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Abstract

The significant progress of supramolecular chemistry since the end of last century includes the

development of supramolecular gels. In particular, spatiotemporal self-assembly of synthetic small

gelator molecules have attracted increased attention owing to their ability to realize functional

properties at a designated space and designated time. Peptides conjugated with hydrophobic moieties

are typical examples of a supramolecular gelator (low-molecular-weight gelator, LMWG), which can

be designed or programmed to self-assemble to form nanofibers/nanosheets in response to a broad

range of stimuli or to microenvironments. In the last decade, several groups reported that the self-

assembly of small gelator molecules was achieved inside living cells or on the surfaces of living cells

and induced the selective cell death, which would lead to a novel therapeutic approach or a novel

cell-selection tool. This focus review outlines the self-assembly of the small gelator molecules inside

or around living cells, which controls the cell fates.



1. Introduction

Gels have been widely used in our daily life and in industry. A gel usually consists of a liquid

immobilized in a three-dimensional (3D) network. Conventionally, the gel networks are prepared by

covalent and noncovalent cross-linking of polymers and inorganic frameworks. Since the end of the

last century, the use of molecular self-assemblies formed by noncovalent interactions for the

preparation of nanostructured gel networks has been an emerging trend. Gels based on noncovalent

interactions (e.g., hydrogen bonding, m-m interactions, van der Waals force and electrostatic

interactions) are called supramolecular gels. The gelation based on the noncovalent interactions

occurs in organic solvents [1-4], water [5-10] and ionic liquids [11-15]. The main characteristics of a

supramolecular gel are its thermoreversiblity and rapid response to external stimuli.

Supramolecular gels are divided into two categories: Gels made from a high-molecular-weight

polymer or a low-molecular-weight gelator (or low-molecular-mass gelator). A low-molecular-weight

gelator (LMWG) can be easily tuned at the molecular level (e.g. molecular structure, estimated

interaction with other molecules etc) because of the simple and small molecular structure of the

gelator. LMWG molecules self-assemble to form one-dimensional nanofibers and the three-

dimensional entanglement (or branching) of the nanofibers induces the gelation of the solvents (Fig.

1). In the last two decades, the synthesis of functional hydrogels using elaborately designed LMWGs

has been reported, which indicates their potential use in cell scaffold [16-23], drug carriers [24-28],

antimicrobial materials [29-32], catalysts [33, 34], media for organic/inorganic reactions [ 14, 35-38],

biosensors [39-44], emulsifiers [38, 45] and absorbents for pollutant removal from waste water [46,
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47]. The large number of the studies on LMWGs give clues for the rational design of a LMWG. There

is also a progressive attempt to screen for the aqueous self-assemblies in 8,000 possible tripeptides

using a computational tool [48].

Despite a number of reports on LMWGs for hydrogel, there are only a few examples that LMWGs

for hydrogel are commercialized (for example, PuraMatrix, 3-D Matrix, Ltd., Tokyo and

NANOFIBERGEL®, Nissan Chemical Co., Tokyo). While hydrogels consisted of polymers and

inorganic frameworks are inexpensive and mechanically tough, hydrogels of LMWGs are expensive

and fragile. These mean that the applications of LMWG hydrogels should be apart from those of

polymers and inorganic frameworks. One possible and unique application of LMWGs is the

physiological activity induced by their self-assembly. Our group and other groups reported the

selective cell death of cancer cells using LMWGs. This focus review summarizes the recent progress

on the physiological activity (selective cell death) created by the self-assembly of LMWGs and

discuss the future potential.

2. Peptide-based LMWG hydrogel as a novel class of biomaterial

The pioneering works of peptide-based LMWGs were carried out by Zhang’s group [16, 49] and

Stupp’s group [19, 50]. Zhang et al. designed various peptides to form B-strand or 3-sheet structures

and succeeded in the preparation of peptide nanofibers and nanotubes. Their peptides contained

neither long alkyl chains nor polyaromatic moieties. Among their studies, they found that N-

acetylated octapeptides and hexadecapeptides with alternating ionic hydrophilic and hydrophobic
4



amino acids produced hydrogels appropriate for 2D/3D cultures of nerve cells, endothelial cells and

chondrocytes [5].

Stupp et al. synthesized the peptide amphiphile (PA), which was composed of a palmitoyl group

(C16) and 11 amino acids (PA1, Fig. 2). The long alkyl chain was designed to contribute to

hydrophobic interaction among the PA molecules in aqueous solution and the peptide segment was to

produce hydrogen bonding and also hydrophobic interaction among the molecules. The PA formed a

hydrogel through nanofibrous self-assembly upon pH change. The entanglement and branching of the

nanofibers induced the hydrogelation of an aqueous solution under physiological conditions. They

demonstrated that the hydrogel was utilized as a scaffold for hydroxyapatite mineralization [50]. They

also succeeded in culturing neural progenitor cells in the hydrogel of a peptide amphiphile containing

a neurite-sprouting epitope (PA2, Fig. 2), which allowed rapid differentiation of the cells into neurons

[19].

Xu and co-workers reported vancomycin-conjugated pyrene as an antibiotic gelator (PA3, Fig. 2)

[51]. Vancomycin is a glycopeptide antibiotic having a large and complex structure. They also found

novel peptide-based LMWGs having much simpler molecular structures (PA4, Fig. 2). They

synthesized dipeptides (D-Ala-D-Ala) linked to a 9-fluorenylmethoxycarbonyl (Fmoc) group that

formed nanofibrous self-assembly to give a hydrogel [52]. This supramolecular hydrogel exhibited

gel-sol transition responsive to an antibiotic (vancomycin) since D-Ala-D-Ala binds to vancomycin.

In 2005, Ulijn et al. reported the three-dimensional cell culture of bovine chondrocytes in the hydrogel

consisted of Fmoc dipeptide [20]. Since fluorene (a part of a Fmoc group) is suspected to be
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carcinogenic and Fmoc-protecting group is easily hydrolyzed under alkaline conditions, Xu et al.

developed dipeptides conjugated with a naphthyl group as another class of LMWG (PAS, Fig. 2),

which was more biocompatible than Fmoc dipeptide [53].

3. Self-assembly of peptide amphiphile that Kills cells

The peptide sequence in the peptide amphiphile played an important role in the self-assembly and

supramolecular hydrogelation. The discovery of the peptide sequence is a key step for the study of

supramolecular hydrogel prepared from peptide amphiphiles. We fortuitously found a simple peptide

amphiphile, N-palmitoylated tetrapeptide (C16-Gly-Gly-Gly-His), as a good hydrogelator (Fig. 3a)

[54], when we were studying the recycling of precious metal ions using peptides and proteins [55,

56]. In addition to its simple molecular structure, C16-Gly-Gly-Gly-His gelated physiological media

(around pH 7.5) at a remarkably low concentration (0.03 wt%). The hydrogel prepared with 0.1 wt%

C16-Gly-Gly-Gly-His had nanofibers with a diameter of 20 nm (Fig. 3b), which were formed by the

self-assembly of C16-Gly-Gly-Gly-His. Based on our findings, the more simplified peptide

amphiphile was commercialized as a supramolecular hydrogelator by Nissan Chemical Industries,

Ltd [57].

Although the works described in the previous section indicated the high potential of hydrogels

consisted of peptide-based LMWGs, C16-Gly-Gly-Gly-His exhibited the intense cytotoxicity to

animal cells (e.g. human cancer cells). Xu ef al. also reported the remarkable cytotoxicity of naphthyl

tripeptide (and dipeptide), containing Tyr and repeated Phe residues, to bacteria and animal cells, in
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which the self-assembly of the naphthyl peptide inside living cells gave critical damage to the cells

[58, 59]. These imply that the peptide sequence and length (also the length of an acyl group) in PA

plays a critical role in the biocompatibility.

Xu et al. further demonstrated that the PA self-assembled to form nanofibers inside living cells,

which was thought to account for the cytotoxicity of the PA [58, 59]. They synthesized the PA

precursors that were transformed by intracellular enzymes (esterase and phosphatase) to

hydrogelators (Fig. 4). One of the precursors was naphthyl tripeptide containing phosphorylated Tyr

(PA6 precursor, Fig. 4a). The other was naphthyl dipeptide containing an ester bond (PA7 precursor,

Fig. 4b). These precursors were soluble in aqueous solution and did not form nanofibrous self-

assembly in the absence of the enzymes. In ref 44, they genetically transformed E. coli to overexpress

phosphatase upon addition of isopropyl-B-d-thiogalactopyranoside (IPTG). They incubated E. coli

with PA6 precursor and observed the inhibition of the E. coli growth only when IPTG was added to

the culture medium, indicating the self-assembly of the PA inside living cells and also the regulation

of the cell death. In ref 45, they used HeLa cells and mouse fibroblast cells to explore the intracellular

self-assembly of the PA. PA7 precursor exhibited remarkable cytotoxicity to HeLa cells but to

fibroblast cells. The nanofibrous self-assembly of PA7 was found inside the dead HeLa cells. They

attributed the difference in cytotoxicity to the expression level of esterase because HelLa cells

produced esterase more than fibroblast cells.

A peptide sequence can be readily designed as required. Peptides are substrates of many enzymes.

Inspired by the excellent works of Xu et a/, we used matrix metalloproteinase-7 (MMP-7) to trigger
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supramolecular hydrogelation of C16-Gly-Gly-Gly-His. MMP-7 is excessively produced and

secreted by various cancer cells, which is considered to play an important role in the tumor invasion

[60-62]. MMP-7 recognizes -Pro-Leu-Gly-Leu- as a substrate sequence [63]. We then designed and

synthesized a hydrogelator precursor (ER-C16), in which the Pro residue was expected to produce a

curved structure to prevent the formation of nanofibers and -Arg-Lys-NH»> was expected to provide

electrostatic repulsion between the precursor molecules owing to its cationic charges (Fig. 5a). The

precursor (ER-C16) was soluble in an aqueous solution and formed a micelle-like self-assembly.

When MMP-7 was added to the precursor solution, the solution was transformed to a translucent

hydrogel within 2 h (Fig. 5b and c). A drastic morphological change at the nanoscale was observed

in the precursor solution after the addition of MMP-7 (Fig. 5d and e).

The cytotoxicity tests on human cancer cells and normal cells revealed that both ER-C16 and G-

C16 induced the death of cancer cells (Fig. 6a and c), whereas normal cells remained alive in the

presence of ER-C16 but were killed by G-C16 (Fig. 6b and d) [64]. The quantitative assay of the cell

viability revealed that the precursor (ER-C16) was cytotoxic to all the tested types of cancer cells but

only to two kinds of normal cells (Fig. 6¢). All five different kinds of the cancer cells tested secreted

more MMP-7 compared with that of normal cells (Fig. 6f). This study revealed that the selective death

of cancer cells was correlated to the production of a LMWG (G-C16) by MMP-7. G-C16 was taken

by the cancer cells and that G-C16 self-assembled to form nanofibers inside the cells, leading to a

high viscosity of the cytoplasm in the cancer cells. Kuimova et al. studied the remarkable relationship

between cell death and high intracellular viscosity [65]. There is also a report describing that amyloid-



like protein aggregation inside a living cell interfered with the intracellular transport of protein and

RNA, resulting in the critical damage on the cellular functions [66]. These studies suggested that

intracellular self-assembly or hydrogelation by the LMWG gave a serious damage to cells, leading to

the cell death.

Xu et al. also reported the selective killing of cancer cells using enzyme-triggered intracellular

self-assembly of naphthyl peptides (termed enzyme-instructed self-assembly) [67-69]. They used

alkaline phosphatase and carboxylesterase, which were overexpressed in some of cancer cell lines, to

trigger the intracellular self-assembly. They further carried out in vivo experiments using mice and

succeeded in the inhibition of tumor growth, in which they observed tumor apoptosis without harming

normal tissues [70].

Ulijn et al. also demonstrated the death of cancer cells using the self-assembly of LMWG

molecules (Fmoc glucosamine-6-phosphate) on the surfaces of target cancer cells. Akaline

phosphatase, which was bound to a cell membrane of specific cancer cells, converted a simple

carbohydrate phosphate derivative to the self-assembling hydrogelator [71]. Yang et al. employed the

combination of intracellular enzyme (alkaline phosphatase) and intracellular glutathione to induce the

intracellular self-assembly of LMWG molecules, resulting in the death of liver cancer cells. These

studies provide a proof-of-concept that spatiotemporal molecular self-assembly can be programmed

in the molecular structure of a LMWG [38], which sets a LMWG hydrogel apart from a polymer gel.



Based on the above studies, Saito et al. proposed the practical application of selective cell-death

induced by the self-assembly [72]. Although induced pluripotent stem cells (iPSCs) are the powerful

tool in the regenerative medicine, there is a risk of residual undifferentiated iPSCs in the use of iPSCs

in clinical applications because of their potential tumorigenicity. Since ecto-alkaline phosphatase is

excessively expressed on the cell surfaces of undifferentiated iPSCs, Saito er al. used the

phosphorylated PA (phosphorylated naphthyl-D-peptides) for the self-assembly on the cell surfaces.

They succeeded in the selective removal of undifferentiated iPSCs from iPSC-derived differentiated

cells.

4. Conclusions and outlook

In this focus review, we have summarized the recent progress in the use of LMWGs for the

selective cell death. The distinct feature of the cell death induced by the LMWGs is that the self-

assembly of LMWG molecules exhibit remarkable cytotoxicity, whereas a single molecule of a

LMWG does not have cytotoxicity. To this end, there were several requirements: to deliver a

substantial amount of LMWG molecules from the outside to the inside of a living cell, to allow their

self-assembly under molecular crowding conditions and to inhibit their self-assembly outside a cell.

Fortunately, LMWG molecules have small molecular weights that allow the rapid cell uptake of the

LMWG molecules. It is easy to design the molecular structures of LMWGs to impart desired

functional properties. The rapid response of their self-assembly to external stimuli amplifies a

10



nanoscale molecular event of a chemical or biochemical reaction to induce a macroscopic event [44,

52, 73-75]. These characteristics realized the spatiotemporal control of the self-assembly of LMWG

molecules, leading to the selective cell death. The physiological activity induced by their self-

assembly would provide a novel approach in drug discovery and therapeutics, and also in a novel tool

for cell selection in tissue engineering and regenerative medicine [72].
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Fig. 1 Schematic illustration of fibrous self-assembly of LMWG molecules to form a hydrogel.

PA1: C16-Cys-Cys-Cys-Cys-Gly-Gly-Gly-Ser-Arg-Gly-Asp

PA2: C16-Ala-Ala-Ala-Ala-Gly-Gly-Gly-Glu-lle-Lys-Val-Ala-Val

Fmoc-D-Ala-D-Ala

PA4: O Fmoc-L-Ala-L-Ala
. Fmoc-Gly-Gly
[ o_Peptide | o Gly-D-Ala
O o} Fmoc-Gly-L-Ser
PA5: Nap-Gly-Gly
OO 0 . Nap-Gly-D-Ala
peptide Nap-Gly-Ala
Nap-Gly-Ser

Fig. 2 Chemical structures of representative peptide-based LMWGs.
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Fig. 3 a) Molecular structure of C16-Gly-Gly-Gly-His. b) TEM image of freeze-dried C16-Gly-Gly-
Gly-His hydrogel and a macroscopic image of the hydrogel (0.2 wt%) in pH 7.5 phosphate buffer

(inset). Reproduced from ref. 54.
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Fig. 4 Enzyme-mediated production of self-assembling PAs from PA precursors [58, 59].
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Fig. 5 (a) Schematic illustration of MMP-7-mediated hydrolysis of a gelator precursor (ER-C18). (b,
c) Optical images of the 0.2 wt% precursor solution in Tris-HCI buffer (b), the hydrogel obtained
after adding MMP-7 (2 pg/mL) to the solution (reaction time of 2 h) (c). (d, €) TEM images of the
freeze-dried 0.2 wt% precursor solution (d) and hydrogel (e) obtained after adding 1 pg/mL MMP-7

to the solution [54].
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Fig. 6 (a—d) Live/dead assays of HeLa cells (a, ¢) and MVE cells (b, d) after incubation for 18 h with

ER-C16 and its derivatives. Cells cultured on a microplate were observed using a confocal laser

scanning microscope (CLSM). Living cells are dyed green (bright) and dead cells are dyed red

(dark). (a, b) The gelator precursor (ER-C16, 0.02 wt%) and (c, d) the gelator (G-C16, 0.02 wt%).

Scale bars represent 100 um. (e) Viability assays of cancer cells and normal human cells after

incubation with ER-C16 (0.025 wt%). (f) MMP-7 concentration in the culture media after culturing

the cells. MVE cells represents normal human dermal microvascular endothelial cells and PE

represents primary human pancreatic epithelial cells. Reproduced from ref. 64.
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