Urea-Modified Self-Assembling Peptide Amphiphiles That Form
Well-Defined Nanostructures and Hydrogels for Biomedical
Applications

Huihua Xing,[@ Alison Rodger,! Jeffrey Comer,©l Agustin S. Picco,! Cristian Huck-Iriart,'®!
Edward L. Ezell, [ Martin Conda-Sheridanl"

& College of Pharmacy, University of Nebraska Medical Center, Omaha, NE 68198, USA
bl School of Natural Sciences, Macquarie University, Sydney, NSW 2109, Australia
[l Department of Anatomy and Physiology, Kansas State University, Manhattan, KS 66506, USA

I Instituto de Investigaciones Fisicoquimicas Tedricas y Aplicadas, INIFTA-CONICET-UNLP, Diagonal
113 and Calle 64, La Plata (1900), Argentina

] Instituto de Tecnologias Emergentes y Ciencias Aplicadas (ITECA), UNSAM-CONICET, Escuela de
Ciencia y Tecnologia (ECyT), Laboratorio de Cristalografia Aplicada (LCA), Campus Miguelete, 1650)
San Martin Buenos Aires, Argentina.

M Eppley Institute for Research in Cancer, University of Nebraska Medical Center, Omaha, NE 68198,
USA

Email: martin.condasheridan@unmc.edu
Phone: +1 402-559-9361

KEYWORDS: hydrogen bonding, peptide amphiphiles, nanostructures, self-assembly, hydrogel, 3D cell
culture



ABSTRACT

Hydrogen bonding plays a critical role in the self-assembly of peptide amphiphiles (PAs). Herein,
we studied the effect of replacing the amide linkage between the peptide and lipid portions of
the PA with a urea group, which possesses an additional hydrogen bond donor. We prepared
three PAs with the peptide sequence Phe-Phe-Glu-Glu (FFEE): two are amide-linked with
hydrophobic tails of different lengths and the other possesses an alkylated urea group. The
differences in the self-assembled structures formed by these PAs were assessed using diverse
microscopy, NMR, and dichroism techniques. We found that the urea group influences the
morphology and internal arrangement of the assemblies. Molecular dynamics simulations
suggest that there are about 50% more hydrogen bonds in nanostructures assembled from the
urea-PA than those assembled from the other PAs. Furthermore, in-silico studies suggest the
presence of urea—rn stacking interactions with the phenyl group of Phe, which results in distinct
peptide conformations in comparison to the amide-linked PAs. We then studied the effect of the
urea modification on the mechanical properties of PA hydrogels. We found that the hydrogel
made of the urea-PA exhibits increased stability and self-healing ability. In addition, it allows cell
adhesion, spreading, and growth as a matrix. This study reveals that the inclusion of urea bonds
might be useful in controlling the morphology, mechanical and biological properties of self-

assembled nanostructures and hydrogels formed by the PAs.




Introduction

The spontaneous organization of molecules (self-assembly) enables the bottom-up
fabrication of supramolecular structures with diverse and unprecedented properties.3
Such structures can have applications in the energy, chemical, biomedical, and
pharmaceutical industries.5>” Amino acids are one of the most attractive building blocks
for such systems due to the chirality and physicochemical diversity of their side chains,
which allows the control of the stereochemistry, morphology, and electronic properties of
the obtained nanostructures.® 4 &1 An intriguing class of amino acid-derived molecules
are the peptide amphiphiles (PAs): short peptide sequences covalently conjugated to an
alkyl tail. PAs can assemble into nanostructures with diverse applications.* % 711,12 Tg
design PA nanostructures tailored to specific applications, it is key to understand and
exploit the intermolecular interactions involved in PA assembly.

A seminal report by Hartgerink and co-workers studied the role of hydrogen bonds (H-
bonds) in the self-assembly of PAs.'® They found that H-bonds near the core of the
nanostructure dictated the morphology of the assemblies. Later, Stupp’s group illustrated
the correlation between H-bonding and nanofibers-stiffness.!* His group found that PAs
forming twisted or disordered B-sheets have weaker H-bonding patterns, which result in
low stiffness, when compared to PAs that form ordered B-sheets. H-bonding also plays
an important role in the length and stability of PA nanofibers.'3 1517 The same group
showed that strong intermolecular bonds decrease the cell death caused by the disruptive
interaction between PAs and cell membrane.’

Furthermore, PA nanofibers can be formulated into hydrogels with diverse biomedical
applications including drug delivery'®-29 and tissue engineering.?1-23 Stendahl et al. have
demonstrated that the strength and stiffness of PA nanofibers and the presence of
crosslinks are critical to tune the mechanical properties of these gels.?* Although the
importance of H-bonding in self-assembly has been clearly established, strategies to
strengthen H-bonding have been limited to exchanging or adding/removing amino acids
residues. Thus, it is desirable to design a strategy that allows to tune the properties of PA
nanostructures while minimally modifying the peptide backbone.

Urea is used to unfold proteins due to its strong H-bonding properties.?® Earlier reports

from Fowler, Lauher and their groups studied the self-assembling properties of urea-



modified dicarboxylic acids.?6?8 They found those molecules formed self-assembled
systems (“molecular solids”) that display organized p-sheet networks — by themselves
and also in combination with a second molecule. Later, Drummond and co-workers
prepared N-alkyl substituted ureas that form thermodynamically stable lyotropic liquid
crystalline phases.?® Notably, the melting point of the assemblies was independent of the
alkyl chain length due to the urea H-bond interactions dominating the thermodynamics.?®
The group of Feringa designed a chiral bis(urea) amphiphile, whose morphology can be
programmed to assemble into flat sheets, helical ribbons, and twisted ribbons.3° These
nanostructures also showed thermo-responsive behavior.3!

Among the common amino acids that can be included in the PAs’ molecular structure,
phenylalanine (F), tyrosine (T), and tryptophan (W) are intriguing to study because their
aromatic side chains can participate in n—r interactions.®? The literature shows that the
presence of aromatic side chains affects the supramolecular morphology, and the
physicochemical and biological properties of peptide-based assemblies.?3 3338 Further,
the interplay of n—n interactions, hydrophobic collapse, and H-bonds®® can be used to
create twisted ribbons,*® nanotubes,** and nanobelts.*? In the field of PAs, Guler et al.
prepared and characterized the PA of formula [Ci2]F2H2 ([Ci2]= lauryl side chain; H =
histidine). They demonstrated this PA forms super-helical assemblies at neutral pH while
transmission electron microscopy (TEM) confirmed the presence of elongated twisted
nanostructures.*? In another study, the same group assessed the effect of PAs containing
the FF motif on cell behavior.#* They found that the PA of formula [C12]F2AGK2-NH2 (A =
alanine; G = glycine; K = lysine) forms twisted nanofibers that reduce osteogenic
differentiation of stem cells while favoring chondrogenesis when compared to PAs where
the F is replaced with valine (V).

Based on these precedents, we decided to investigate the effect of adding a urea group
into the molecular structure of Phe-based PAs. Our hypothesis was that the presence of
the urea functionality would influence the physico-chemical and biological behavior of the
PA nanostructures due to the additional H-bonding capability. Indeed, molecules
containing urea groups can form bifurcated H-bonds involving the two NH donors of one

molecule and the carbonyl oxygen of the next molecule (Figure 1A).%°
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Figure 1: A) Urea modified PA backbone (lines indicate H-bonds). B) Chemical structures of 3 PAs, from
top to bottom: PA 12, PA 14, and PA U.

Figure 1B shows a urea-modified PA of formula [Ci2]UF2E2 (U, the urea group was
placed between the lipid and the peptide portion). Three controls were designed to
distinguish the effect of H-bonds and van der Waals interactions. First, we prepared
[C12]F2E2 (12), which has a lauric acid tail containing the same number of carbon atoms
on the alkyl chain as U. Next, we designed [Cis]F2E2 (13), which contains the same
number of carbon atoms adjacent to the peptide sequence. Finally, we prepared [C14]F2E2
(14) with a myristic acid segment that possesses the same number of heavy (non-
hydrogen) atoms adjacent to the peptide sequence. We studied the supramolecular
morphology of the nanostructures using transmission electron microscopy (TEM) and
atomic force microscopy (AFM), and the behavior of the nanostructures in the solution
was obtained by Small-angle X-ray Scattering (SAXS). Then, we used NMR, infrared
absorbance (IR), linear dichroism (LD), and circular dichroism (CD) to understand the
molecular arrangement. The experimental results were supported by computational
models that give a detailed picture of the nanostructures at the atomic level, including the
number of H-bonds per PA molecule within nanostructures and the orientation of the Phe
side chains helping us to interpret the experimental results. Rheometric studies were
performed to study the effect of H-bonds supplied by the urea motif on the mechanical
properties of PA hydrogel, and cell viability experiments were performed to demonstrate
the interaction between PA materials and cells.

Experimental section
Synthesis and characterizations: All PAs were synthesized using standard Fmoc

solid-phase peptide chemistry on a 0.3 mmol scale on Fmoc-Glu(OtBu)-Wang Resin. The



couplings of amino acids and hydrophobic tails were done following our previous paper.*6
U was synthesized by coupling the peptide segment to a dodecyl isocyanate molecule (8
equivalent) with DMSO/DMF=1/1. The obtained molecules were purified and
characterized as reported but with a solvent mixture of acetonitrile and water; both
containing 0.1% ammonium.*® 47 The mass was confirmed by MALDI (Bruker Autoflex
maX). The organic solvent was removed, the samples were frozen and lyophilized
(FreeZone, Labconco) after adjusting pH to 7.0 (0.1 M HCIl and NaOH).

Preparation of Molecular Assemblies: Lyophilized PAs were dissolved in HPLC
grade water/buffer to the concentration required by the experiment (usually 1 mg/mL, see
below). The samples were annealed at 80°C for 2 h (isotemp hot plate, Fisher Scientific
or spectrometer heating unit), and slowly cooled to room temperature and aged before
testing. The final pH was confirmed by a pH meter.

Atomic Force Microscopy (AFM): PA samples (1 mg/mL) were deposited on
aminopropyl silatrane (APS) mica and scanned according to the protocol in our previous
paper.*’

Transmission Electron Microscopy (TEM): The PAs were prepared to give a final
concentration of 1 mg/mL and aged for the required time before the experiments. The
operation followed the protocol described in our previous work.*®

Small-angle X-ray Scattering (SAXS): SAXS data were collected on BioSAXS/HP-Bio
beamline ID7A at Cornell High-Energy Synchrotron Source (CHESS). The X-ray beam
was collimated to 250 x 250 um and the sample-to-detector distance was ~2 m. PA
solutions prepared at 5 mg/mL were aged overnight before the scanning. The data was
collected by a Dectris Eiger 1M detector.

Infrared absorbance (IR): IR spectra were measured in solution, with a Jasco FTIR-
6700 spectrometer (Hachioji, Japan) with a TGA detector, or as fibers deposited on Glad
Press’n Seal PE film that has been oxidized in a Plasma Asher for 30 s and stretched
two-fold further in the manufacturer’s stretch direction, with a Jasco FVS-6000 vibrational
circular dichroism instrument (Hachioji, Japan) with an MCT detector.

Circular Dichroism (CD): CD studies were performed in a J-815 Jasco Circular
Dichroism Spectropolarimeter (Easton, MD) or a Jasco J-1500 spectropolarimeter

(Hachioji, Japan) with a 0.1 mm quartz demountable or 1 mm and 1 cm fixed pathlength



cuvette from 25-90 °C. The parameter sets used were either a wavelength range of
190-300 nm with a scan speed of 50 nm/min in continuous scanning mode, a data pitch
of 0.1 nm, a response time of 1 second, and a bandwidth of 1 nm or 180-300 nm, 100
nm/min, 0.2 nm, 1 s, and 2 nm respectively. Water was used as the reference (blank),
and five scans were recorded for each PA. PA solutions were prepared at various
concentration (0.1 mg/mL - 1 mg/mL) based on the experiment’s requirements.

Linear Dichroism (LD): LD was measured as a 1 mm path length Couette flow cell 48
using the same parameters as the 100 nm/min CD measurements and rotating at 1000
rpm for the sample measurement and O rpm for the baseline measurement. PA solutions
were prepared at 0.1 mg/mL, followed by the annealing step.

Nuclear magnetic resonance (NMR): Data was obtained on a Bruker 600 MHz
Avance lll HD spectrometer equipped with a 5mm 3-channel (CHN) cryoprobe and Z-
gradient pulsing. Samples of 12 and U (10 mg/mL) were dissolved in H20/D20 (90%:10%)
and maintained at 25 °C during data acquisition.

Peptide Gelation: A 10 mg/mL solution of PA was prepared by dissolving the
lyophilized powder in HPLC grade water and sonicated to obtain the clear solution. After
annealing at 80°C, cooled to room temperature, CaClz solution (160 mM) was added to
promote the gelation.

Scanning Electron Microscopy (SEM) characterization of hydrogel: PA solutions
were prepared at 10 mg/mL at neutral pH, annealed and aged overnight. 160 mM CaCl:2
was added to PA solution for the gelation on the surface of a plastic coverslip. Resulted
hydrogels were then dried under vacuum. Samples were imaged at 30 kV in an FEI
Quanta 200 SEM.

Rheometry study for hydrogels: Rheological measurements were taken by a hybrid
rheometer DISCOVERY HR-2 (TA Instruments) with a flat plate, 20MM. Approximately
300 pL of gel solution was placed on the steel parallel plate geometry and let for 10 mins
for gelation. A strain sweep was performed at 25 C and 10 rad/s from 0.01% to 100%
strain. 0.1% strain was selected to perform the frequency sweep ranging from 0.1 to 100
rad/s. Time sweep was performed using 10 rad/s and 0.1%/100% strain. In the shear and
recovery test, after 15 mins equilibrium with 0.1% strain, 100% strain was applied to the



gel for 5 mins to break the gel, followed by reducing the strain again to 0.1% over 20 mins.
The phase angle was kept below 90°.

Metabolism study: For the human serum stability studies, PAs (2 mg/mL) were
incubated in serum (50 v/v%) over 24 h in a shaking incubator (37 °C and 75 rpm). At
selected time intervals 0, 15, 45, 90, 120, 720, and 1440 min, 100 pL aliquots were taken
to be heated to 80°C for 1 min to destroy the proteins subtracted and quenched with 100
pL of methanol (containing a standard compound) and centrifuged at 12,000 rpm
(Eppendorf Centrifuge, USA) for 5 min. An aliquot of the supernatant (70 pL) was
removed for analysis using HPLC. The stability results were expressed as % of PA
remaining vs time. The calculations were performed as % parent remaining at select time
points relative to 0 min (100% parent).

Cell culture: All cell lines were cultured using ATCC protocols and passages 3-8 were
used for all of the experiments. The cytotoxicity was accessed by XTT and LDH release
(Promega CytoTox 96® Non-Radioactive Cytotoxicity Assay) tests.

2D cell culture: The plate was treated with 0.01% (w/v) poly-D-lysine for 1 d at room
temperature, followed by washing three times with H20. To make an evenly distributed
hydrogel, as well as avoid bubbles during the procedure, we made the hydrogel directly
inside the plate. A thin layer of 160 mM CacCl:z solution was added on the bottom, then the
PA solution (10 mg/mL) was added on the top to form a thin layer of hydrogel. The solution
residue was removed. The PA-coating plate was incubated at 37°C overnight. SH-SY5Y
suspension of density 5 x 10* was seeded on the PA-coating treated plate and were
incubated for 48 hours. Calcein AM and Hoechst 33342 were diluted with PBS to make a
final 1 M mixture solution. The cells were stained by the mixture for 15 mins at 37°C.
The dye was removed, and PBS was added for 60 mins before imaging (Zeiss LSM 800
with Airyscan Confocal Microscope). The spreading area and perimeter of cells on each
PA hydrogel were measured by Fiji ImageJ, and at least 25 cells were analyzed.
Statistical analysis was performed using Prism 9. Other alternatives for culture can be
found in SI.

3D cell culture: Cell suspension of density 5 x 10* was mixed with PA solution (10

mg/mL) and added to the plate which was covered by 160 mM CacClz solution. The residue



of the salt solution was removed and washed with PBS. The medium was added to cover
the gels and the plate was incubated at 37°C with 5% COs..

Results and discussion
1. Morphology of PA nanoassemblies

The PAs were synthesized, and the nanostructures prepared as detailed in the
experimental section. The micrograph of 12 (Figure 2A) shows wide nanoribbons (width
= 95 + 31 nm). Other supramolecular structures, possible nanotubes, are observed by
TEM (Figure S1). The nanoribbons flip, tilt and entangle with other nanoribbons indicating
a high degree of flexibility. Some of these nanostructures seem coiled while others are
flat. Similar nanostructures were observed by Cui et al., who found that narrower ribbons
stacked together to form multi-layered structures, which they called nanobelts.*?
Interestingly, molecule 13 formed nanoribbons with less twisting and smaller width; 25 +
5 nm (Figure S2). Burnett et al. have reported that an odd number of carbon atoms in the
alkyl chains (next to the aromatic component) has an influence on twisting.*® This could
be an explanation for the observed morphology, which is different from 12 and 14. Thus,
due to the unclear odd-even effects, only 12, 14, and U were studied in this report.*°
Molecule 14 assembled into similar nanostructures (width = 91 + 21 nm, Figure 2B) but
present flat construction. The micrographs show stacks of belts (clear images can be
seen in AFM and SI ref to figs), which cause large standard deviations (STD) on the
measured widths. Figures S3A, B shows separated (individual) twisted ribbons at the
end of the nanobelt, indicating the transition of these supramolecular structures.
Intriguingly, U (Figure 2C) forms highly twisted and well-defined nanoribbons when
compared with 12 and 14. Figure S4 shows the presence of single and multi-strand

ribbons (average width = 20 £ 3 nm), which are composed of two or more single ribbons.

AFM also shows that 12 forms nanobelts with widths of 117.9 + 26.0 nm and thicknesses
of 12 + 1 nm (Figure 2D). The AFM height profiles suggest the coexistence of stacked
flat belts, coiled belts, and fused belts (these structures may be precursors to nanotubes,
Figure S5). Molecule 14 assembles into flat nanobelts that are 85 + 35 nm wide and 20
+ 3 nm thick (Figure 2E). The data suggest 14 is composed of additional stacks of

nanobelts when compared with 12. AFM height profiles further suggest the notion of a



multi-layered nanobelt pattern for 14 (Figure S6). The thicknesses of nanostructures
formed by 12 and 14 are greater than those reported for a PA with an interlocked peptide
bilayer (=4.7 nm),*? further endorsing the notion of stacks. In contrast, U shows fairly
uniform-sized twisted structures (Figure S7, average width = 14 £ 1 nm, calculated by
the equation: W = S sin y, details shown in Sl). Thus, the AFM and TEM results (both with
dried samples) are consistent with each other: 12 and 14 form wide nanobelts while U
forms twisted ribbons. Figure S8 shows the fiber stiffness obtained by AFM Quantitative
Nanomechanics (QNM), which 12 and 14 possess higher stiffness than U. However, the

twisting of U and stacking structures of 12 and 14 influence the data.

As reported by the Nyrkova’'s and Stupp’s groups, twisted S-sheets laterally stack into
linear structures. Thus, a flat nanobelt can be obtained when there is sufficient lateral
adhesion energy to untwist PA sheets, but this effect depends on the concentration and
complementary interactions of the peptide side chains.®? In the case of 12 and 14, at
neutral pH, the COOH groups on the glutamate side chains are partly deprotonated (there
is a pKa shift due to proximity of the carboxylates in the assembly).>! The hydrophobic
collapse of alkyl tails and 11 stacking compensate the elastic penalty of untwisting peptide
sheets, resulting in 2D structures via lateral growth.#? A coiling tape mechanism and
helical lamellar mechanism of aromatic PAs have been studied by others.3? Compared to
12, 14 shows a greater amount of planar multi-layered nanobelts than single coiled bilayer
nanobelts, owing to the stronger hydrophobic collapse provided by longer alkyl tail. Clear
stacking can be seen in the TEM and AFM images (Figure 2B and E, layers indicated by
arrows). However, U assembles into narrower well-twisted ribbons, which may be due to
the limitation of lateral growth by the helicity.®? Considering that U has a similar alkyl tail
length and the same number of aromatic side chains as the other PAs, the dramatic
difference in morphology can be ascribed to the urea motif. The critical lateral growth
promotor, T stacking, is affected by the urea motif, resulting in twisted peptide sheets.
This hypothesis is supported by computational simulations (see below in Section 3). A
plausible explanation for this effect is that urea increases the stability of the assemblies,

discouraging untwisting and the subsequent formation of larger nanostructures.
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Figure 2. Morphology of PAs assembled in water at 1 mg/mL aged for 1 day. The left panels (A and D)

show the nanostructures of 12, while the middle panels (B and E) show the nanostructures of 14, and the

right panels (C and F) show the nanostructures of U (scale bars 500 nm). The light area shows greater

height compared to the dark area, which indicates the multi-layered structures caused by twisting or

stacking. G) SAXS patterns in the log-log scale of, from left to right, PA 12, 14, and U respectively.

Table 1. Nanostructure’s width, height, and standard deviation measured from TEM and AFM images.

TEM (nm) AFM (nm)
Width Width Height
12 95+ 31 118+ 26 12+1
14 91+21 85+ 35 203
U 20+ 3 17+ 3 5+0




The drying process in both TEM and AFM may affect the morphology of the samples,
such as aggregation and/or a stepwise increase in thickness due to the changes in the
concentration of the molecules and the changes in surface tension of the solvents.>?
Furthermore, the morphology observed by AFM can be affected by the sample-mica
interaction.®® To assess that no artifacts were present, we studied the PA samples in
solution. The SAXS data show that U exhibits more and clear features (e.g. the bumps
above 0.1 A) than the other two PAs. Based on the trend at low angles (slope ~ —2) of
the SAXS curves (Figure 2G), all PAs seem to form 2D nanostructures (i.e. lamella or
wide ribbon structures). The results are compatible with the stacking of two bilayers as
observed in the TEM and AFM, but with an expected smaller width (drying affect).
However, clear differences can be seen between the three PAs.

A simple lamellar model was used to interpret the inner structure of the large
nanostructure shown in the micrographs (twisting and curvatures of the structures were
not considered). The model also accounts for the possible stacking of the lamellas.
Detailed description of the model can be found in the Sl. Fitted curves are shown as solid
lines in Figure 2G. The adjusted parameters (see Table S4) show a molecular length
(half of the thickness) inside the layer between 1.4 to 2 nm which is slightly shorter than
what is expected for the fully extended molecule, suggesting an overlapping of the
hydrophobic tails. The data also show transversal structure factors indicating the stacking
of PA molecules with overall thickness around 6 to 9 nm. The layer thicknesses increase
in the sequence PA 12, 14, U, while the number of stackings is in order 12 < U < 14.

In addition, the electronic contrast increased when going from 12 to 14, allowing for
better differentiation between the head and the tail of the structures. This might be a
consequence of the higher hydrophobicity of 14 compared to 12. In the case of U, its
highest thickness (both single-molecule and overall) may be a result of the intermolecular
position shift caused by the H-bonds and potential urea-1 interactions (see below for
experimental and theoretical analysis). Moreover, it also exhibits an even higher
electronic contrast than 12 and 14 which might be derived from the greater urea H-bonds
potential when compared with the amide group, thus makes the PA head in the

assemblies more compact (evidenced by the increased scattering length).



To further study the intermolecular contacts between individual PAs, 2D NMR NOESY
was performed for 12 and U in D20O/H20 (data shown in Figure S9). Significantly more
cross peaks were seen for U than for 12, suggesting higher compactness (in accord with
the SAXS results). The large number of cross peaks in U also be correlate with the

observed high twisting, which positions the atoms in close proximity to each other (<5 A).

The morphological studies demonstrated the critical role of the urea motif in stabilizing
the twisted ribbons. We speculate that urea-PA could work as a morphology tuner in a
hybrid nanostructure. Thus, we studied the behavior of equimolar mixtures of U with 12
or 14. TEM shows the presence of U disturbs the nanobelt structures discussed above
and illustrated in Figure S10 for 12 and 14, and promotes the twisting of the assemblies.
This result highlights the role of the stronger H-bonding group on the nanostructures. The
possible reason for these changes may be the twisting angle and weaker 1r-11 stacking
caused by the urea-1r interaction. The insertion of U changes the twisting behavior of 12
and 14, as the angle between F-F is changed. Further, the degree of twisting is decreased
when compared to U by itself. As described by Pashuck et al.,*0 aromatic stacking
rearrangement can lead to a transition from twisted to helical ribbons. Then, we studied
different molar ratios of U/12 and U/14 to understand the relationship between the amount
of U and the twisting behavior of the hybrid. For 12 (left panel in Figure S11), 3 eq. of U
gave the most twisted morphology while the other two ratios exhibit short fibers (blue
arrow). However, for 14 (right panel in Figure S10), 2 eq. of U provides the most mature
nanostructures, while neither of the ratios can induces the same twisting as the U itself.
Assuming that within the nanostructures the mixtures are homogeneous and no sections
of pure U and 12 or 14 are present in an assembly, the data indicate that 0) U has a high
affinity for the other peptides, 1) when the ratio of U is high in the mixtures, the other PAs
start to become the disruptor and/or aggregate separately to form short fibers; 2) 12 takes
more U to reach a stable morphology status but can be tuned totally by U when compare
to 14, perhaps to its weaker intermolecular cohesion when compared to 14. Thus, a
profound change in nanostructure morphology occurs only by substituting amide with

urea.

2. Spectroscopic characterization of the nanostructures



We used IR to investigate the secondary structure of the fibers. All three PAs form (-
sheet amyloid-type fibers, (Figure 3A) as shown by their sharp peaks in the B-sheet
region.>* %5 PAs 12 and 14 have the amide | peaks at 1632 cm~ whereas this peak in U
is somewhat broader and weaker, occurring at 1638 cm=1. The amide Il bands of 12 and
14 occur at 1544 cm™, midway between published positions for oligomers (1532 cm™)
and fibers (1553 cm™).5° For U, this band occurs at 1564 cm~. The distinct spectrum for
U is partly due to the presence of the urea chromophore, but the wavenumber shift to a
value larger than the published value for fibers indicates a different local B-sheet fiber
structure.®® It has been reported that a redshift occurs in the amide | region with increasing
stability of the H-bonding network. However, in our case, a possible reason for the
opposite shift is that individual intermolecular H-bonding is weakened by the twisted
arrangement (larger intermolecular space). Meanwhile, there is still one more potential
intermolecular H-bond in U than the other two PAs. Attenuated total reflection (ATR)
solution measurements gave similar (though weaker, data not shown) spectra to the
samples dried onto stretched films. Computational studies (see below) suggest U has 1.4
times more H-bonds than 12 and 14. In summary, 12 and 14 have uniform B-strand
structures with positions consistent with an amyloid cross- structure and no other
structures; U has a slightly broader signature, presumably due to the addition of the urea
chromophore, but it is still a very narrow band compared with normal protein IR
suggesting a tight uniform B-structure.

Linear dichroism (LD) spectra (Figure 3B) show the presence of elongated structures
immediately after annealing. Solutions of 14 were cloudy and exhibited significant
scattering (sloping signals outside any absorbance band) which increased with time.
Scattering for 12 and U was evident after 3 hours. All three samples have a small positive
shoulder band at about 218 nm, a positive peak at 204 nm, and negative signals at about
190 nm. The 204 nm peak indicates the carbonyl chromophores of the amide bands are
oriented along the flow direction as expected for an amyloid-type fiber.5-%1 U also has a
clear negative band at 237 nm due to a transition perpendicular to the axis of the
elongated nanostructure. 3 hours later, only the 190 nm region retains an obvious
negative signal for all nanostructures, though the other bands may be present under the
positive scattering signal which has grown significantly, in accord with significant fibre



growth in size. The 237 nm peak seen for U may be related to the urea chromophore’s
presence, though after 3 hours, 12, 14, and U all have a very small band at =232 nm,
which is polarized perpendicular to the T—1* carbonyl transition at 204 nm suggesting it
relates to a coupling between phenyls and carbonyl chromophores. The absorbance (i.e.
non scattering) contribution to what is measured indicates a constant amyloid-f3 local
structure for all the fibers. Due to the lack of LD intensity at 220 nm where a positive and
negative intensity LD signal cancel, no 208 nm band (which is usually seen as a dip for

an alpha helical structure) and a large positive signal just above 200 nm.5": 62
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Figure 3. A) IR spectrum of the stretched films of dried samples. B) UV LD of PAs at a concentration of
0.1 mg/mL immediately after annealing and 3 hours later. All samples were prepared at pH 7.

We then measured 0.1 mg/mL PA solutions by CD with 1 mm and 1 cm path length
cuvettes (see Figure S12), to understand the chirality of the nanostructures. The smaller
path lengths showed little or no change in CD shape over time whereas the 1 cm showed
variable spectra at long time which we assume to be due to larger structures being
present or absent from the light beam and having very different scattering profiles overlaid
on the CD spectra. The magnitudes of the spectra are all larger than normally expected
for solution CD spectra suggesting contributions from chiral macrostructures as well as
simple light scattering. 12 (left panel of Figure S12) shows similar signature peaks for the
1 mm and 1 cm pathlength cuvette spectra though gains a scattering contribution and
changes to have a large negative peak at about 215 nm after a few hours. Directly after
annealing, both 1 cm and 1 mm pathlength cuvettes show a 222 nm positive shoulder, a
216 nm dip in intensity (which given the absorbance is probably a negative CD signal), a
205 nm positive peak. The signs and positions are consistent with a -sheet dominated

structure. The spectra vary between the two conditions and with all repeat runs show the



same type of spectrum but at different time points. 14 (middle panel of Figure S12) shows
the greatest difference from the 12 spectrum (immediately after annealing and even
before the annealing step), and the CD signal is dominated by scattering (giving large
sloping baselines). It also shows great variability with time especially in the 1 cm path
length cuvette. The most striking feature about the U spectra, compared with the others,
is that they are consistent over time (showing a small increase in intensity) and path length
(right panel of Figure S12). Thus, the U fibers keep their initial local structure during the
experiments. This can be explained by the fact that the stronger H-bond leads to
thermodynamically favored supramolecular assembly more quickly.

The electronic CD indicates that 14 immediately forms large fibers and 12 more slowly
forms the same structures (on the length scale of an electronic coupling). 12 and U begin
with similar spectra which U retains (though its scattering component increases). Longer
time 12 and 14 electronic CD spectra vary inconsistently which we deduce to be due to
the formation of large structures which gradually precipitate to be replaced by others.
After sometime , small but clear phenylalanine CD bands are evident between 260 nm
and 270 nm which are negative for 12 and 14 but positive for U indicating opposite

average F-F twist angles in the two types of structures.

3. Molecular simulations of PA assembly

The nanostructures shown in Figure 2 are too large to be simulated at the atomic level
with current technology. Nevertheless, molecular dynamics (MD) simulations can still
yield information regarding how atomic-scale interactions in the PAs affect their self-
assembly from monomers. We studied the self-assembly of the three PAs (12, 14, U) in
solution using a constant-pH algorithm at pH 7.4.6% At the beginning of each simulation,
64 PA molecules were randomly distributed in the fully protonated (electrically neutral)
state. At pH 7.4, they rapidly deprotonated while coalescing into aggregates. After about
40 ns, the average fraction of protonated Glu residues plateaued at 4-5% for all PAs,
while the C-termini were almost fully deprotonated (<0.02% protonation). The final
structures of the aggregates (after 65 ns) are shown in Figure 4A—-C. The overall shape
of the U aggregate was less spherical than the others, which may be linked to the distinct
morphologies shown in Figure 2. Larger scale simulations to better understand this link

will be pursued in future studies. After about 40 ns, the structures of the aggregates



became somewhat stable. The number of H-bonds per molecule is shown in Figure 4D,
revealing a considerably greater (40%—-60%) average number of H-bonds for the urea-
linked PA than for the amide-linked PAs. We expect this increase in H-bonds will translate

to more stable nanostructures.
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Figure 4: Molecular dynamics simulations of PA self-assembly. Structures of PA aggregates formed from
64 molecules of 12 (A), 14 (B), and U (C) in a constant-pH simulation. Explicit water molecules, nonpolar
hydrogen atoms, and Na* and CI™ ions are not shown. The carbon atoms of the aliphatic and peptide
portions of the PAs are shown as gray spheres and green bonds, respectively. Other colors are H, white;
N, blue; O, red. The number of (D) H-bonds and E) Phe-Phe stacks per PA molecule as a function of time
during the constant-pH simulation.

As exemplified in Figure 5A, parallel 3-sheet like structures formed on the surfaces of
the PA assemblies. These B-sheets are associated with H-bonds between amide/urea
NH and O groups along the peptide backbone. While (3-sheet structures appeared for all
three PA types, the urea-linked PA (U) exhibited very different peptide conformations
compared with the amide-linked analogs (12 and 14). As shown in Figure 5B, the (-
sheets formed by 14 were relatively flat and the phenyl groups of the Phe residues pointed
away from the peptide backbone. The side-to-side arrangement of the phenyl groups
precluded 1 stacking between the PA molecules in the same sheet. Similar structures
were observed for 12. In contrast, B-sheet like assemblies of U exhibited frequent urea—

1 stacking interactions,* which principally formed intramolecularly between residue Phe?2



and the urea linker. This interaction, which has been identified in nature, 25 5 s
highlighted in Figure 5C. Owing to this interaction, the backbone of the assembled U

molecules exhibited an = 90° angle between residues Phel and Phe2. This backbone

conformation, in turn, allows 1 stacking of the phenyl groups.

Figure 5. The urea-linked and amide-linked PAs exhibit distinct peptide conformations in molecular
simulations. (A) A five-strand parallel 3-sheet (highlighted by yellow carbons) spontaneously formed at the
surface of the 14 aggregate. Sidechains are not shown so that the backbone H-bonding pattern can be
seen. (B) Two views of 14 molecules forming a $-sheet, showing the peptide backbone and Phe sidechains.
Similar structures were observed for 12, albeit with less frequency. (C) Two views of U molecules forming
a B sheet. Urea—1r stacking interactions are prevalent and lead to a distinct backbone conformation
including — stacking of the Phe sidechains.
4. Studies of PA gelation

To expand their potential biomedical applications, we prepared hydrogels by adding
CacCl2!* to a PA solution and studied the morphology of the product by scanning electron
microscopy (SEM). The formation of hydrogels is triggered by the screening of negatively
charged Glu residues by cations. When the cohesive interactions exceed the repulsive
forces the PA nanostructures associate each other with the Ca?* cations forming
crosslinks. A dense exterior surface is observed in the hydrogels made with 12, while its
interior shows a structure of stacking sheets and an amorphous structure on the cross-

section (Figure 6A and Figure S14A). For hydrogel 14 (Figure 6B and Figure S14B),



the exterior and interior surfaces are similar, while the surface is more uniform and
densely arranged. Meanwhile, an aligned bundle-like structure is observed in hydrogel U
(Figure 6C and Figure S14C), which is very different from the other two.

Next, we studied the rigidity of the hydrogels (Figure 6D), which showed storage
modulus (G’) > loss modulus (G”) with the strain lower than 10%. The G’ for all of these
hydrogels is over 10° Pa at 1% strain. The linear viscoelastic region of U is larger than
the other two with the order of U>12>14, suggesting higher stability of U against mechanic
stress. A frequency sweep was then performed and the tan § (G”/G’) was calculated as
shown in Figure S14D. This parameter provides the ratio of energy observed to energy
lost during the viscous deformation. During the test, tan(s) was below 1 at all frequencies,
which means the samples behave more like an elastic solid ranging from 0.1 to 100
rad/s.% Interestingly, a large difference in tan(s) (G”/G’) is observed in 14 when compared
to 12 and U. It has been reported that the bending of the nanofibers can lower the G’,>®
which suggest that the overall higher and increasing tan § above 10 rad/s of 14 is related
to its flat nanosheet structures, as described above. The tan(s) of 12 and U are similar,
decreasing about 36% and 26% from 0.1 rad/s to the plateau (~3 rad/s). Although U has
more entanglements than 12 (higher tan(s) at all frequencies), it shows good stability
against increasing frequency (experiencing less decreasing to reach the plateau).

Next, we studied the stability of the hydrogel over time by performing a time sweep on
a controlled-stress rheometer, which could be related to the self-healing ability of hydrogel.
Short Phe-containing peptides have been reported to mimic the self-healing properties of
natural tissue,'® providing high storage modulus due to its strong supramolecular
interactions.?? 67 Figure 6E shows that when a high shear strain (100 %) is applied to the
hydrogel, the G’ drops to smaller values than the G”, indicating the liquefaction of the
hydrogel. When the strain is lowered to 0.1% again, G’ recovers to be higher than G”.
These observations demonstrate that the shear-strain disrupted nanofibrous networks
can self-heal when the strain is removed. Interestingly, after the removal of 100% strain,
U recovers to 47.44% of its original state immediately and reaches 91.89% recovery after
20 mins; 12 immediately recovers to 48.25% and reaches 75.56% after 20 mins, while
14 only recovers to 35.14% immediately and reaches 49.33% after 20 mins. In conclusion,
the hydrogel’s ability for post-shear recovery is U>12>14. Others have described that



more H-bonds and their closer distance to the core are important to the mechanical
properties of the gel.’® It has been recently reported that increased H-bonding can
enhance the toughness of individual PA nanofibers and their hydrogels.>® The extra H-
bonds supplied by urea make the connection among fibers harder to break and easily to
reform under strain. In summary, the urea motif affects the mechanical properties (stability
against mechanical stress and ability for shear recovery) of the hydrogel due to its
stronger H-bonds, flexible bending morphology, and non-cross-linking structures in the
gel.

To further evaluate the self-healing ability of the hydrogels, we performed a
macroscopic self-healing test (Figure S15). Two hydrogels were made for each sample
and one of them was stained with Trypan Blue. The hydrogels were all cut into 2 pieces,
and then the broken hydrogels were combined into dyed/non-dyed pairs. After 20 mins at
room temperature, a significant blue color spreading can be observed (not shown) and
after 15 hours the boundaries between the different colored pieces turned obscure
(Figure S15 A-B). This indicates the self-healing ability due to the existence of dynamic

covalent bonds in the hydrogel network.%®
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Figure 6. Characterization of the PA hydrogels. A-C) SEM images of PA 12, 14, and U, from left to right,
respectively. D) Strain sweep performed after gelation with Ca?* shows the hydrogel formation, indicating
by G’ > G” with a strain less than 10%. E) Time sweep performed over 40 mins. Hydrogel is allowed to
equilibrate at a constant frequency of 10 rad/s and 0.1% strain for 15 mins, as the shear increases to 100%
for 5 min, the G’ drops notably. After removal of the strain, the G’ increases over 20 mins. The interval
between each measurement is 7 seconds, which is the minimum time interval that can be get from the
instrument used here.

5. Metabolism and cytotoxicity studies

To achieve a biomedical application, it is key to determine the metabolic stability and
biocompatibility of PA nanostructures. As shown in Figure 7, serum metabolism was
studied by monitoring the PAs after they had been incubated with serum for 24 h. All PAs

are stable in serum (>80% remaining after 180 mins incubation and >75% after 1440 mins)

as shown in Figure 7A.



Next, we tested the cell viability of both PA solutions and PA gels. HaCaT and SH-SY5Y
cell lines were selected for biological-related assays as both of them have been
extensively used to study toxicology and 3D cell cultures. Additionally, HaCaT cells are
immortalized human keratinocytes that may indicate the use of the hydrogels in wound
repair. Meanwhile, SH-SY5Y cells are a human neuroblastoma cell line that are
commonly used to study adhesion and spreading patterns. The PAs are not toxic at 100
pg/mL solution toward HaCaT and SH-SY5Y cell lines as shown in Figure 7B for 100
ug/mL and for higher concentrations (5 mg/mL and 10 mg/mL) in Figure S16. The
cytotoxicity of PA hydrogels (10 mg/mL) was then studied to assess a potential
biomaterial application by measuring the release of lactate dehydrogenase (LDH) after
24 h incubation (Figure 7C, D). Though the differences among the cytotoxicities of these
three hydrogels are not significant, there is a slightly smaller cell viability with 14 after 24
h incubation. Interestingly, 14 has the highest cell viability in solution at 100 pg/mL. This
discrepancy may be caused by the alteration of the interplay between hydrophobic and
electrostatic interactions in the gelation process. It has been demonstrated that for PA
hydrogel culturing, parameters such as charge, hydrophobicity, and strong intermolecular
cohesion influence cell viability.1” In this case, the charges are not a consideration as they
are screened by the salt during the gelation. 14 has the strongest hydrophobicity ( LogP
20% greater than U and 32% greater than 12), calculated by mol inspiration.®® A longer
alkyl tail (strong hydrophobicity) is considered as one of the possible reasons for cell
death caused by inserting, interacting, and thus disrupting the cell membranes.*
Furthermore, 14 seems to have less cohesion when the salt concentration is increased.
The width of nanostructure 14 decreased more than 200% when the salt concentration
was increased from 17.5 mM to 35 mM (data not shown, the effect of salt to be reported
later). Another clue is that the hydrogel 14 disassembled more easily than the other two
PAs from fibrous structures to aggregates in cell medium (see confocal images in
Figure ??). These observations validate the report from Stupp’s lab stating that weaker
intermolecular bonds promote cell death.'” Finally, though U is more hydrophobic than
12, they are similar in cell viability support as it is expected that U has stronger
intermolecular cohesion due to the extra H-bond.



Confocal microscopy was performed to visualize the dead/alive cells incubated with PA
gels by Dil (cell membrane) and Calcein (viability) staining. To avoid dye encapsulation
inside the PAs, the cells were stained alone for 15 mins and then seeded on PA-coated
surfaces (details shown in Sl and Figure S17A) and images taken after 4 h of incubation.
Good cell membrane integrity (Dil, orange) and viability (Calcein, green) were observed
in all the PAs in two cell lines (SH-SY5Y, Figure 7E and HaCaT, Figure S17B).
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Figure 7. A) PA’s stability in serum and B-E) cytotoxicity of HaCaT and SH-SY5Y cell lines. A) Remaining
PAs after 24 h incubation with 50% v/v serum at 37°C. B) Viability of HaCaT and SH-SY5Y cell lines
incubated with 100 pg/mL PA solutions after 24 h. The cell viability measured by LDH release of SH-SY5Y
cells after incubation with the PA hydrogels (10 mg/mL) for C) 4 h and D) 24 h. E) Confocal images of SH-
SY5Y stained by Dil/Calcein. The cells were stained alone and then seeded on the PA gels. The images
were taken after 4 h incubation. The orange color indicated the Dil stained cell membranes and the green
color indicated the Calcein stained live cells. Scale bar 50 um.

6. Cell culture

We studied the cell adhesion and spreading of SH-SY5Y cells on PA-coated surfaces
after 48 h to assess the potency of these three gels to serve as a 2D culture matrix. We
determined the cell morphology by spreading area and cell circularity at 24 h post-seeding.
The circularity was calculated as (411 x surface area)/(perimeter)?. SH-SY5Y cells were
able to attach and spread on all three hydrogels (Figure 8D). However, significant

differences can be observed in the spreading area and cell shape (determined by



circularity). More elongated cells and larger spreading areas were found with U than the
other two (Figure 8B and C, with more details shown in Figure S18). It has been reported
that stiffness,*® nanofibrous structure,?? and fibrous density’® of the hydrogels relate to
the ability to support cell adhesion and spreading. The three gels can be considered as
“soft” matrix (in a range 0.5-10 kPa stiffness) for cell culture.”* Although they possess
similar gel stiffness, the aligned bundle-like structures of U (Figure 6) supported cell
spreading better than the other gels (which seem to have high porosity and less
nanofibrous structures). In conclusion, the data suggest that SH-SY5Y cells can attach
and spread well on our hydrogel surfaces with hydrogel U behaving better in supporting
cell spreading than the other two.
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Figure 8. A) Schematic depicting the procedure for SH-SY5Y cell line by 2D cell culture. The plate was
treated with Poly-D-Lysine (PDL) and covered by a thin layer of PA gel made with CaClz solution. SH-SY5Y
cells were cultured on the PA-coating surface for 48 h. B) Quantitative analysis of spreading area (*** P <
0.001) and C) circularity (** P < 0.01) of SH-SY5Y cells using Image J software. One-way ANOVA with
Tukey post-test was used for comparisons. 12 and 14 have similar abilities to support cell adhesion and
spreading, while U shows a significantly better ability. D) Respective confocal images of SH-SY5Y cells
culturing on PA gels for 48h. Scale bar 50 pm. Cells were stained by Calcein (green, alive) and Hoechst

33342 (blue, nuclear).



Then, we studied the suitability of these hydrogels for 3D culturing of SH-SY5Y and
HaCaT cell lines. We used two different protocols to prepare the PA-cell constructs. In
the first strategy we formed two layers of hydrogels to build up a 3D matrix (Figure 9A).
Cell substrates such as collagen!’- 8, sodium alginate,!’” and agarose’? have been used
together with peptides to form a robust hybrid hydrogel to achieve better 3D performance.
Thus, a thin layer of agarose gel was used to coat the bottom of the plate, and then a PA-
cell solution was added on the top to form the second gel layer. The SH-SY5Y cells were
stained by calcein and Hoechst (cell live/dead reporter) and imaged after 48 h of
incubation (see Figure 9B). Multilayered cell distributions can be observed from the z-
stack images (not shown here). These data suggest the feasibility of these hydrogels to

serve as a cell culture matrix.

The second cell encapsulation method is to form an oriented PA scaffolds (details
shown in Sl). It has been reported that the degree of cell alignment can be enhanced with
oriented PA scaffolds while decreasing when the cell density increases (longer incubation
time).1® Thus, we incubated HaCaT cells with the second gelation method to study the
behavior of our three PA hydrogels in cell culture. As shown in Figure S19B, after 5 d of
incubation, some cells escaped from the PA scaffold. One of the reasons to explain the
decreasing cell accessibility to the PA scaffold is that cell activity and growth in the media
induced PA scaffold remodeling.*® Further, more cells were observed inside the gels of
12 and U than inside 14. We hypothesized that this happens because a more stable PA
hydrogel in the growth medium results in better cell accessibility. To test this hypothesis,
we stain the PA-cell hydrogels with calcein and propidium podide (PI). On day 1, fibrous
structures were observed in all PA gels. Interestingly, on day 5, only the fibrous structures
can still be found in hydrogel U, while the coexistence of fibrous and large aggregates
was found in hydrogel 12 and only small petaloid particles are observed for hydrogel 14
(images shown in Figure S20). It is clear the urea motif increases the structural stability
maintaining the fibrous shape during cell culturing, as the fibrous shape is a key factor for
the hydrogel to function as cell growth matrix. These observations are consistent with the
lower cell viability obtained from LDH release measurement with hydrogel 14 discussed

above, which provides us with another explanation. In conclusion, the three PAs can work



as cell substrates for 3D culture, with the hydrogel of U being most stable during the cell
growth process.
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Figure 9. A) Schematic depicting the procedure for SH-SY5Y by 3D cell culture. The plate was treated first
with PDL and then covered by a thin layer of agarose gel. Then a second gel layer, PA-cell gel was made



on the top, thus encapsulating the cells inside the PA scaffold. B) The confocal fluorescent images show
calcein AM (green) and Hoechst (blue) cell staining inside the 3D gel matrix, after 48 h incubation. Scale
bar 50 um. The blue dots in the right panel are not clear to see because of the low number of dead cells
and the high saturation of green color.
Conclusion

To develop PAs that can be customized for specific biomedical applications, it is crucial
to understand and exploit the interplay of the small forces that determine the morphology,
size, and functionality of the nanostructures. We have demonstrated that adding a urea
motif (stronger H-bonding) alters the supramolecular morphology of PA nano-assemblies
in an aqueous solution. The urea group also affects the internal arrangement of the
nanostructures. The IR, CD, and LD data indicate differences in H-bonding patterns and
suggest differences in the intramolecular interactions, possibly due to urea—1r stacking. A
stable (independent of time and pathlength) internal structure was also obtained from the
urea-modified PA. SAXS and NMR suggest the higher compactness with the urea-
modified PA nanostructures. Computer simulations indicate that the urea motif
contributes an increased number of H-bonds to the nanostructure and forms urea—tr
interactions with the Phe side chain. These interactions alter the backbone conformation
of the PA and are likely responsible for the distinct morphology of the urea-linked PA seen
at larger scales. We further showed that the hydrogel made of urea-modified PA has the
best stability against mechanistic stress and self-healing ability than its counterparts. The
resulting hydrogel supports cell adhesion and spreading on its surface, while possessing
good stability to entrap cells during long-time cell culturing. In summary, the inclusion of
urea in PAs is a viable option to create supramolecular assemblies with ideal morphology

for self-healing and use as a cell growth matrix.
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