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ABSTRACT: A novel lipopeptide C;(KTTSAH was designed that incorporates the KTT tripeptide sequence from “Matrixyl”
lipopeptides along with the bioactive JAH (f-alanine-histidine) carnosine dipeptide motif, attached to a C,¢ hexadecyl lipid
chain. We show that this peptide amphiphile self-assembles above a critical aggregation concentration into f-sheet nanotape
structures in water, phosphate-buffered saline (PBS), and cell culture media. Nanotape bundle structures were imaged in PBS,
the bundling resulting from nanotape associations because of charge screening in the buffer. In addition, hydrogelation was
observed and the gel modulus was measured in different aqueous media conditions, revealing tunable hydrogel modulus
depending on the concentration and nature of the aqueous phase. Stiff hydrogels were observed by direct dissolution in PBS,
and it was also possible to prepare hydrogels with unprecedented high modulus from low-concentration solutions by injection
of dilute aqueous solutions into PBS. These hydrogels have exceptional stiffness compared to previously reported f-sheet
peptide-based materials. In addition, macroscopic soft threads which contain aligned nematic structures can be drawn from
concentrated aqueous solutions of the lipopeptides. The anti-cancer activity of the lipopeptide was assessed using two model
breast cancer cell lines compared to two fibroblast cell line controls. These studies revealed selective concentration-dependent
cytotoxicity against MCF-7 cancer cells in the mM concentration range. It was shown that this occurs below the onset of
lipopeptide aggregation (i.e., below the critical aggregation concentration), indicating that the cytotoxicity is not related to self-
assembly but is an intrinsic property of C;(KTTSAH. Finally, hydrogels of this lipopeptide demonstrated slow uptake and
release of the Congo red dye, a model diagnostic compound.
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INTRODUCTION

Lipopeptides, one type of peptide amphiphile, are attracting
great interest as self-assembling biomolecules. These molecules
combine designed or bio-derived/bio-inspired peptide sequen-
ces with hydrophobic lipid chains. The tendency of lipid chains
to segregate from water leads to self-assembly in aqueous
solution.'™® The self-assembled nanostructures formed,
commonly nanofibrils or nanotapes (although micelles have
also been observed’), present the peptide motif at high
density, so-called multivalent display, leading to enhanced
bioactivity compared to unassociated peptide molecules.”” "
In previous work, our group has investigated the self-
assembly of lipopeptide C,-KTTKS, which is a commercial
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Matrixyl material, used in skincare preparations.'* We showed
that it forms highly extended (up to microns) nanotape
structures in aqueous solution.”> The KTTKS sequence is
derived from the procollagen I peptide'® and this lipopeptide
has collagen-stimulating properties, exemplified by studies
using fibroblast cell models,"” building on the original
demonstration of extracellular matrix (ECM) (collagen and
fibronectin) production of the constituent KTTKS peptide.'®
In fact, lipopeptides incorporating even shorter sequences such
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as C,4-KT are of commercial interest for cosmetic
formulations, and in a previous paper, we compared the self-
assembly of commercial grade C,4-KT with C -KTTKS and
C,s-GHK."®

In other works, we examined the self-assembly of lipopeptide
Cis-PAH incorporating the bioactive carnosine SAH (-
alanine-histidine) motif. This molecule is extensively present
in vivo and has antioxidant and other properties, partly because
of the metal binding capability of the histidine residue.'”*’
This lipopeptide was found to self-assemble into nanotapes,
with either monolayer or bilayer packing, the bilayers being
dehydrated with increasing lipopeptide concentration in
water.”' This molecule also induced thinning of phospholipid
vesicles.”’ We also designed Fmoc—fAH with the aromatic
Fmoc [N-(fluorenyl-9-methoxycarbonyl)] motif incorporated
to drive self-assembly via z-stacking.”” This molecule forms
amyloid-like fibrils above a critical aggregation concentration
(cac), and zinc binding of the terminal histidine residue was
shown to influence the fibril morphology (and to cause
gelation under defined conditions).”!

We reasoned that a combination of the KTT peptide
sequence along with SAH would potentially have synergistic
bioactivity, reducing cytotoxicity to noncancerous cells. Thus,
we designed the novel lipopeptide C;(KTTSAH (Supporting
Information Scheme S1) and herein investigate its self-
assembly and cytotoxicity toward fibroblasts and two breast
cancer cell lines. In addition, it is known that carnosine has
anti-cancer activity,””>* and the p-alanine constituent of
carnosine has activity against breast cancer.”> We hypothesized
that the anti-cancer activity may relate to self-assembly
properties of the lipopeptide because lipopeptides may form
extended networks of nanofibril structures resembling an ECM
and self-assembled structures present active peptides at high
density. It is known that the ECM plays an important role in
cancer metastasis, especially with the involvement of matrix
metalloproteases including collagenases.”*™>* On the other
hand, considering amyloid peptides such as Amyloid j, self-
assembly into fibrils can remove toxic oligomers and
monomers from the solution.”’ In fact, our results indicate
that the observed selective concentration-dependent anti-
cancer activity is not correlated with the concentration at
which self-assembly occurs (the critical aggregation concen-
tration), and is an inherent property of the lipopeptide. We
also investigate the tunable hydrogelation properties uncovered
for this novel lipopeptide and present a method to prepare a
hydrogel at relatively low peptide concentration, by injection of
an aqueous solution into the buffer. In addition, it was possible
to draw macroscopic soft fibers from concentrated aqueous
solutions, which have a nematic texture. This lipopeptide has a
remarkable combination of mechanical properties and anti-
cancer activity.

B EXPERIMENTAL SECTION

Materials. The lipidated peptide C,(KTTSAH was purchased
from CS Bio (Menlo Park, California) and supplied as the
trifluoroacetate (TFA) salt. Purity was 98.19% by analytical high-
performance liquid chromatography (HPLC) using acetonitrile (0.1%
TFA)/water (0.1% TFA) gradient. The molar mass measured by
electrospray ionization (ESI)—mass spectrometry (MS) was 795 g
mol™" (795.02 g mol™" expected). Elemental analysis of CHN and O
was performed by combustion and pyrolysis using a Thermo FlashEA
1112 instrument and F analysis by ion chromatography using a
Metrohm 761 Compact Ion Chromatograph following oxygen flask
combustion of the sample. These measurements provided C 50.78%,

H 5.18%, N 11.64%, O 21.09%, and F 2.96%, consistent with the
presence of TFA salt. Scheme S1 shows the chemical structure of
C,KTTPAH and Figure S1 contains the HPLC and ESI—MS spectra.
Solutions of peptides were prepared by mixing weighed amounts of
water and peptide or phosphate-buffered saline (PBS) and peptide.
The native pH of the lipopeptide in water was found to be 6. The
mixtures were left to equilibrate for 24 h before characterization. The
solvent used to prepare the solution is only indicated for samples
dissolved in PBS.

Hydrogel Formation. Hard gels were obtained by mixing 1—5 wt
% C,KTTPAH in PBS, while 1 wt % C,;KTTSAH in water provided
a soft gel. In an attempt to form a low-concentration hydrogel starting
from an aqueous solution, 2 mL of PBS was loaded onto a Petri dish,
and then 0.5 mL of 0.1 wt % C(KTTSAH in water was injected into
the PBS solution. A hydrogel was spontaneously formed after a few
seconds, and the excess of PBS was removed from the Petri dish. The
formed hydrogel was recovered and placed inside an Eppendorf. The
procedure was repeated several times until a total of 6 mL of 0.1 wt %
C(KTTPAH aqueous solution was injected in the PBS, making a
total of 0.75 mL of hydrogel. The concentration of the lipopeptide in
the hydrogel was estimated to be ~0.8 wt % C,,KTTSAH, based on
the yield of the hydrogel produced (6 mL of injected 0.1 wt % sol
produced 0.75 mL of hydrogel).

Circular Dichroism Spectroscopy. Circular dichroism (CD)
spectra were recorded as described previously.’® The CD signal from
the water was subtracted from the CD data for samples in aqueous
solution as background, or in the case of measurements in media, the
spectrum from media was subtracted.

Fourier Transform Infrared Spectroscopy. Spectra were
recorded as described previously.*®

X-ray Diffraction. Measurements were performed as described
previously.*

Rheology. The dynamic shear moduli were measured as described
previously.*

Transmission Electron Microscopy. Transmission electron
microscopy (TEM) imaging was performed as described previously.*

Cryogenic TEM. Imaging was carried out as described
previously.*

Scanning Electron Microscopy. The hydrogel was freeze-dried
and placed on a stub covered with a carbon tab (Agar Scientific, UK)
and then coated with gold for 2—3 min and imaged as described
previously.®'

Small-Angle X-ray Scattering. Synchrotron small-angle X-ray
scattering (SAXS) experiments on solutions were performed on beam
line B21 at Diamond (Didcot, UK) and on ID02 (ESREF, France), as
described previously.”

Fluorescence Assays. The critical aggregation concentration
(cac) was determined via thioflavin T (ThT) or pyrene fluorescence
assays, as described previously.*®

For the pyrene assays, a dried film of pyrene (Pyr) was obtained by
evaporating a solution containing 0.02 wt % Pyr in ethanol. The Pyr
dried film was then resuspended in DMEM [without fetal bovine
serum (FBS) or antimycotic—antibiotic supplements] to give a 3 X
1075 wt % Pyr solution. C,,KTTSAH solutions containing 9 X 107*
to 0.02 wt % lipopeptide were prepared using 3 X 107> wt % Pyr in
DMEM as a solvent. Pyr fluorescence emission spectra were recorded
from 360 to 460 nm, using A, = 339 nm. The spectra for 3 X 10~° wt
% Pyr in DMEM were subtracted from the spectra of solutions
containing Pyr and C;,KTTSAH. Experiments were performed at 37
°C.

Dye Uptake and Release Studies. Uptake of Congo red was
measured by immersing 100 yL of 1 wt % C,,KTTSAH in PBS in 2
mL of 5 X 107> wt % Congo red solution in PBS. To measure dye
release from a 1 wt % C(KTTPAH hydrogel in PBS, 100 yL of
hydrogel was loaded with 5 X 107 wt % Congo red solution. The
hydrogel was then immersed in 2 mL of PBS solution. UV—vis spectra
to monitor uptake and release were obtained by taking aliquots of
solution and measuring spectra using a Varian Cary 300 Bio UV/vis
spectrometer, recording the absorbance maximum at 4 = 498 nm at
selected time intervals.
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Polarized Optical Microscopy. A C,,KTTSAH hydrogel was
first stained using a freshly prepared 107 wt % Congo red solution.
Images were collected as described previously.>"

Cytotoxicity Assays. The cytotoxicity of C,(KTTSAH was
examined using a MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide] assay. In vitro assays were performed with the
human skin fibroblast cell line, 161BR (European Collection of
Authenticated Cell Cultures, (ECACC) 90011810), human breast
adenocarcinoma cell line MCE-7 (ECACC 86012803), human breast
adenocarcinoma MDMA-MB-231 (ECACC 92020424), or primary
human dermal fibroblasts, HDFa (Gibco).

161Br cells were cultured in MEME (Minimum Essential Medium
Eagle), 2 mM glutamine, enriched with 15% FBS, 1% nonessential
amino acids, and 1% antimycotic—antibiotic. MCF-7 cells were
cultured in Gibco RPMI 1640 Medium enriched with 15% FBS and
1% antimycotic—antibiotic. MDMA-MB-231 cells were cultured in
DMEM (Dulbecco’s Modified Essential Medium) enriched with 10%
FBS and 1% antimycotic—antibiotic. All cells were maintained in a
humidified atmosphere at 37 °C and 5% CO,.

The same protocol, detailed as follows, was used for MTT assays
on cell cultures with 161Br, MCF-7, MDMA-MB, or HDFa. MCF-7,
HDFa, and 161BR cells were seeded into a 96-well plate at a
concentration of 4 X 10* cells/mL, and MDMA-MB-231 was plated at
a concentration of 2 X 10* cells/mL. All cells were left to adhere for
24 h in 100 uL of complete medium. C,(KTTSAH was dissolved in
complete medium and added to the cells to give a final volume of 200
puL at concentrations between 0.001 and 0.1 wt %. One well,
containing 200 yL of complete medium with no peptide, was used as
the negative control. Then, the cells were incubated for 19 h. After
this, 20 uL of MTT (S mg/mL, in PBS) was added to each well plate
and allowed to incubate for 5 h (24 h total). Formazan UV
absorbance was measured as described previously.’® MTT assays were
performed in triplicate, except MCF-7, which was performed as five
separate measurements.

To assess the cell viability of the hydrogels, an MTT assay was
used. First, the hydrogel stability was tested in 96-well plates to ensure
whether the hydrogel stayed intact for 24 h in the media. Both the 1
wt % gel and the hydrogel prepared by injecting a 0.1 wt % aqueous
solution in PBS were found to be stable. Following this, both types of
hydrogel were spread onto the bottom of a 96-well plate, and MDA-
MB-231, MCF-7, or HDFa cells were seeded on the top of the gels at
4 x 10* cells/mL. Control solutions of cells alone in media and
hydrogels alone in media were also prepared. After 19 h, 20 yL of
MTT solution (S mg/mL in PBS) was added and incubated for S h.
Following this, the supernatant was removed and 100 L of dimethyl
sulfoxide added to dissolve the formazan crystals. Plates were then
incubated for 30 min and read using a UV plate microreader (1 = 570
nm), and the results are reported as 100 X (hydrogel + cell
absorbance — hydrogel only absorbance)/(absorbance of cells alone
in media).

B RESULTS AND DISCUSSION

We first examined the conformation and self-assembly of
C,(KTTPAH in water, including potential hydrogel formation.
The cytotoxicity of C;(KTTSAH was then investigated against
two different breast cancer cell lines compared to fibroblast cell
controls.

Conformation and Self-Assembly in Solution. The
conformation and self-assembly of C,,KTTSAH were
investigated in water, performing fluorescence spectroscopy
assays and CD, Fourier transform infrared (FTIR), X-ray
diffraction (XRD), SAXS, wide-angle X-ray scattering,
cryogenic TEM (cryo-TEM), and rheology experiments. The
results are summarized in Figures 1 and 2. We used the dye
ThT to determine the existence and location of the critical
aggregation concentration (cac). This dye is sensitive to the
formation of amyloid fibrils.””** The concentration-dependent
ThT fluorescence shown in Figure 1a reveals a cac = (0.014 +
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Figure 1. (a) ThT assay to determine the critical aggregation
concentration for C,(,KTTPAH in water. Characterization of
C(KTTSAH in water: (b) CD spectra, (c) FTIR spectra, and (d)
cryo-TEM image.
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Figure 2. Self-assembly of C;;KTTSAH in water: (a) SAXS data, (b)

TEM image, and (c) fiber XRD profile. The full lines in (a)
correspond to the fitting of the SAXS data.

0.002) wt % (the data are presented with the concentration on
a linear scale, as shown in Supporting Information Figure S2,
which shows the same cac transition). A cac assay was also
performed using pyrene as a fluorescent probe. The data (as
shown in Supporting Information Figure S2) indicate a cac =
(0.017 + 0.002) wt %, which is consistent with that obtained
using ThT. CD spectra are shown in Figure 1b, which display
the characteristics of a f-sheet secondary structure above the
cac, with a characteristic positive maximum near 190 nm and a
negative minimum at 216 nm.**7*° This conclusion is
supported by analysis of the FTIR spectra in the amide I’
region shown in Figure lc. A peak characteristic of f-sheet
structure®” " at 1628 cm™ is clearly present for samples with
0.5 and 1 wt % peptide (and present as a shoulder at 0.05 wt %
peptide) above the cac, along with a peak at 1610 cm™" due to
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histidine vibrational modes.”""** The peak at 1672 cm™ is due
to bound TFA counterions.”” The cryo-TEM image shown in
Figure 1d clearly reveals the presence of nanotape (or
nanofiber bundle) structures in a 1 wt % solution of
C(KTTSAH, with regions of twisting of the nanotapes visible.

Figure 2 contains data from additional measurements to
probe the conformation and assembly of C,;KTTSAH in
water. The SAXS intensity profiles shown in Figure 2a
measured at two concentrations above the cac reveal the
form factor shapes which were fitted using a model for
lipopeptide bilayers*"** (based on a model for lipid bilayers*’),
consistent with the nanotape structures observed by TEM. The
fit parameters are listed in Supporting Information Table SI.
The TEM image for a sample dried from a 1 wt % solution
shown in Figure 2b shows nanotape (or nanofibril bundle)
structures, consistent with the cryo-TEM image in Figure 1d.
Fiber XRD was performed to determine the secondary
structure of the peptide, and the XRD intensity profile
shown in Figure 2c confirms a f-sheet structure because
peaks are observed corresponding to a “cross-f” XRD
pattern*** with spacings d = 4.7 A (f-strand spacing) and
8.9 A (f-sheet spacing). The d = 6.5 A peak and d = 4.2 A peak
are assigned to intra-sheet packing and lipid chain packing (in
a fraction of non-f#-sheet assemblies) distances, respectively,
and the d = 2.4 A peak is assigned to intra-lipid or intra-peptide
periodicity. The “cross-” pattern was confirmed in two-
dimensional (2D) aligned fiber XRD patterns (an example is
shown in Supporting Information Figure S4).

We reasoned that self-assembly and hydrogelation could be
tuned by the use of suitable buffer conditions. We thus
investigated the conformation and aggregation of C,(KTTSAH
in PBS. Figure 3 contains data measured in PBS solutions from
SAXS, cryo-TEM, and XRD analyses. The SAXS intensity
profiles measured at several concentrations shown in Figure 3a
have similar shape (low g scaling and broad form factor
maximum at high g) to those observed for the nanotapes in
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Figure 3. Self-assembly of C (KTTSAH in PBS. (a) SAXS profiles,
(b) cryo-TEM image, and (d) XRD data. The inset in (c) shows the
corresponding 2D XRD pattern. The full lines in (a) correspond to
the fitting of the SAXS data.

water (Figure 2a) and were fitted with a similar model (the
bilayer form factor fit parameters are provided in Supporting
Information Table S1). The cryo-TEM image shown in Figure
3b shows a distinct morphology to that observed in water
(Figures 1d and 2b) because bundling of nanotapes is evident,
producing raft-like assemblies. The nanotape bundling is
presumably facilitated by reduced electrostatic repulsion
between peptide-charged residues because of screening in the
buffer. The XRD pattern shown in Figure 3¢ confirms a f-sheet
structure because of the presence of d = 4.7 A and d = 8.5/16.5
A “cross-f8” pattern spacings. The d = 4.1 A peak is compatible
with local lipid chain intermolecular packing. The shorter d-
spacing peaks observed are due to intra-lipopeptide molecular
spacings. In summary, the pf-sheet nanotape structure is
retained in PBS, with the additional feature of nanotape
bundling. These properties suggested the potential for
hydrogel formation, which was thoroughly examined.
Hydrogel Formation. Hard gel formation was observed in
PBS (in the concentration range of 1—5 wt % examined), while
in water, C;(KTTPAH formed a soft gel at 1 wt %
concentration. Remarkably, it is possible to prepare a low-
concentration hydrogel starting from an aqueous solution by
injecting a dilute (0.1 wt %) solution of C;(KTTSAH in water
into PBS solution. Figure 4a shows a scanning electron
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Figure 4. Characterization of 0.1 wt % C,,KTTSAH in water
following injection in PBS: (a) SEM image and (b) Congo red
birefringence observed by POM. (c) Storage modulus, G’, measured
for 1 and 5 wt % C,(KTTSAH in PBS, 1 wt % C;(KTTSAH in water,
and 0.1 wt % C,(KTTBAH in water following injection in PBS.

microscopy (SEM) micrograph which reveals the fibrillar
network structure within a gel formed by injecting into PBS
solution. This hydrogel is able to bind Congo red, which is a
diagnostic dye for amyloid fibril formation, leading to green
birefringence textures in the polarized optical microscope.*’ A
representative image is presented in Figure 4b. The dynamic
mechanical properties of the hydrogels were measured using
shear rheometry. Figure 4c contains selected data showing the
frequency dependence of the storage modulus G’. The full set
of frequency sweep data (including G”) along with stress
sweep data, used to determine the linear viscoelastic regime, is
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shown in Supporting Information Figure SS. The data in
Figure 4c show that the gel from the peptide dissolved in water
has soft gel characteristics, with a strongly frequency-
dependent modulus which has low magnitude at low
frequency. In contrast, the storage modulus for the 1 wt %
PBS gel is largely independent of frequency and has a value G’
= 50—100 kPa (depending on frequency), corresponding to a
stiff hydrogel. The highest modulus is recorded for the gel
prepared by injecting an aqueous solution into PBS solution,
with G’ = 0.5—1 MPa, depending weakly on frequency. This is
exceptionally high compared to the modulus reported for the
majority of f-sheet peptide-based systems,”*™>" although a
modulus approaching this value has been reported for peptide
FEFK, undergoing reverse hydrolysis at high concentration in
the presence of a protease.”’ We also noted that it was possible
to draw macroscopic fiber from more concentrated aqueous
solutions of C;(KTTBAH as shown in Figure S. The fibers

drar\;v/iﬁg ['

direction |

Figure S. (a,)b) Threads formed by drawing C,(KTTSAH from a S wt
% aqueous solution, manual drawing direction shown in part (a) and
(c) polarized optical microscope showing nematic texture within a
thread.

have a nematic texture as confirmed by polarized optical
microscopy (POM) (Figure Sc). This indicates that they
comprise an aligned structure, which is presumably an aligned
network of nanotape structures. The fact that threads can be
drawn points to sufficient extensional modulus of the material
(although the fibers are too soft and fluidic to quantify this by
tensile rheometry). We note that the samples in the rheometer
were not macroscopically aligned (unlike the drawn fibers),
and therefore, anisotropy in G’ was not expected. In summary,
hydrogels with tunable shear modulus can be obtained under
appropriate formulation conditions of C;,KTTSAH and
concentrated solutions can be drawn into aligned lipopeptide
threads.

Selective Anti-Cancer Activity. To examine whether
there was any significant difference in the cytotoxicity of
C(KTTHAH toward normal cell lines and breast cancer cell
lines, an MTT mitochondrial activity assay was carried out.
The results are shown in Figure 6. Cancer cell lines MCF-7
and MDA-MB-231 were selected as two models of breast
cancer.””>* The MCEF-7 cell line expresses estrogen and
progesterone receptors, it induces MMP-2 (collagenase)
activation,”” ™ and is more responsive to chemotherapy.”
MDA-MB-231 does not express estrogen and progesterone
receptors”>>* and is a triple negative cell line, with an
intermediate response to chemotherapy, making it a “tougher”
cell line. The 161BR continuous fibroblast cell line and HDFa
primary human dermal fibroblast cell lines were used as
controls.
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Figure 6. Cytotoxicity profiles for C,(KTTSAH against the cell lines
indicated including MCF-7 and MDA-MB-231 breast cancer cells and
HDFa and 161BR fibroblasts.

The ICS0 values determined from the MTT assay results
(Table 1) indicate that the cytotoxicity of C;(KTTSAH is

Table 1. IC50 Values

cell line IC50/wt %
161BR 0.0174 + 0.0059
HDFa 0.009SS + 0.0013
MCEF-7 0.0065 + 0.0010
MDA-MB-231 0.0107 + 0.0014

greatest for the MCF-7 cell line at concentrations above 0.002
wt %. The cytotoxicity (at a given concentration above 0.002
wt %) then decreases in the order HDFa > MDA-MB-231 >
161BR. The IC50 values suggest that the two cancer cell lines
are more susceptible to C;(KTTSAH than 161BR fibroblasts.
To further examine this, statistical significance was examined
using analysis of variance, which revealed significant differences
in the cytotoxicity values for MCF-7 and control cell line
161BR within the concentration range of 0.004—0.08 wt %.
Moreover, there is a statistical significance between the MDA-
MB-231 and 161BR cytotoxicity at concentrations 0.004, 0.04,
and 0.06 wt %. There is also a difference between the
cytotoxicity toward 161BR and HDFa cells, which may be
because the latter cell line is a primary cell line, whereas the
former is a continuous cell line. There are no significant
differences between cytotoxicity toward HDFa and the cancer
cell lines, although the IC50 value for MCEF-7 is 0.003 wt %
lower than for HDFa.

Additional cytotoxicity studies were performed on the gels.
Gels were found (by visual inspection) to be stable in media
(both 1 wt % gels in PBS or hydrogels prepared by injecting a
dilute aqueous solution into water). The cytotoxicity assay
results obtained using MCF-7, MDA-MB-231, and HDFa cell
lines, as used for the assays on solutions, are shown in
Supporting Information Figure S6. These show that the 1 wt %
C(KTTSAH in PBS hydrogel shows higher cytotoxicity
against the two cancer cell lines than HDFa, although the
hydrogel prepared by injection of a 0.1 wt % aqueous solution
in PBS unexpectedly shows higher cytotoxicity toward HDFa
cells.

Aggregation State in Media. To assess aggregation and
conformation of the peptide under media conditions similar to
those for cell culture (the same basal media but without FBS,
which can interfere with fluorescence and CD measurements),
fluorescence cac assays, CD, TEM, and SAXS were performed.
The cac was assayed using pyrene, as it is probe sensitive to
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Figure 7. (a) Uptake and (b) release of Congo red by a 1 wt % hydrogel of C;,KTTSAH in PBS.

aggregation driven by segregation of hydrophobic regions of
molecules from the aqueous phase®®*” (the ThT assay was not
successful in media). The fluorescence spectra obtained at 37
°C along with plots of the concentration dependence of the
I3;; vibronic band intensity are shown in Supporting
Information Figure S7. The cac is found at (0.01 + 0.005)
wt %, which is the same as that in water, within uncertainty.
The CD spectra measured at 37 °C shown in Supporting
Information Figure S8a confirm the presence of f-sheet
structures above the cac while SAXS intensity profiles
presented in Supporting Information Figure S8b are consistent
with nanotape structures, having similar shapes (and g
scalings) to those shown in Figures 2a and 3a. Nanotape
structures are also clearly revealed by TEM (Supporting
Information Figure S8c). In summary, these spectroscopic,
microscopic, and scattering measurements confirm that
C(KTTPAH is aggregated into f-sheet structures in cell
culture media above the same cac as observed in water.
However, the onset of cytotoxicity is observed for all cell lines
at concentrations substantially below the cac (Figure 6).

Dye Uptake and Release from Hydrogels. As a simple
model for a diagnostic/drug-like compound, the uptake and
release of the fluorescent dye Congo red, which is mentioned
above, is used to test for the presence of amyloid. A hydrogel
was prepared with 1 wt % C,(KTTSAH in PBS, and uptake of
Congo red solution was monitored by UV absorbance. Figure
7a shows that the hydrogel is able to slowly uptake the dye
from the solution, causing a reduction in the absorbance of the
dye in the solution, saturating after approximately 10 h. Images
of the initial and final (after 24 h) states of solution and gel are
shown in Supporting Information Figure S9. The hydrogel is
able to slowly release the dye, after the dye-loaded gel is placed
into a fresh PBS solution. Figure 7b shows the corresponding
absorbance measurements for the free dye in solution. The
release occurs over a similar time scale to the uptake, saturating
after about 10 h. Cumulative uptake and release plots are
included as the Supporting Information, Figure $10. These
results show that the C(,KTTSAH gels are suited for slow
release applications of diagnostic molecules.

B CONCLUSIONS

In summary, C,(KTTPAH self-assembles into nanotape
structures above a critical aggregation concentration in
aqueous solution. In PBS, the nanotapes pack side-by-side
into raft-like bundles (because of the screening of electrostatic
repulsions on the charged cationic residues and C terminus).
The nanotapes are characterized by a f-sheet secondary
structure. The same structures are retained under the

33578

conditions of the cell culture media used for the cytotoxicity
assays.

The modulus of the hydrogels is enhanced by the use of
PBS, presumably because of the screening of repulsive
electrostatic interactions of K (and H at sufficiently low pH)
residues and charge on the C terminus. Furthermore, the
modulus can be tuned over a considerable range (from less
than 1 kPa to 1 MPa) depending on the type of buffer and
preparation method. The modulus for the sample obtained by
injection of a dilute water solution of peptide into PBS is
higher than that for a higher concentration of peptide dissolved
directly in PBS, which points to the likely role of interface
effects on the structuring of the gel which forms upon
injection. Stupp’s group has suggested that self-assembly starts
from the interface when injecting peptide amphiphiles into salt
solutions because of interfacial charge screening.”” We propose
that a similar mechanism (enhanced assembly of a nanotape
network at the interface) is likely to operate for C,(KTTSAH
injected into PBS. The role of charge screening on peptide
fibril bundling and network formation, leading to hydro-
gelation, has previously been investigated for model peptides
such as FEFEFKFK®' or FEFK, which, as mentioned above,
undergoes enzyme-triggered hydrogelation due to reverse
hydrolysis (which leads to the formation of octapeptides
such as FEFEFKFK and FEFKFEFK, which are believed to be
responsible for the observed gelation).”’

The observed range of moduli of hydrogels of C,;KTTSAH
corresponds to a range of gel stiffness of interest in tissue
engineering because stem cell differentiation into different
phenotypes has been shown to depend on matrix (hydrogel)
modulus.”” The modulus approaching 1 MPa of the hydrogel
prepared by injection in PBS is extremely high for a self-
assembled material, which is more typical of polymeric or
cross-linked materials. In addition, fibers can be drawn from
aqueous solutions, and these membrane-like structures clearly
have sufficient extensional modulus to be drawn into
macroscopic fibers, with a nematic texture resulting from an
aligned nanotape network. Thus, the lipopeptide C,(KTTSAH
possesses an excellent combination of shear and extensional
mechanical properties depending on the processing conditions.
This suggests great potential in future applications in cell
culture, tissue engineering, and regenerative medicine, for
example. In addition, we have shown that hydrogels prepared
from C,(KTTSAH are able to steadily release a model dye
compound and thus show promise for slow release applications
of diagnostic, and potentially therapeutic, compounds. The
model dye compound Congo red that shows slow uptake and
release properties is employed as a diagnostic compound for
amyloid formation (and was used as such by us, Figure 4b),
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which may enhance the binding facilitating slow release. Future
work should examine the release of other dyes (with different
charge and binding interactions) or, for example, model
therapeutic anticancer compounds. Gels with slow release
properties of actives are expected to be particularly useful for
topical application.

The cytotoxicity assays show that C,(KTTSAH selectively
kills MCF-7 breast cancer cells compared to fibroblasts in a
mM concentration range (the ICS0O value corresponds to 82
mM). The cell viability begins to decrease nearly 1 order of
magnitude in concentration below the cac, and indeed almost
complete cytotoxicity is observed just above the cac. These
observations indicate that cytotoxicity is not correlated with
the formation of #-sheet nanotape assemblies but is an intrinsic
property of the lipopeptide. However, selective anticancer
activity against MCF-7 cells is also observed for the (f-sheet
fibrillar) 1 wt % C(KTTSAH in PBS hydrogel.

Our findings suggest that C,(KTTSAH is a promising
candidate for further studies as a potential therapeutic agent to
treat breast cancer. It is also of considerable interest to examine
its activity against other types of cancers, as well as elucidating
its mode of activity. In addition, this lipopeptide has a
remarkable range of tunable hydrogel properties and can be
drawn into stretchable fibers, based on a nematic network
structure.
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