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DOI: 10.1039/x0xx00000x This Feature Article focuses on recent studies on the development of self-assembling materials that mimic and control

dynamic bio-interfaces. Extracellular matrix (ECM) is a fundamental tissue at the cellular interface constructed by networks
of fibrous proteins, which regulates a variety of cellular activities. Reconstruction of ECM has been demonstrated by self-
assembling peptides. By combining the dynamic properties of the self-assembling peptides conjugated with full-length
proteins, peptide-based supramolecular materials enable neuronal migration and regeneration of injured neural tissue.
The phospholipid bilayer is the main component of the cell membrane. The morphology and deformation of the
phospholipid bilayer relate directly to dynamic interfacial functions. Stabilization of the phospholipid nanosheet structure
has been demonstrated by self-assembling peptides, and the stabilized bicelle is functional for extended blood circulation.
By using a photo-responsive synthetic surfactant showing a mechanical opening/closing motion, endocytosis-like outside-
in membrane deformation is triggered. The outside-in deformation allows for efficient encapsulation of micrometer-size
substances such as phage viruses into the liposomes, and the encapsulated viruses can be delivered to multiple organs in a
living body via blood administration. These supramolecular approaches to mimicking and controlling bio-interfaces present
powerful ways to develop unprecedented regenerative medicines and drug delivery systems.

in cellular activities include adhesion, signal transduction, and

Introduction

Various cellular functions occur through the dynamic actions of
biomacromolecules and supramolecular assemblies located at bio-
interfaces (Fig. 1a). Typical dynamic functions of the bio-interfaces
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substance transportation. Extracellular matrix (ECM), a complex
network of proteins and other biomolecules, is one such bio-
interface.12 ECM adheres to membrane protein receptors such as
cadherin via ligands of the ECM and regulates dynamic cellular
functions such as migration. ECM also shows a release of signaling
factors to trigger cell differentiation. For example, secreted proteins
belonging to the hedgehog family interact with and dissociate from
heparan sulfate proteoglycans generating the morphogen gradient
essential for development.34 Another important architectural
component of the bio-interface is phospholipid bilayers. The
phospholipid bilayers are the major component of cellular and
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Fig. 1 (a) Diagram showing the interfaces in cellular activity and their functions. The extracellular matrix forming the interface between cells
acts as a scaffold for cells in a tissue that is involved in the differentiation and migration of cells. The cellular membrane forming the
interface between the intracellular and extracellular environments is involved in substance transportation and signal transduction.
Photographs of (b) freeze-dried collagen type | sponge, (c) collagen type Il hydrogel loaded with cells, (d) transparent collagen type | film,
(e) a bundle of extruded collagen type | fibers, and (f) multichannel collagen type | neural conduit as examples of artificial extracellular
matrices.8 (g) Chemical structure of an azobenzene-containing artificial phospholipid and (h) schematic representation of photo-control of
membrane channel as an example of an artificial cellular membrane.?’” Reproduced from reference 8 with permission from Wiley, copyright
2019, and reference 27 with permission from Nature Publishing Group, copyright 2019.

organelle membranes and contribute to fundamental cellular
activities,>7 such as substance transportation and intracellular
signal transduction. Stimuli-responsive transformation is a notable
characteristic  function of the phospholipid bilayers for
transportation. The deformation of the membranes regulates
substance transportation in both directions, i.e., exocytosis, as the
transportation from the intracellular to the extracellular
environment, and endocytosis, as the uptake of substances from
the extracellular to the intracellular environment. The two-
dimensional architecture of the phospholipid bilayers also provides
media for embedding proteins. The membrane-embedded proteins
are the central molecules performing membrane-mediated signal
transduction by sensing external signals to regulate cell growth and
differentiation. Recent progress in supramolecular chemistry and
nanotechnology has made it possible to create materials that
functionalize and control bio-interfaces by mimicking the ECM and
membrane proteins. One important category of material for
constructing artificial ECM is biological polymers, such as collagens
(Fig. 1b—f)8° and silk!011, applicable to cell culturing as scaffold
materials. Self-assembling peptides are another class of
biomaterials for developing ECM-mimetics with several important
advantages, such as the possibility of tailoring the properties by

2| J. Name., 2012, 00, 1-3

modifying the amino acid sequences, the capability to form three-
hydrogels, high
biocompatibility.12-23 By incorporating bioactive motifs such as RGD,
the functionalities of the self-assembling peptides can be tuned and

dimensional  networks  affording and

expanded to show cell adhesive properties.24-2¢ For functionalizing
the membranes with transportation capabilities, synthetic
membrane channels have been extensively developed. The
synthetic channels allow for the transportation of ions and small
molecules with selectivity and stimuli-responses functioning not
only in the artificial bilayers but also in cellular membranes (Fig 1g,
h).27.28 The cell periphery is highly dynamic showing a release of
growth factors from the ECM, binding with the receptors at the cell
surface, and incorporation of molecules, macromolecules, and even
molecular assemblies such as viruses into cells by membrane
deformation. Such dynamic molecular actions at the bio-interfaces
constitute the signaling processes that trigger numerous cell
activities such as differentiation and proliferation. Based on the
dynamic activities seen in the cell periphery, a materials design
including signal releasing and incorporation functionalities should
be effective for advancing the technologies of cellular regulation
and tissue engineering. In this Feature Article, recent studies on the
development of self-assembling materials functionalizing the bio-

This journal is © The Royal Society of Chemistry 20xx
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interfaces are highlighted. Self-assembling peptides as artificial
ECMs capable of immobilizing cell-adhesion proteins and releasing
growth factors allow for neural tissue regeneration. Synthetic lipids
with photochemical responses trigger membrane deformation,
which is useful for transportation, protection, and in vivo delivery of
phages.

Stiffness-controlled

supramolecular  peptide

hydrogels as artificial extracellular matrices for
enhanced neuronal migration

Among self-assembling peptides, peptide amphiphiles bearing fatty
acid chains at a terminus of the peptide main chain are known to
construct nanofibres by forming cylindrical micelles.12-14
Diphenylalanine has also been extensively studied as a backbone to
afford supramolecular fibres.1>16 Such supramolecular peptide
with
capability as ideal scaffold materials for mimicking and controlling

the bio-interface between cells due to their advantages such as

fibres provide three-dimensional networks a gelation

easy preparation, surface tunability, and biocompatibility. Among
them, peptides consisting of repeating sequences of RADA (Arg-Ala-
Asp-Ala) such as RADA16° are also known to form supramolecular
nanofibres in aqueous media through B8-sheet-type hydrogen

ChemComm

bonding and hydrophobic interaction corresponding to the
alternating sequence of hydrophilic and hydrophobic amino acid
residues. Since RADA-based peptides are composed of naturally
occurring amino acids, they can also be used as a tag sequence
incorporated into proteins of interest with an E. coli expression
system for binding with the supramolecular nanofibres. In addition,
peptide fibres that exhibit various dynamic behaviours can be
designed by tuning the amino acid sequences, particularly in the
hydrophobic part.20-23 For example, it has been reported that the
conformational flexibility of peptide fibres can be a critical factor in
controlling the stiffness of the hydrogels made of the entangled
supramolecular nanofibres. Introducing glycine residues generally
enhances the conformational flexibility of polypeptide chains.
Despite the enhanced flexibility, A8G (Fig. 2a), a mutant of RADA16
in which the alanine in the middle of the peptide sequence is
replaced with glycine, forms bundled nanofibres and a more robust
hydrogel than RADA16 (Fig. 2b, c, and €).2° On the other hand,
A16G (Fig. 2a), in which the terminal alanine residue of RADA16 is
replaced with glycine, forms curved fibres seen on transmission
electron microscopy (TEM) (Fig. 2d). Molecular dynamics (MD)
simulations also visualized similar self-assembling morphology (Fig.
2f). The hydrogel made of A16G showed lower stiffness than that of
RADA16, suggesting that the morphological differences of the fibres
could affect the macroscopic properties.

RADA16

0( o i A16G
N

Fig. 2 (a) Molecular structures of RADA16, A8G, and A16G. Glycine residues are highlighted in blue. Transmission electron microscopic
(TEM) image of (b) RADA16, (c) A8G, and (d) A16G. Snapshots of supramolecular structures of (e) RADA16 and (f) A16G in water at 300 K
calculated by all-atom molecular dynamics simulations. Yellow rectangles represent the unit cells.2® Reproduced from reference 20 with

permission from Wiley, copyright 2019.
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Fig. 3 (a) Migration profiles of neuroblasts in contact with the biomaterials. Light microscopy images of neuroblasts migrating on an A16G
or A16G-Ncad hydrogel-coated dish at different time-points. Scale bars: 10 um. (b) Distribution of neuroblasts in hydrogels formed in the
injured neocortex. Z-stack projection image of Dcx+ neuroblasts (green) distributed inside the A16G hydrogel, a mixture of A16G and A16G-
Ncad hydrogel or an A16G hydrogel mixed with Ncad-Fc (Ncad hydrogel) four days after injection. The hydrogels are visualized with
Alexab47-conjugated azide (Alexab647-azide, magenta). Scale bars: 50 um.21 Reproduced from reference 21 with permission from Elsevier,

copyright 2023.

The enhanced mobility, decreased stiffness, and thixotropic
property of A16G hydrogel can be advantageous for injection in
biomedical applications. The mammalian brain has a very limited
capability for regeneration of lost neurons and regaining function
after injury.2?36 Promoting the migration of young neurons
derived from endogenous neural stem cells (neuroblasts) using
biomaterials is a promising new approach to help the brain
recover after injury. However, delivering sufficient neuroblasts to
distant injury sites has been a critical challenge37-%0 due to the
limited number of scaffold cells for inducing neuroblast migration.
It has been shown that hydrogels consisting of A16G and A16G-
tagged N-cadherin (A16G-Ncad) can address the above issue.2! N-
cadherin plays an important role in the migration of neuroblasts
along radial glial fibres in the injured neonatal neocortex.*! Time-
lapse imaging of ventricular-subventricular zone neuroblasts on
culture dishes coated with A16G or a mixture of A16G and A16G-
Ncad hydrogels showed that the migration rate of neuroblasts was
significantly higher on the hydrogel containing A16G-Ncad than on
A16G alone (Fig. 3a). When the neonatal neocortex is injured at
low temperature, and, subsequently, hydrogels composed of
A16G, a mixture of A16G and A16G-Ncad or a mixture of A16G and
Ncad are injected at the site of injury, Dcx+ (a marker for
neuroblasts) is abundantly observed in the hydrogel of the mixture
of A16G and A16G-Ncad. In contrast, neuroblasts are seen
sparsely in the hydrogels made of A16G alone and a mixture of
A16G and Ncad (Fig. 3b), indicating that A16G hydrogel containing
A16G-Ncad efficiently facilitates the migration of neuroblasts into
the injured neocortex in vivo. This study demonstrates that fibrous
self-assembly of A16G peptide and A16G-Ncad mimics both the
structure and dynamic function of intrinsic scaffold cells, providing
a novel strategy for neuro-regenerative therapy.

4| J. Name., 2012, 00, 1-3

Peptide fibres capable of efficient incorporation
and release of growth factors for neural tissue
regeneration

Proteins secreted from cells are efficiently bound to and released
from ECMs during injured tissue regeneration if the ECMs remain
intact after injury. For example, the peptide domains of placenta
growth factor-2 and laminin a subunit have high affinity to ECMs
and induce signal transduction from their receptors, enhancing
tissue repair.?243 However, after severe tissue injury, a secreted
protein needs to be provided along with the ECMs. Here,
incorporating and releasing secreted proteins are generally
incompatible, and thus the development of peptide-based
materials capable of incorporating and releasing secreted proteins
has been challenging. Cell-adhesive fibre-forming peptides with
jigsaw-shaped hydrophobic surfaces (JigSAP)22 can be used for
efficient incorporation and sustained release of proteins. JigSAP
incorporating JigSAP-tagged vascular endothelial growth factor
(VEGF)*445> shows regenerative therapeutic effects in stroke
models without cell transplantation. AXXXA and GXXXG amino acid
sequences are structural motifs found in glycophorin A.46:47 These
motifs show a-helix-to-8-strand conformational transitions,
generating a jigsaw-shaped hydrophobic surface that dimerizes
with dovetail packing. This characteristic hydrophobic dimerization
prompts nanofibre formation through B-sheet assembly. JigSAP,
consisting of Ac-RIDARMRADIR-NH; sequence, possesses the
AXXXA motif in the hydrophobic part and shows one-dimensional
self-assembly in aqueous media in silico calculated by MD
simulation (Fig. 4a and b). When JigSAP (1 wt%) is dispersed in
Dulbecco’s modified Eagle’s medium (DMEM), circular dichroism
(CD) spectroscopic analysis visualizes a conformational change

from helical or coil forms to B-sheet over 100 hours. In the

This journal is © The Royal Society of Chemistry 20xx
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transition to B-sheet, JigSAP forms nanofibres with an average
width of 3.2 nm and length of several um (Fig. 4c), and the
dispersion becomes a hydrogel (Fig. 4d). Interestingly, the JigSAP
hydrogel exhibits a remarkably high rigidity (1.1 x 10* Pa), and the
storage modulus G’ and loss modulus G” of the JigSAP hydrogel
monotonically decrease with increasing shear strain in the
rheological analysis. The monotonic decrease of G” results in a
strain thinning profile that is typically observed in covalently
polymerized materials; therefore, this shows that supramolecular
nanofibres of JigSAP are robust. When full-length enhanced green
fluorescent protein (EGFP) is covalently conjugated with JigSAP
(EGFP-JigSAP), 5V (EGFP-5V), and RADA16 (EGFP-RADA16) at the
C-terminus, there is a dramatic difference in incorporation
efficiency between JigSAP-tagged and non-tagged EGFP proteins;
EGFP-JigSAP is incorporated at 93 mol%, whereas non-tagged
EGFP is incorporated at only 3 mol%. Similarly, EGFP proteins
tagged with 5V and RADA16 show higher incorporation efficiency
into the corresponding peptide nanofibres than untagged EGFP
(Fig. 4i and j, EGFP-5V: 66 mol%, EGFP-RADA16: 55 mol%).
Importantly, the JigSAP hydrogel shows more efficient long-term

a) Molecular mode

Jigsaw-shaped -

b) MD simulation
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release of the incorporated peptide-tagged proteins than the
hydrogels consisting of other self-assembling peptides. The
protein release profile from the gel shows that 21 mol% of EGFP-
JigSAP incorporated into the JigSAP nanofibres is released after
24-hour incubation at 37 °C, and the percentage of released
protein increases to 39 mol% after 168 hours of incubation (Fig.
4k). In contrast, the release of EGFP-5V and EGFP-RADA16
stagnates after 48 hours of incubation, and only 5 mol% and 8
mol%, respectively, are released even after 168 hours (Fig. 4k).
JigSAP capable of the efficient release of full-length proteins can
be used for neuronal regeneration (Fig. 4e). When phosphate-
buffered saline (PBS) (Fig. 4f and k), 1.0 wt% JigSAP (Fig. 4g and |),
VEGF-bound JigSAP (Fig. 4h and m), 1.0 wt% JigSAP and 1.6 ng of
non-tagged VEGF (VEGF + JigSAP; Fig. 4i and n), or 1.0 wt% JigSAP
incorporating 1.6 ng of VEGF-bound JigSAP (VEGF-JigSAP + JigSAP;
Fig. 4j and o) are injected into the injured cortex of a mouse model
of ischaemic stroke produced by distal middle cerebral artery
occlusion, the number of double-positive cells with laminin, an
endothelial cell marker, and a thymidine analogue (EdU), increases

d) Photograph

A

e) peptide EdU injection
dMCAO FET injection every 8 hours FET brain section
7d 7d
Y Aed s @)
I control " JigSAP only " VEGF-JigSAP only " VEGF+JigSAP " VEGF-JigSAP + JigSAP I

{
penumbra '.' ; penumbra

Fig. 4 (a) Space-filling models of Ac-RIDARMRADIR-NH, (JigSAP), showing the jigsaw-shaped hydrophobic surfaces. (b) A snapshot of
supramolecular structures of JigSAP in water at 310 K obtained by all-atom MD simulation. (c) Transmission electron micrograph (TEM) of
JigSAP. Scale bar: 100 nm. (d) Photograph of JigSAP after 48-h incubation at 37 °C. The arrow points to the hydrogel. Scale bar: 5 mm. (e)
Experimental design: Seven days after distal middle cerebral artery occlusion (dMCAQ), motor coordination is assessed by a foot-fault test
(FFT), then (f-o) peptide mixtures (PBS as a control, JigSAP only, VEGF-JigSAP only, VEGF + JigSAP, and VEGF-JigSAP + JigSAP) are injected
into the injured area. Seven days after peptide injection, the mice are retested for motor coordination and then perfusion-fixed. (f—j)
laminin (green) and EdU (magenta) images at the border of the injured core and the penumbra. (k—0) High magnification images of laminin
(green), EAU (magenta), and DAPI (blue) at the penumbra.22 Reproduced from reference 22 with permission from Nature Publishing Group,
copyright 2021.
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in the injured area when VEGF-JigSAP and JigSAP peptides are
used (Fig. 4j and o). These results imply the promotion of
angiogenesis in the injured area by incorporation and release of
VEGF. The incorporation and releasing properties of JigSAP
demonstrate wide applicability to the controlled sustained release
of various full-length growth factors, which should be useful as

artificial scaffolds for tissue regeneration.

Redox-responsive supramolecular peptide fibres
for kinetics-controlled cargo release

In applications of stimuli-responsive peptides, the control of the
response rate is an important issue to coincide with the target
biological events.*8-54 Redox-active, gel-forming peptides with a
methionine (Met) residue in different positions can be used to
control the kinetics of the stimulus-responsive gel-sol transition
(Fig. 5a and b).55 Met is a redox-active amino acid that is oxidised
by reactive oxygen species such as H,0,, producing methionine
sulfoxide (Met0).>> JigSAP-IMI and JigSAP-MII and their oxidised
forms (JigSAP-IMI-Ox and JigSAP-MII-Ox, respectively), despite this
single-point mutation, show contrasting macroscopic properties.
Namely, JigSAP-IMI-Ox and JigSAP-MII-Ox remain dispersed in
solution under a physiological condition (4 mM HEPES, pH 7.4,
DMEM containing 1.0 wt% peptide concentration), whereas
JigSAP-IMI and JigSAP-MIlI form hydrogels under the same

a) JigSAP-IMI Possessing Methionine Residue at Center

condition. The phase transition from gel to sol is useful for drug
and cargo release. Upon addition of 30% H,0, ag. to the top of the
hydrogels composed of fluorescent Cy3-labeled JigSAP-IMI and
JigSAP-IMI ([Cy3-labeled JigSAP-IMI]/[JigSAP-IMI] = 1/99, 1 wt%),
the fluorescence intensity derived from the Cy3-labeled-JigSAP-
IMI gradually increased (Fig. 5c). The fluorescence change in Cy3-
labeled-JigSAP-IMI reached a plateau after >90 min of incubation,
consistent with the gel-to-sol transition of the JigSAP-IMI hydrogel
(Fig. 5e, black circles). Importantly, Cy3-labeled JigSAP-MII was
also released from the JigSAP-MII hydrogel ([Cy3-labeled JigSAP-
MII]/[JigSAP-MII] = 1/99, 1 wt%) (Fig. 5d), but the release kinetic
was significantly faster than that of Cy3-labeled JigSAP-IMI (Fig. Se,
blue squares). This result demonstrates that the kinetics of cargo
release from supramolecular hydrogels can be controlled by
adjusting the position of redox-reactive amino acid residues.

Highly
nanosheets

stable phospholipid membrane

with self-assembling peptides
enabling extended blood circulation

Cell membranes composed of phospholipid bilayers are important
components that regulate vital cellular activities such as substance
transportation, signal transduction, and cell adhesion by forming
the the
environments.

b) JigSAP-IMI Possessing Methionine Residue near Edge

interface  between intracellular and extracellular
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Fig. 5 Schematic illustration of the supramolecular fibre formation of (a) JigSAP-IMI and (b) JigSAP-MII by the B-sheet assembly and
subsequent oxidation-triggered disassembly and cargo release. (a) JigSAP-IMI possessing a methionine residue at the center shows
relatively slow disassembly and release upon oxidation. (b) JigSAP-MII possessing a methionine residue near an edge shows faster
oxidation-triggered disassembly and release. Photographs of (c) JigSAP-IMI hydrogel containing Cy3-JigSAP-IMI and (d) JigSAP-MII hydrogel
containing Cy3-JigSAP-MII and their time-course observations after the addition of H,0, ag. to the top of the hydrogels. (e) Time-course
changes of fluorescence intensities of Cy3-JigSAP-IMI (black circles) and Cy3-JigSAP-MII (blue squares) released into the solution phases
from the JigSAP-IMI and JigSAP- Ml hydrogels, respectively, after the addition of 30% H,0, aqg. The fluorescence intensities (/) of Cy3 are
normalized by the intensities (/o) measured after the fully dissolved samples.23 Reproduced from reference 23 with permission from Wiley,

copyright 2023.
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To mimic such functions of the cellular membrane, phospholipid
assemblies, as represented by liposomes and micelles, have long
been used as versatile biomaterials.5657 Of them, phospholipid
nanosheets, sometimes called bicelles, have recently attracted
particular attention as a material motif to design a drug delivery
carrier, because disk-shaped carriers tend to show longer
circulation times®® and stronger adhesion to microvascular
networks>%€0 than spherical carriers. However, bicelles composed
of mixtures of surfactants and phospholipids are essentially
unstable and tend to undergo phase transitions and morphological
external environment.

changes wupon alteration of the

Phospholipid nanosheets that can be used for blood

administration are  prepared by designing surfactants
incorporating self-assembling peptides.®! Cholic acid is known to
localize at the edge of the phospholipid membrane to afford
phospholipid nanosheets.®2 A cholic acid derivative conjugating a
metal-binding peptide sequence PHGGGPHGG (Chol-MBP; Fig. 6a)
is designed as a surfactant. DPPC/Chol-MBP nanosheets are
formed by mixing dipalmitoylphosphatidylcholine (DPPC) with
Chol-MBP ([DPPC]/[Chol-MBP] = 5/1, 5.0 wt% in total). PHGGG is
a naturally occurring CuZ*-binding motif because of the metal-
coordination ability of the imidazole group of the histidine
residue.®3 Since Chol-MBP can bind to two Cu?* ions, Chol-MBP can
self-assemble at the edge of the DPPC/Chol-MBP membrane to
inhibit its dissociation (Fig. 6b), thereby enhancing the stability of
the phospholipid nanosheets against dilution. When the
DPPC/Chol-MBP nanosheets dispersion is diluted to 0.2 wt%,
spherical aggregates of less than 100 nm in diameter are observed
on TEM (Fig. 6c). Meanwhile, the nanosheet structure is
maintained upon the same dilution process after the addition of
2.0 equivalents of Cu?* ions (Fig. 6d), indicating that Cu2*-mediated
crosslinking of Chol-MBP significantly improves the stability of
DPPC/Chol-MBP nanosheets in the diluted condition. The
structurally stable DPPC/Chol-MBP/Cu nanosheets can be used to
investigate the dependence of the phospholipid assembling
morphologies on the blood circulation profiles. Fluorescent Cy5-
labeled DPPC vesicles and DPPC/Chol-MBP/Cu nanosheets filtered
through a membrane with 200-nm pores are administered to mice
via the tail vein (F'DPPC vesicle and FDPPC/Chol-MBP/Cu
nanosheet, respectively, total content: 5.0 wt% before the
injection). Observation of the blood circulation profile by confocal
laser scanning microscopy of the earlobe of the mice (IV-CLSM)
showed contrasting circulation properties of the vesicles and

nanosheets. The FLDPPC vesicles were aggregated and clogged (Fig.

FLDPPC/Chol-MBP/Cu nanosheets were

homogeneously dispersed in the blood vessels (Fig. 6g). The self-

6f), whereas

assembling approach of Chol-MBP is thus advantageous for
stabilizing the bicelle morphology to enable prolonged circulation
in the blood vessel relative to the spherical vesicles,
demonstrating a suitable carrier for the whole body by blood
administration.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Molecular structures of Chol-MBP. (b) Schematic
illustration of the preparation of DPPC/Chol-MBP nanosheets and
subsequent Cu?*-mediated metal coordination at Chol-MBP
affording crosslinked DPPC/Chol-MBP/Cu nanosheets. After the
crosslinking, the disk structure of DPPC/Chol-MBP/Cu nanosheets
becomes stable against diluted and serum protein-containing
conditions. TEM images of the mixtures of DPPC and Chol-MBP (c)
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without and (d) with 2.0 equivalents of Cu?*. Scale bars: 100 nm.
(e) Diagram showing the in vivo delivery of FDPPC and
FLDPPC/Chol-MBP/Cu nanosheets. IV-CLSM images of blood
vessels in @ mouse earlobe 2 min after the injection of (f) FLDPPC
vesicles and (g) F'DPPC/Chol-MBP/Cu nanosheets. Scale bars: 100
um.1 Reproduced from reference 61 with permission from the
Royal Society of Chemistry, copyright 2022.

Liposomes undergoing endocytosis-like fission
by a membrane-expanding molecular machine
for in vivo delivery of viruses

Among biological membrane transport systems,
endocytosis®¥% is a universal cellular process in which a
variety of extracellular substances, ranging from small
biomolecules to micrometer-size substances that interact
with the cell surface, are taken up via outside-in vesicle
fission. Endocytic vesicle fission is closely associated with viral
infection,®4%5 signal transduction in neurons,%667 and
phagocytosis associated with immune responses.®8%° In
cellular endocytosis, biomolecular machines hybridized with
cellular membranes enable the uptake of external substances
in conjunction with outside-in vesicle fission. However, a
molecular approach that enables endocytosis-like transport
where membrane deformation is synchronized with
substance transport remains critically unexplored.70-73
Artificial endocytosis can be induced by using an amphiphilic
molecular machine (AzoMEx) containing a diazocine core (Fig.
7a—d),’* which undergoes an opening-closing motion by
photoisomerization’> to change the distance between two
cationic NMes* moieties. Interestingly, the light-triggered
mechanical motion of AzoMEx embedded in a 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC)-based giant unilamellar
vesicle can expand the liposomal membrane and induce
outside-in fission (GUVpopc/azomex; [DOPC] = 180 uM,
[AzoMEx] = 20 uM). This endocytosis-like membrane
deformation of GUVpopc/azomex is useful for the efficient
incorporation of large biomacromolecules into the liposomes.
GUVporc/azomex €an interact with the 1-um-long anionic M13
phage virus due to the cationic property of AzoMEx. When
the outside-in fission of GUVpopc/azomex is induced in the
presence of M13 phage virus (22.6 x 10! virions/mL), M13
phages, as well as AzoMEx, accumulate in the deforming
membrane area, and in turn, M13 phages are efficiently
incorporated into GUVpopc/azomex (Fig. 7e—j). M13 phages
encapsulated into GUVpopc/azomex Were transiently protected
from external environments, keeping their infectivity. A
fluorescent Cy5-labelled M13 phage (M13 phagecys)
encapsulated in GUVpopc/azomex Whose surface is coated with a
block polymer composed of poly(aspartic acid) and
poly(ethylene glycol) (GUVbopc/azomex-PAsSp) is administered to
mice via the tail vein, and M13 phagecys shows higher
stability in blood (Fig. 7k and ) than bare M13 phagecs (Fig.
71 and m), as observed by IV-CLSM of the earlobe vessels.
After blood administration of M13 phages encapsulated in
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GUVporc/azomex-PAsp, the liver, kidney, spleen, lung, heart,
and brain were extracted. Importantly, even after distribution
to the respective organs through the blood circulation, the
infectivity of the M13 phages was retained (spleen: [25.6 +
13.2] x 10° virions/mg, Fig. 7n; liver: [18.3 + 3.2] x 10°
virions/mg, Fig. 70; kidney: [1.3 £ 0.6] x 10° virions/mg, Fig.
7p; heart: [1.1 £ 0.5] x 10° virions/mg, Fig. 7q; lung: [0.5 %
0.3] x 10° virions/mg, Fig. 7r; and brain: [0.2 £ 0.1] x 10°
virions/mg, Fig. 7s). The membrane-expanding molecular
machine AzoMEx functionalizes GUV for endocytosis-like
fission, which is useful for encapsulation and delivery of
biomacromolecules. M13 phages are commonly used in
phage display, with the use of affinity selection to identify
peptides that bind to target molecules. Therefore, the
AzoMEx-GUV technology to encapsulate M13 phages for
protection from immune cells in the blood could be applied
to an in vivo phage display method for the selection of
peptides that bind to ligands in living bodies.”677

Conclusions

A bio-interface is a field of contact between molecules, cells, and
tissues for interactions. The interactions at the bio-interfaces are
major triggers regulating a wide variety of physiological actions
such as adhesion, signaling, and substance transportation.
Therefore, understanding the molecular mechanisms underlying
that contact is one of the central subjects in biological science. For
bioengineering, regulation of the bio-interfaces is one effective
approach, and chemistry can contribute to the development of
bottom-up methodologies for bio-interface manipulation. In this
Feature Article, our recent studies about the development of
supramolecular materials mimicking the contact events at the bio-
interfaces were highlighted. The ECM is a fundamental tissue at
the cellular interface constructed by networks of fibrous proteins,
which regulates a variety of cellular activities. Reconstruction of
the ECM has been demonstrated by self-assembling peptides.
Conjugation of the peptides with proteins allows for displaying N-
cadherin and VEGF onto the supramolecular nanofibres. By
combining the dynamic properties of the self-assembling peptides
with displaying N-cadherin and sustained-releasing VEGF, the
protein-peptide conjugated materials enable neuronal migration
and regeneration of injured neural tissue. The dynamic properties
of the self-assembling peptides can be effectively controlled by
point mutations such as amino acid replacement in the main chain
and structural modification by redox in the side chain. The
phospholipid bilayer is the main component of the cell membrane.
The morphology and deformation of the phospholipid bilayer
relate directly to the dynamic interfacial functions. Stabilization of
the phospholipid nanosheet structure has been demonstrated by
synthetic surfactant bearing metal-chelating, self-assembling
peptides. The stabilized bicelle is functional for extended blood
circulation. By using photo-responsive synthetic surfactant
showing a mechanical opening/closing motion, endocytosis-like
outside-in membrane deformation is triggered. The outside-in
deformation allows for efficient encapsulation of micrometer-size
substances such as phage viruses into the liposomes and protects
them from external environments. The encapsulated viruses can
be delivered to multiple organs in a living body via blood
administration.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Molecular structures of a photoresponsive molecular machine, AzoMEY, in its (a) cis-form and (d) trans-form consisting of a diazocine
core with appending -NMes* groups and an alkoxide spacer. (b, c) Schematic images of the mechanical motion of AzoMEx during cis-to-
trans photoisomerization, which changes the distance between the -NMes* groups on UV—blue (for cis-to-trans isomerization) and green
(for trans-to-cis isomerization) light irradiation. Phase-contrast microscopic observations of the uptake of M13 phages into GUVpopc/azomex
under 370-nm light irradiation. Snapshots are taken at (e) O's, (f) 183 s, (g) 214 s, (h) 230 s, (i) 451 s, and (j) 483 s after starting the light
irradiation. Scale bars: 5 um. White arrows indicate M13 phages. Intravital CLSM images of blood vessels in a mouse earlobe 121 s after tail
vein injection of (k) M13 phagescys or () GUVoopc/azomex-PAsp encapsulating M13 phagescys. Scale bars: 100 um. (m) Time-course profiles
over 15 min of the fluorescence intensity in the blood vessels of unencapsulated M13 phagescys (dashed line) and M13 phagescys
encapsulated into GUVpopc/azomex-PAsp (solid line). Plaque assays of homogenized samples of (n) spleen, (o) liver, (p) kidney, (q) heart, (r)
lung, and (s) brain 15 min after injection of 100 pL of GUVpopc/azomex-PAsp encapsulating M13 phages. The samples of spleen and liver are
diluted 10-fold before the plaque assay. Insets: photographs of the corresponding organs. Representative spots of M13 phage—infected E.
coli in (o—t) are indicated by blue circles.”* Reproduced from reference 74 with permission from the American Chemical Society, copyright
2023.
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These supramolecular approaches to mimicking and
controlling bio-interfaces present powerful ways to develop
unprecedented regenerative medicines and drug delivery
systems. The materials science needed to reconstruct
biomimetic interfaces with a dynamic nature is still in its
infancy and is expected to make significant progress in the

future toward biomedical applications.
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