with

cell modulation capabilities.

SUPPORTING INFORMATION

HPLC-MS data, tryptophan fluorescence, rheology characterization, additional cell
imaging, Sl _videol: z-scan from NIH3T3 spheroid, SI_video2: z-scan from adhered NIH3T3

cells morphing into spheroid, SI_vide3: z-scan from HeLa spheroids.
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