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Abstract

Self-assembly of synthetic molecules has been drawing a broad attention as a novel emerging
approach in drug discovery. Here we report selective cell death induced by a novel peptide
amphiphile that self-assembles to form entangled nanofibers (hydrogel) based on intracellular
pH (pHi). We found that a palmitoylated hexapeptide (C16-VVAEEE) formed a hydrogel
below pH 7. The formation of the nanofibrous self-assembly was responsive to a small pH
change around pH 7. The cytotoxicity of C16-VVAEEE was correlated with pH; of cells.
Microscope observation demonstrated the self-assembly of C16-VVAEEE inside HEK293
cells. In vivo experiments revealed that the transcutaneous administration of Cis-VVAEEE
showed remarkable anti-tumor activity. This study proposes that distinct microenvironment
inside living cells can be used as a trigger for the intracellular self-assembly of a peptide

amphiphile, which provide a new clue to drug discovery.



Introduction

Molecular self-assembly is a powerful bottom-up strategy to create higher order structures
from nanoscales to microscales. It produces a wide range of intelligent materials integrating
various functional properties.!> The molecular self-assembly works as “molecular ensemble”
to show attractive features for drug delivery, biosensing, chemical reactions and well-
designed nanostructures, which are not achieved by monomeric molecules.* In the last two
decades, a number of studies reported the self-assembly of peptide amphiphiles (PAs or
lipopeptides) and amino-acids amphiphiles. As amino acids are a basic building block of
proteins to create fascinating functions in nature, a PA with an appropriate molecular design
has a high potential to realize protein-mimic functions.® Indeed, there are many reports
describing that the self-assemblies of PAs work as cell scaffolds, catalysts, analytical device,
drug carriers, pharmacologically active materials, pollutant adsorbents, emulsion stabilizer
etc.”13

Among the proposed applications of PAs, pharmacological activity of the self-assembly of
PAs has brought a novel approach with a high impact to the field of drug discovery, which is
totally different from conventional concepts of drugs (small molecule drugs, inhibitors and
antibody drugs).'* Xu and coworkers first demonstrated that PAs killed animal cells and
bacteria via enzyme-instructed intracellular self-assembly.!>'® Their studies showed the
remarkable cytotoxicity of their PAs while there are a variety of natural and synthetic PAs
with low or negligible cytotoxicity.!”?* To deliver the PAs inside cells, Xu et al employed
their precursors (phosphorylated peptides) to prevent the self-assembly of PAs outside cells.
Dephosphorylation inside cells, which was catalyzed by overexpressed phosphatase,
converted the precursors to PAs to allow the intracellular self-assembly, leading to cell
death.!'*1%2! Inspired from their studies, we succeeded in the selective death of cancer cells

induced by the intracellular self-assembly of a PA, in which cancer-related proteinase



promoted the cell uptake of the PA and its intracellular self-assembly.?? Other groups also
reported the fate control of cancer cells via the intracellular self-assembly of PAs.?3-%°

Above studies employed enzymes, which were overexpressed in diseased cells, to trigger
the intracellular self-assembly. In addition to overexpression of enzymes, there are variations
in physiological conditions of diseased cells and tissues that are different from those of
normal ones.?®?® For example, abnormal levels of reactive oxygen species and nitric oxide

inside cells are related with various diseases?®3°

and malfunction of a living system causes pH
change inside and outside the cells.?® 2% 3! Tumor pH (extracellular pH) was less than pH 7.1,
while that of normal cells is around pH 7.4.2% 32 Intercellular pH of some tumor spheroids is
slightly acidic (below pH 7).3*-* Some of viral and bacterial infections decrease intracellular
pH (pH;) slightly.26:31-35

Although there are many studies employing abnormal extracellular pH as a trigger to
control drug release around targeted cells or parts of a body,>®*? there is, to our knowledge,
no report on the pharmacological activity of the molecular self-assembly triggered by pH; of
diseased cells. In the present study, we designed a novel PA that self-assemble by a small pH
change around neutral pH to form entangled nanofibers (Figure 1). We succeeded in the self-
assembly of the PA inside the cells triggered by the slightly low pHi, which induced the
selective death of cells with slightly low pHi. In vivo experiments revealed that the
transcutaneous administration of the PA inhibited the tumor growth and reduced the tumor
size on mice. The present study demonstrates that an appropriate molecular design of a PA
leads to the high pH sensitivity of its self-assembly. The self-assembly of the PA, which is

highly sensitive to microenvironment pH in a living body, offers a new approach for selective

removal of cells* and drug discovery.
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Figure 1. Schematic illustration of selective cell death induced by molecular self-assembly of

intracellular pH-responsive peptide amphiphile (PA).

Experimental

Solid-phase syntheses of peptide amphiphile. Peptide amphiphiles (Cis-VVAEEE, Cio-
VVAEEE and Cg-VVAEEE) were synthesized by standard 9-fluorenylmethoxycarbonyl
(Fmoc) solid-phase peptide synthesis on a 0.6-mmol scale. H-Glu(OtBu)-(Trt)-Trt(2-Cl)-resin
was used as the polymeric support. Fmoc-Glu(OtBu)-OH (3 equiv.) was coupled to the resin
(0.6 mmol) using HBTU and HOBT-H>O as coupling agents in the presence of DIEA in DMF
for 60 min at room temperature. Palmitic acid (3 equiv.) was coupled to the N-terminus of the
synthesized peptide using the coupling agents in the presence of DIEA in DMF for 90 min at
room temperature. After each coupling reaction, the Fmoc groups were removed by mixing
with a piperidine/DMF (20/80) mixture for 45 min at room temperature. Cleavage of the
synthesized peptides from the resin was performed in a mixture of TFA, TIPS and water at a
volume ratio of 95:2.5:2.5 for 90 min at room temperature. The synthesized peptides in the
cleavage mixture were precipitated with 0.1 M hydrochloric acid, collected by centrifugation,
washed three times with 0.1 M hydrochloric acid and freeze-dried. The crude peptides were
purified using a high-performance liquid chromatography (HPLC) system (LC-20AT,

Shimadzu, Kyoto, Japan) equipped with an Inertsil ODS-3 column (10 x 250 mm, GL Science,
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Tokyo, Japan). The purified product was freeze-dried and obtained as a dry white powder in
42% yield. The obtained product was identified by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF/MS) using an UltrafleXtreme TM mass
spectrometer (Bruker, Billerica, MA, USA). MALDI-TOF/MS (SA matrix) (m/z): [M+K]"
calcd for C16-VVAEEE (Cs4H76NsO14), 951.51; found, 952.56 (Supporting Information Figure
S1). [M+Na]" caled for C1o-VVAEEE (C3sHssN6sO14Na), 851.43; found, 851.49 (Figure S2).

[M+Na]" calcd for Cs-VVAEEE (C36HesoNsO14Na), 823.40; found, 823.49 (Figure S3).

Solid-phase syntheses of NBD-Ci12-VVAEEE. Condensation of amino acids and Fmoc-
Adod(12)-OH were carried out by the same protocol as described above. To conjugate NBD-
Cl with a N terminus of NH2-C12-VVAEEE-resin, 1.8 mmol NBD-CI, 680 pL DIEA, 7.72 mL
DMF were added to the column and reacted for 24 h in a dark. Cleavage of the synthesized
peptides from the resin and purification of the peptide were the same as described above. The
obtained product was identified by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry(m/z): [M+H]" calcd for C4sH70N10017Na, 1057.48; found, 1057.68 (Figure

S4).

Gelation tests. Gelator (0.15 wt%) in phosphate buffered saline without Ca?>" and Mg?" (PBS)
(pH 7.4, 50 mM, 100 pL) was added to a glass tube (diameter: 8 mm) containing a peptide
amphiphile (0.15 wt%) in phosphate buffer solution (pH 7.4, 50 mM, 1.0 mL). After it was
mixed well at 85 °C for 10 min, the solution was kept for 24 h at room temperature without
stirring. After 24 h, gelation was confirmed by inversion of the glass tube containing the

solution.

TEM observation. Transition electron microscopy (TEM) measurements were carried out



using a transmission electron microscope (JEOL2100F, JEOL, Tokyo, Japan). A piece of gel
(0.15 wt%) was placed on a carbon-coated copper grid and stained with phosphotungstic acid
(1 wt%). The grid was dried overnight under vacuum and observed using an acceleration

voltage of 200 kV.

CD spectrum measurement. CD spectrum measurement was performed at 25 °C on a Jasco
J-725K CD instrument using 10 mm quartz cuvettes. The concentration of the samples was 0.15

wt% in PBS.

Critical micellar concentration (CMC) measurements. Cis-VVAEEE solutions of varied
concentration were prepared in PBS buffer at pH 6.8 and pH 7.4. Rhodamine 6G was added to
the C16-VVAEEE solutions to give a final rhodamine 6G concentration of 5 pM. Amax was
determined by measuring the absorbance from 520 to 540 nm using a fluorescence

spectrophotometer (FP-8200, Jasco, Tokyo, Japan).

Culture of cells. Frozen cells were harvested by rapid thawing in a 37°C water bath and were
washed with fresh medium (DMEM with 10 % fetal bovine serum and 1 %
penicillin/streptomycin or Complete Medium Kit with serum and CultureBoost-R™ (Cell
Systems)). The medium was exchanged 2 times a week. Cultures of cells were maintained at

37°C and 5% COa.

Intracellular pH measurement. Intracellular pH was measured using pHrodo™ Green AM
Intracellular pH Indicator purchased from Thermo Fisher Scientific Inc. and a flow cytometer
(BD Facscanto II, Becton, Dickinson and Company, NJ) according to the manufacturer’s

instruction.



In vitro cell viability. Cytotoxicity of the peptide amphiphiles was evaluated using Cell Count
Reagent SF (Nacalai tesque, Kyoto, Japan) in accordance with the manufacturer’s instructions,
which is a modified version of the MTT assay using a highly water-soluble tetrazolium salt.
Briefly, cells were plated at a seeding density of 2.0 x 10* cells/well in 96-well plates and
incubated for 24 h. Then, a fresh medium containing a peptide amphiphile at a given
concentration was added to each well. The cells were typically exposed to a peptide amphiphile
for 24 h and with given concentrations, and then treated with a 10 puL solution of Cell Counting
Kit-8. After incubation for 1 h, the absorbance at 450 nm of each well was measured using a

microplate reader (SH9000, Hitachi igh-Technologies Corporation, Tokyo, Japan).

Live/dead assay. The survival of cells exposed to the peptide amphiphile medium solution was
evaluated using a LIVE/DEAD Viability/Cytotoxicity kit (Molecular Probes, Invitrogen,
Carlsbad, CA). Samples were processed according to the manufacturer’s instruction. Briefly,
after allowing the cells to adhere to a dish surface, 1.0 x 10° cells/well in a glass-base dish were
incubated with and without a peptide amphiphile at 37 °C for 24 h. Cells were stained with the
LIVE/DEAD assay reagents and then incubated at 37 °C for 20 min. After washing with warm
1 mL Living Cell Imaging Solution, cells were then observed using a confocal laser scanning
microscope (CLSM) (Fluoview FL1000, Olympus, Tokyo, Japan). Live cells were stained with

green fluorescence and dead cells were with red fluorescence.

Visualization of cellular uptake using NBD-C12-VVAEEE. 1.0 x 10° cells/well in a glass-
base dish were incubated with and without a peptide amphiphile at 37°C for 24 h. 0.3 wt% Ci¢-
VVAEEE in PBS and a 0.15 wt% NBD-C2-VVAEEE in D-PBS were diluted 10 times and

1000 times with the culture medium, respectively. Their final concentrations were 0.03 wt%



and 1.5%10#wt%. The medium in the dish was replaced with the medium containing the peptide
amphiphiles and incubated in CO> incubator for 24 h. The medium in the dish was replaced
with LCIS containing Hoechst (1000-fold dilution) and incubated for 15 min. After washing

with warm LCIS, cells were observed using a CLSM.

Visualization of NBD-C12-VVAEEE accumulated at ER. HEK293 cells, which were
incubated with 0.05 wt% C1s-VVAEEE in PBS and a 5107 wt% NBD-C1>-VVAEEE for 24 h
in a glass-base dish, were treated for 30 min at 37 °C with a fluorescent ER-Tracker™ Red
(E34250, ThermoFisher, Waltham, MA) to stain ER according to the manufacturer's protocols.

The staining solution was replaced with a fresh DMEM, followed by CLSM observation.

Spheroid preparation. Spheroids of HEK293 and A431 cells were prepared in a U-shaped
96-hole microplate (MS-9096U, Sumitomo Bakelite Co., Ltd., Tokyo, Japan). Cells (5.0 x
10%) suspended in a 200 uL. DMEM were placed in a well of a U-shaped microplate, followed
by incubation in DMEM medium for 4 d. The supernatant was replaced with fresh DMEM
medium containing C16-VVAEEE at given concentrations. After 24 h, the spheroids were

stained with the LIVE/DEAD Viability/Cytotoxicity kit and observed by CLSM.

Apoptotic/necrotic assay. Apoptotic/necrotic/healthy cells detection kit (Promo cell, GmbH,
Heidelberg, Germany) was used to detect the apoptosis according to the manufacturer’s
protocols. Briefly, HeLa cells in a glass-base dish were washed with a binding buffer. A
staining solution was added to microplate wells and cells were incubated for 15 min at 25 °C,

followed by washing with a binding buffer. Cells were visualized using a CLSM.

Preparation of solid-in-oil dispersion containing PA. An aqueous solution containing PA



and octaarginine (R8) (0.5 mg/mL each) and a cyclohexane solution containing 12.5 mg/mL
sucrose laurate (L-195, Mitsubishi-Kagaku Foods, Tokyo, Japan) were mixed at a 1:2 (v:v)
ratio and homogenized using a homogenizer (PRO200, PRO Scientific Inc., Oxford, CT) at
35000 rpm for 2 min. The water-in-oil emulsion prepared was frozen in liquid nitrogen and
freeze-dried for 24 h to yield a PA/R8—L195 complex as a white solid. The complex was
dispersed in isopropyl myristate (IPM) to give the complex dispersion at 1.5 wt% PA in [IPM
(PA-solid-in-oil dispersion, abbreviated PA-S/O dispersion).

The PA-S/O dispersion (200 pl) was put on an adhesive tape (Band-aid Water-Block,

Johnson & Johnson, New Brunswick, NJ) (abbreviated PA-S/O patch).

In vivo experiments. Female BALB/c nude mice (5 weeks old) were purchased from Japan
SLC (Shizuoka, Japan) and maintained under standard conditions for 1 week. All animal
experiments were carried out at Japan SLC in accordance with the institutional guideline for
the care and use of laboratory animals (approval no. F71-8128).

BALB/c nude mice bearing HeLa tumor tissues were prepared by subcutaneously injecting
100 pL of a suspension of HeLa S cells (1 x 107 cells) into the flank. On day 14 after the
inoculation, the mice were randomly assigned to 4 groups (n = 7): (i) no treatment (control),
(i1) S/O dispersion without a patch (iii) PA-S/O dispersion without a patch and (iv) PA-S/O
patch. The dispersions were applied to the areas of tumor and the application was repeated
using fresh ones 3 times a week. Patches were placed on the areas of tumor and replaced with
fresh ones 3 times a week. Tumor sizes were measured 3 times a week using a caliper, and the
tumor volumes were calculated using the following formula:

Tumor volume (mm?) = longer diameter x shorter diameter® x 0.5
Mice were sacrificed when the tumor volume exceeded 2000 mm?®. The statistical

significance of differences in anti-tumor efficacy between two groups possessing unequal
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variance was evaluated using the Tukey test. Differences were considered significant at a 95%

confidence level (p < 0.05).

Results and discussion
Synthesis and characterization of a pH-responsive peptide amphiphile (Ci--VVAEEE).
To find the peptide amphiphile that exhibited sol-gel transition responsive to a small pH
change around neutral pH, we designed and synthesized 9 different kinds of peptide
amphiphiles by solid-phase peptide synthesis. The peptide sequences of the synthesized PAs
were designed to have hydrophobic amino acid residues and acidic amino acid residues for pH-
responsive self-assembly.**** We then carried out gelation tests using Dulbecco's phosphate
buffered saline (PBS) (Table S1). Among the various synthesized peptide amphiphiles, 0.15
wt% Ci16-VVAEEE (N-palmitoyl-Val-Val-Ala-Glu-Glu-Glu, Figure 2a) exhibited hydrogel
formation, which was very sensitive to a small pH change around pH 7. It formed transparent
hydrogel at pH 6.8 (Figure 2b), while it did not above pH 7.0 (Figure 2b). C1--VVAEEE was
composed of 3 parts: (1) a C16 alkyl chain to enhance self-assembling ability by hydrophobic
interaction,** *° (2) a tripeptide segment (Val-Val-Ala) following the alkyl chain to create p-
sheet by hydrogen bonding.>'"? (3) the peptide sequence (Glu-Glu-Glu) that acts as a pH-
responsive part due to the carboxyl groups of the side chains and the C-terminus.*® The hydrogel
of Cis-VVAEEE exhibited reversible sol-gel transition by heating/cooling and also by
controlling pH. It should be noted that C16-VVAEEE keeps hydrogel over a wide range of acidic

pH (e,g. pH 4 and pH 5).

11



,\ " ',
<

Figure 2 (a) Molecular structure of N-palmitoyl-Val-Val-Ala-Glu-Glu-Glu (Cis-VVAEEE).

(b) Gelation tests of PBS after 24 h at various pH. The concentration of Ci1s-VVAEEE was 0.15
wt%. (c, d) TEM images of the freeze-dried hydrogel and PBS solution of 0.15 wt% Ci¢-

VVAEEE. (c) pH 6.8, (d) pH 7.4.

Transmission electron microscope (TEM) observation revealed branched or entangled long
nanofibers with a diameter of a few tens of nanometres in the hydrogel of Ci1-VVAEEE at pH
6.8 (Figure 2c & d). There observed only a few short nanofibers (less than 30 um in length),
which were not connected each other, in the solution at pH 7.4. These results suggested that
Ci16-VVAEEE self-assembled to form long entangled nanofibers at pH 6.8, and that nanofiber

formation were involved in the gelation.

12
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Figure 3 a) CD spectra of Ci6-VVAEEE aqueous solution (0.05 wt%) at various pH. (b, ¢)
Measurements of critical micellar concentrations (CMC) using rhodamine 6G for Ci¢-

VVAEEE in PBS. (b) pH 6.8 (c) pH 7.4.

To evaluate the self-assembled structure of C16-VVAEEE in aqueous solution, CD spectra
of the solutions were measured at varied pH (Figure 3a). A positive peak was observed around
203 nm at pH 6.8, which was considered to be derived from a B-sheet structure.*® On the other

hand, negative peaks were observed around 198 nm at pH 6.9-7.4, which was considered to be
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derived from a random-coil structure. The CD spectra showed that the supramolecular structure
of C1s-VVAEEE in aqueous solution greatly changes according to a small pH change from pH
6.9 to pH 6.8.

The critical micellar concentration (CMC) of Ci16-VVAEEE was evaluated using rhodamine
6G in PBS.%* The CMC depended on pH (Figure 3b and c). The CMCs at pH 6.8 and pH 7.4
were 2.3 x 10 wt% and 1.1 x 10”2 wt%, respectively. The CMC measurements indicated that
a small variation in the pH environment drastically affected the monomeric solubility of Ci¢-
VVAEEE and also altered the intermolecular interaction of C16-VVAEEE. These results meant
that a slightly acidic condition (~pH 6.8) triggered the self-assembly of Cis-VVAEEE.
Although the pKa of carboxy groups in a side chain and in a C-terminus of Glu were 4.3 and
2.2, the critical pH value for the self-assembly of C1s-VVAEEE was ~pH 6.8. There is a report
that neighboring carboxy groups in a protein molecule affect each other and greatly increase
the pKa.>* The continuum of three Glu residues and the self-assembly of C15-VVAEEE would
contribute to the pKa shift in the present study. Indeed, Goldberger and co-workers also reported
the dynamic morphological change of the self-assembly of the Glu-rich PA in response to a pH

change at pH 6.6.4%4

Intracellular pH and cytotoxicity of C16-VVAEEE to various kinds of human cells.

We measured the pH; of four different kinds of human cell lines (MvE, A431, HeLa and
HEK?293 cells) cultured on microplates. MVE cells are non-cancer cells derived from primary
normal human dermal microvascular endothelial cells. A431 and HeLa cells are the cell lines
derived from an epidermoid carcinoma and cervical cancer cells. HEK293 cells are the
immortalized cell line derived from human embryonic kidney cells, which proliferate
indefinitely. pHrodo ™ Green AM Intracellular pH Indicator was used to measure cytoplasm

pH of cells cultured on a dish. The pH; values of these cells are summarized in Figure 4a. The
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pHi of HEK293 and HeLa cells were 6.7 and 7.1, respectively, which were slightly lower than
those of A431 and MVE cells (pH 7.5). HeLa cells are derived from cells infected with human
papillomavirus, which may explain the difference in the pHi when compared with that of other

cancer cells.

. intracellular 100 |
Cell line
a pH (pH;) b IL
MVE 7.5 — 80
>
> 60 | IL
A431 7.5 g
o)
© 40
Hela 7.1 =
20
HEK293 6.7 ’_X—‘
0

MvE A431 Hela HEK293
Cell line

Figure 4. a) Measurement of the intracellular pH (pH;) of four different cell lines using the
pHrodo™ Green AM Intracellular pH Indicator. b) Viability assay of the four different kinds of

human cell lines after incubation with C16-VVAEEE (0.05 wt%) for 24 h. c¢) Live/dead assays

of the four different kinds of human cell lines after incubation with C1s-VVAEEE (0.05 wt%)
15



for 24 h. Cells cultured on the 96-well microplates were observed using a confocal laser
scanning microscope (CLSM). Green and red fluorescence means living and dead cells,

respectively.

The cytotoxicity of Cis-VVAEEE (0.05 wt%) was evaluated using the four different kinds
of human cell lines. Cell viability was quantified using Cell Count Reagent SF (Nacalai tesque,
Kyoto, Japan), which is a modified version of the MTT assay using a highly water-soluble
tetrazolium salt. C16-VVAEEE was added in culture medium and it looked “dissolved” prior to
the cytotoxicity tests. Figure 4b showed that C16-VVAEEE was highly toxic to HEK293 cells
and also toxic to HeLa cells, of which pH; was relatively low. Cis-VVAEEE exhibited
negligible or low cytotoxicity to MvE and A431 cells, of which pH; was 7.5. The live/dead
assay using CLSM also demonstrated that there were relatively a small number of HeL.a and
HEK?293 cells on microplates and many of them were dead (red fluorescence) (Figure 4c). On
the other hand, a number of MVE and A431 cells were observed and most of them were alive
(green fluorescence). Ci16-VVAEEE exhibited remarkable cytotoxicity to the cells with low pH;
(pH 6.8 and 7.1) and not to the cells of pH 7.5.

The effect of the Cis-VVAEEE concentration was also examined (Figure S5). The Cis-
VVAEEE concentration did not affect the viability of MVE cells over the range of the tested
concentration. The viability of A431 cells were slightly affected by the Cis-VVAEEE
concentration. The viability of HEK293 and HeL a cells remarkably decreased with the increase

of the C16-VVAEEE concentration.

Visualization of cell uptake of a PA
To verify the cell uptake of a peptide amphiphile and self-assembly inside cells, HEK293

cells were incubated with Cis-VVAEEE, NBD-Ci;-VVAEEE and ER-Tracker (red

16



fluorescence). NBD-C12>-VVAEEE was an analogue of Cis-VVAEEE and had a fluorophore
(7-nitrobenzo-2-oxa-1,3-diazole, NBD) at the end of its alkyl chain (Figure 5a). We already
confirmed that C1-VVAEEE and NBD-C2-VVAEEE formed nanofibers via co-assembly due
to the structural homology. Since NBD is a green fluorophore that is sensitive to hydrophobic
environment, it serves as a probe for intracellular fiber formation of PAs.>* > The CLSM
observation (Figure 5b) revealed green fluorescence, indicating that C1.-VVAEEE was taken
by HEK293 cells and suggested that the self-assembly of Cis-VVAEEE and NBD-Ci»-
VVAEEE inside the cells.

Figure 5b (Merge) shows there are overlaps of green and red fluorescence in many areas,
suggesting the accumulation of C16-VVAEEE at endoplasmic reticulum (ER). To discuss the
mechanism of cell death, we carried out apoptosis/necrosis assay. Figure S6 shows green
fluorescence (FITC-annexin V) on HEK293 cells after incubation with Ci16-VVAEEE for 3 h.
A little portion of red fluorescence (propidium iodide) was observed. These observation
suggested that HEK293 cells incubated with C16-VVAEEE were in early apoptosis.*® Since ER
stress often induces apoptosis,”’ the accumulation of the self-assembly of C16-VVAEEE at ER
would also induce apoptotic death of HEK293 cells in the present study. Indeed, some groups

reported anti-cancer activity induced by targeted ER stress.36°

HO (o]
P B
N,
0 Q (o]
O,N
O "0OH o] OH

b NBD-C,,-VVAEEE ER-Tracker Merge

--

Figure 5 a) Molecular structure of NBD-Ci,-VVAEEE. b) CLSM images of HEK293 cells
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stained with ER-tracker after incubation with a mixture of C16-VVAEEE (0.05 wt%) and NBD-

C12-VVAEEE (5.0x10* wt%).

Molecular design of peptide amphiphiles for the cytotoxicity

One of the key factors for the self-assembly is the hydrophobic moiety of the PA.®! We then
synthesized another two different kinds of PAs (Figure 6a). These PAs had C8 and C10 as alkyl
chains to reduce the self-assembling ability. The viability assay demonstrated that Cs-VVAEEE
and C10-VVAEEE exhibited negligible or low cytotoxicity to the four different kinds of cells
(Figure 6b). The cytotoxicity of the PA decreased with the decrease of the alkyl-chain length.
These results indicated two possibilities. One is the effect of the self-assembling ability of PAs

22, 62

on the cytotoxicity and the other is interaction of an acyl chain with an organelle or a

membrane that might localize PAs at specific positions inside cells.®
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Figure 6 a) Molecular structures of PAs with alkyl chains of different lengths. b) Viability

assay of different cell lines after incubation with PAs (0.05 wt%) for 24 h.

Live/dead assay for spheroids treated with Cic-VVAEEE

A spheroid of cells is a simple form of three-dimensional cell culture. We prepared spheroids
of HEK293 and A431 cells and investigated the cytotoxicity of Cis-VVAEEE to the spheroids.
Figure 7a showed that there were many dead cells in the core of the spheroid of HEK293 cells
when it was treated with 0.015 wt% Cis-VVAEEE. At a low concentration of Ci1s-VVAEEE
(0.005wt%), there observed a few number of dead cells and living cells forming the rim of the

spheroid. On the other hand, the spheroid of A431 cells kept alive at the tested concentrations

of C16-VVAEEE.
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Figure 7. a) CLSM observation for Live/dead assay of spheroids (HEK293 cells and A431
cells) incubated with Ci1s-VVAEEE for 24 h. b) Tumor growth in HeLa tumor-bearing mice.
Arrows indicate the administration of the S/O dispersion. Error bars represent the standard

deviations of 6 mice per group. Control means tumor-bearing mice without any treatment. n =

8. *p < 0.05.

In vivo tumor growth inhibition
Finally, we evaluated the antitumor activity of Cis-VVAEEE in vivo. Nude mice

subcutaneously xenografted with HelLa tumors were prepared. To administer the PA, we
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adopted a solid-in-oil (S/O) dispersion system for the transcutaneous delivery of the PA 6465 A
S/O dispersion is an oil-based dispersion containing lyophilized particles of hydrophilic
molecules/surfactants complexes. We prepared a PA/edible surfactant complex and dispersed
the complex in isopropyl myristate (IPM) at 0.15wt% PA (PA-S/O dispersion) according to
Goto’s procedure.® The fresh S/O dispersion was put on a tumor site of a mouse 3 times a week.
Since the S/O dispersion was fluid, administration with a patch was also investigated. Figure
7b shows the tumor growth on mice during the transcutaneous administration of the PA.
Although there was no obvious difference in the first week, the tumor growth on mice with the
PA/patch was inhibited from the 2nd week and the tumor size decreased from day 15. The
photos of mice after the administration for 3 weeks also exhibit the obvious difference in the
tumor size (Figure S7). The S/O dispersion without the PA and the PA-S/O dispersion without
a patch did not inhibit the tumor growth. A patch would keep the fluid dispersion on a tumor
site and help the transcutaneous delivery. These results demonstrate anti-tumor activity of Cis-

VVAEEE in vivo and the transcutaneous delivery of the PA that works for tumor reduction.

Conclusion

In the present study, we synthesized a novel PA (Ci6-VVAEEE), of which self-assembly
was highly responsive to a small pH change around neutral pH. C1s-VVAEEE self-assembled
to form entangled nanofibers, leading to hydrogelation below pH 7. A long alkyl chain and
hydrophobic amino acids (Val and Ala) residues contributed to the self-assembly. The
continuum of Glu created the pH-sensitivity of the PA around pH 7, which was far from pKa
of the carboxy group in the side chain of Glu. The PA exhibited cell-selective cytotoxicity
according to pHi. The cells with low pH; were killed by the PA. Various investigations indicated
that the intracellular self-assembly of the PA played an important role for the selective cell

death and also that the self-assembly was induced by low pH;. The present study reveals that
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microenvironment pH inside cells can be used as a trigger for the intracellular self-assembly of
a PA, which allows us to control the cell fate in a cell-selective manner. In vivo experiments
demonstrate that the transcutaneous delivery of the PA exhibited the anti-tumor activity and
reduced the tumor size (not only inhibiting the tumor growth). The self-assembly of a PA is
tunable for various kinds of stimuli by designing the chemical structure of a PA. This will
extend the potential of a PA as a highly cell-selective drug or a cell-selection tool for diseased

cells and pathogenic microorganisms.
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Experimental
Materials

Fmoc amino acids, 12-(Fmoc-amino)dodecanoic acid (Fmoc-Adod(12)-OH), H-Glu(OtBu)-(Trt)-
Trt(2-Cl)-resin,,1-hydroxybenzotriazole hydrate (HOBT-H»O), 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium  hexafluorophosphate (HBTU), triisopropylsilane (TIPS) and N,N-
dimethylformamide (DMF) were purchased from Watanabe Chemical Industry (Hiroshima, Japan).
Trifluoroacetic acid (TFA), dichloromethane (DCM), methanol, palmitic acid, caprylic acid, capric
acid, sodium hydroxide aqueous solution and hydrochloric acid were purchased from Fujifilm Wako
Pure Chemical Co., Ltd. (Osaka, Japan). N, N-Diisopropylethylamine (DIEA), piperidine, 4-chloro-7-
nitro-2,1,3-benzoxadiazole (NBD-CI), 2,5-dihydroxybenzoic acid (DHB) and sinapinic acid (SA)
were purchased from Tokyo Chemical Industry (Tokyo, Japan). Kaiser reagents for ninhydrin tests
were purchased from Kokusan Chemical (Tokyo, Japan). High quality deionized water (DI water, >

15 MQ-cm) produced by an Elix-5 system (Millipore, Molsheim, France) was used.
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Results
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Figure S1. MALDI-TOF/MS spectrum of C16-VVAEEE.
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Figure S2. MALDI-TOF/MS spectrum of Cio-VVAEEE.
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Figure S3. MALDI-TOF/MS spectrum of Cs-VVAEEE.
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Results

Table S1. Gelation tests of various peptide amphiphiles using Dulbecco's phosphate-buffered saline.*

Sequence pH6.8 pH7.0 pH72 pH74
C14-VVAKE VS VS VS G
C14-11AKE G G G G
C14-VVAKEE S G G
C14-VVAEE VS 0OS 0S (O
C1-VVADD G G VS S
C16-VVAEEE G S S S
C14-VVAEEE S S S S
C10-VVAEEE S S S S
Cs-VVAEEE S S S S

*The concentration of the peptide amphiphiles was 0.15 wt%. Gelation was confirmed by the test-

tube inverting method. G, gel; S, sol; VS, viscous solution; OS, opaque solution.
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Figure S5. Effect of the PA (C1s-VVAEEE) concentration on the viability of the four different cell

lines examined. Viability was assayed after 24 h incubation with Ci-VVAEEE.
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Figure S6. Apoptotic/necrotic assay. HeLa cells, which were treated with with C1s-VVAEEE

(0.3wt%) for 24 h, were stained with FITC-annexin V and propidium iodide (PI).
Apoptotic/necrotic/healthy cells detection kit (Promo cell, GmbH, Heidelberg, Germany) was used to
detect the apoptosis according to the manufacturer’s protocols. Briefly, HeLa cells in a glass-base
dish were washed with a binding buffer. A staining solution was added to microplate wells and cells
were incubated for 15 min at 25 °C, followed by washing with a binding buffer. Cells were

visualized using a CLSM.
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Control PA-S/O with a patch

Figure S7. Photos of HeLa tumor-bearlng mice after the transcutaneous administration of PA-S/O

dispersion (with a patch) for 3 weeks.
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