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General Introduction

Introduction

Molecular self-assembly relies on a spontaneous association of small molecules driven by
non-covalent interactions, such as hydrogen bond, 7 -7 interaction, hydrophobic interaction, and
electrostatic interaction'. Through molecular self-assembly, one can construct various well-ordered
nano- and micro-structures including micelles, vesicles, nanofibers, and nanotubes by designing the
molecular components (Figure 1). Self-assembled nanostructure have various unique features. (1)
Spectroscopic Change: Some designed m-conjugated molecules change their spectroscopic
properties depending on self-assembled state.” There are several types of spectral change such as
fluorescence quenching or increase and color change. (2) Nano-space: Self-assembled
nanostructures provide a unique nanospace different from solvent environment. Especially in water,
the inner space of the nanostructure is generally hydrophobic and is protected from water or other
hydrophilic molecules. (3) Reversible Formation and deformation: Since the driving forces for the
formation of self-assembled nanostructure are non-covalent interactions, the structure can be
formed reversibly. Thus, the formation of nanostructure can be controlled by the external stimuli.®
(4) Multivalent effect: The molecules are highly condensed in the nanospace through molecular
self-assembly. Thus the nanostructure shows strong multivalent effects. Owing to these four
features, the supramolecular materials based on molecular self-assembly hold great promise for a
wide range of biological applications such as tissue engineering, biomolecular detection/imaging,
and controlled drug release. However, there still remain significant challenges to create and
functionalize the supramolecular nanostructure, due to the difficulty to control the self-assembly in
aqueous media.

In this introduction section, I summarize the recent progress in the self-assembled nanostructure
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of small-molecules, which have emerged as new functional biomaterials for a variety of potential

applications.
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Figure 1. Schematic illustration of aggregate formation by amphiphilic small molecules in aqueous

solution.
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Outstanding Researches to Explore Chemistry and Biology Using Self-assembled
Nanostructure
Biomolecular Sensing

Biomolecules such as proteins, nucleic acids, lipids, sugars and other organic and inorganic
molecules have distinct functions to maintain their homeostasis. The concentration and subcellular
distribution of these biomolecules are precisely controlled in biological systems. To understand the
biological system, the sensing and imaging of the biomolecules is essential. Several researchers
have utilized the self-assembled nanostructures to detect come of the important biomolecules.

In biomolecular sensing, the high-throughput technology is attractive. By using the properties
of supramolecular hydrogel,4 Hamachi et al. developed a semi-wet sensor-chip for biomolecules.’
The supramolecular hydrogel can immobilize proteins, enzymes, or artificial receptors without loss
of their activities (Figure 2A). Furthermore, they can be equipped with unique fluorescent read-out
systems such as environmentally-sensitive fluorescence enhancement in supramolecular hydrogel.
For example, a substrate for a protease bearing an environmentally sensitive dye was embedded in a
supramolecular hydrogel. When the protease cleaves the peptide bond of the substrate, the resultant
dye translocates from aqueous phase to the hydrophobic domain of the nanofiber, resulting in the
increase of the fluorescence intensity (Figure 2B, C). A fluorescence resonance energy transfer
(FRET)-based read out system can be also constructed in the supramolecular hydrogel by
embedding the FRET acceptor in the nanofiber, which allowed us to estimate the enzyme activity

more precisely by taking advantage of ratiometric detection.



General Introduction

vy
A

N, Ny
Protein En;yme Chemosensor
- \\‘
€
Le

© <
€ ((
Glass chip

B C/-' Inside hydrogel ~
"y Weak Emission
3 521 nm Hydrophilic
= 012 L o Y OROPRIR
Z o A O'_S‘(..)Phe Lys-Ser-Ser-Lys-Ser-NH, Strong Emission
£ . Enzymatic .
p 0.06 Hydrophobic Cleavage i
§ oo «
C
g ) S.Phe
£ 400 500 600

700 H-Lys-Ser-Ser-Lys-Ser-NH> 0%
Wavelength / nm Fiber /

Figure 2. (A) Immobilization of various functional molecules to supramolecular hydrogel. (B)

Fluorescence spectral change of supramolecular gel containing enzymatic substrate upon addition
of chymotrypsin. (C) Schematic illustration of the fluorescence dye redistribution upon enzymatic

cleavage.

A group of fluorogenic molecules show strong fluorescence in self-assembled state but
non-emissive in monomer state.”>® Such a phenomenon was called aggregation-induced emission
(AIE). The main reason for the fluorescence increase is believed to be the restriction of
intramolecular bond rotations. Kikuchi et al. reported an AIE based probe for detection of Sirtl
activity (Figure 3).” The enzymatic deacetylation of K(Ac)PS-TPE triggers the electrostatic
interaction between the anionic sulphonate and cationic lysine and automatically leads to

fluorescence enhancement. Since the fluorescence increase of the probe was restrained in the
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presence of an HDAC inhibitor, they can also perform inhibitor assays by the probe. Thus, their

prob may be valuable to the field of epigenetics and drug discovery.
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Figure 3. (A) Enzymatic deacetylation of K(Ac)PS-TPE to form KPS-TPE with HDAC. (B)
Schematic representation of the aggregation-induced fluorescence enhancement of K(Ac)PS-TPE

by HDAC reaction.

Fluorescence Imaging

Fluorescence imaging is a powerful tool for visualizing biomolecules in a real-time manner
with high spatial resolution. To achieve the selective imaging, switching of fluorescence in response
to a reaction or binding of target molecule is needed.®

Exploitation of AIE described above is one of the promising strategies for the development of
Turn-ON fluorescence imaging probes. Liu et al. reported the caspase-3/-7 probe via conjugation of
a hydrophilic DEVD peptide sequence and a hydrophobic AIE fluorogen (Ac-DEVDK-TPE, Figure
4A).° The probe is soluble in water and nonfluorescent. The specific cleavage of DEVD by
caspase-3/-7 induces aggregation of the hydrophobic AIE residues and then the fluorescence turns
on. This probe is capable of detecting caspase-3/-7 activities even in living cells (Figure 4B), and

useful for real-time apoptosis imaging and in situ apoptosis-related drug screening.
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Figure 4. (A) Schematic illustration of monitoring of cell apoptosis by AIE-based caspase probe.

(B) Real-time fluorescence images showing staurosporine-induced apoptotic process of MCF-7

cells with Ac-DEVDK-TPE.

Contrary to AIE, many fluorescence dyes shows quenched fluorescence in the self-assembled
state. Hamachi et al reported Turn-ON fluorescence probes for protein detection by using
fluorescence quenching in the self-assembled state and fluorescence enhancement after
disassembly.'® Amphiphilic molecules containing hydrophobic fluorescence dye and hydrophilic
protein ligand assemble into the nanosphere in water. In the self-assembled state, the fluorescence
of the dye was significantly quenched. In contrast, in the presence of target protein, the probe
disassembles to enhance the drastic fluorescence change (Figure 5A). Furthermore, they extend this

strategy for the cell-surface protein imaging by converting fluorophores to the more hydrophilic
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ones such as fluorescein or rhodamine.'' In this case, by introducing a hydrophobic module near the
fluorophore, a new disassembly-driven turn-on nanoprobe was developed. They succeeded in
imaging cancer-specific biomarkers such as the folate receptor (FR) and transmembrane-type
carbonic anhydrases (CAs) under live cell conditions (Figure 5B). Furthermore, a cell-based
inhibitor screening system for CAs under hypoxic live cell conditions was successfully
demonstrated. An advantage of the probe is that the strategy can be applied to detection of the

non-enzymatic proteins.
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Figure 5. (A) Specific protein detection with disassembly-driven Turn-On fluorescent probes. (B)

Cell-surface protein imaging with disassembly-driven Turn-On fluorescent probes.

MRI Imaging

Magnetic resonance imaging (MRI) is a promising technique for the visualization of
biomolecules because of the noninvasive manner and utility for the deep tissue. The most widely
used one is "H-MRI. However, 'H-MRI has the limitation derived from low contrast-to-noise ratio

because of the large background signals from water protons. By contrast, because '’F-MRI is highly
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sensitive and fluoride-containing molecules are not found in animal body, it has been paid much
attention. Hamachi et al. reported aunique strategy to detect specific proteins with Turn-ON type
signal change in "’F NMR spectroscopy using dynamic self-assembled nanoparticles (Figure 6A).
The basis of the idea is that the '’F NMR signal is broadened and attenuated in the self-assembled
state, but sharpens and recovers on their disassembly upon recognition by proteins (Figure 6B). As
the signal response is derived from specific protein—ligand interactions, this strategy is applicable to

the detection of both enzymes and non-enzymatic proteins.
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Figure 6. (A) Schematic representation of the specific protein detection with disassembly-driven
Turn-On "°F NMR probes. (B) Turn-On '’F NMR signal of disassembly-driven Turn-On YF NMR

probe in the presence or absence of human carbonic anhydrase (hCA).

Controlled Release

Controlled drug release has gained much attention because of the enhanced efficacy and
economical standpoint. Supramolecular nanostructure can entrap drugs in the hydrophobic space.
The entrapment is effective for protecting from the nonspecific enzymatic degradation and avoiding
undesired side-effect. The stimuli-responsive properties of the nanostructures are suitable to create a
functional career for controlled release.

Thayumanavan et al. reported that dendritic amphiphilic nano-containers can be disassembled
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in stimuli-responsive manner.> As shown in Figure 7A, the nanostructure formed by
biotin-incorporated dendrimer disassembled upon the addition of the avidin through ligand-receptor
interaction due to the change of the hydrophilic-lipophilic balance.®® Consequently, the guest
molecules are released (Figure 7B). By altering the structure of amphiphile, they created the

. . . . . .. . 13b
nano-container responsive to other stimuli such as photo-irradiation and enzymatic cleavage. ¢

A B sor
acavamononic iR, . JER e | ;
acially amphiphilic aor e

dendron _,:ﬁga X 2 PR
]L M ; © 30t -+-Gl+Extravidin
Protein’ g " e e | -w-G14ChT
; bey, 2 20 ~+G1+Pepsin
Micelle-type 3 Micellar disassembly -+-G1+Thrombin )
assemblies @: Hydrophilic e : Ligand 10F e
wwr . Hydrophobic e : Guests .'__.:.:.:.:-:::: ..........

(=]

0 5 10 15 20
Time (h)

Figure 7. (A) Schematic illustration of protein-ligand binding-induced disassembly of dendritic
micellar assemblies and resultant guest release. (B) Protein-induced release of the guest molecules

from the dendritic micellar nano-containers.

Several researchers have reported covalent modifications of drugs to form nanostructures for
controlled release. Cui et al. reported peptide nanofiber modified with anticancer drug such as
camptothecin and taxol (Figure 8)." The disulfide linker of the drug-peptide conjugate cleaves in
the presence of glutathione, a reducing agent that exist with high concentration in cytosol. This
strategy has the strong advantage for high drug loading compared to the non-covalent encapsulation.
Xu et al reported that the drug containing gelator shows unexpected isozyme selectivity. The
conjugation of p-amino acids to naproxen, a nonsteroidal anti-inflammatory drug, afforded the
supramolecular hydrogel. In addition, the obtained molecule showed high selectivity toward

cyclooxygenase-2 (COX-2) than COX-1."

10
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Figure 8. Schematic illustration of the degradation of the Drug Amphiphile (DA).

Cell Culture

Supramolecular hydrogels formed by the assembly of small molecule are utilized for the
3D-cell culture because the fibrous nanostructure is similar to the extracellular matrix such as
collagen.'® Furthermore, unique functions such as stimuli-responsiveness and selective recognition
of the protein can be installed to the gel by precise design in single molecular level.

Uljjin et al. developed an anchorage-dependent cell culture scaffold by Fmoc-FF (F:
pheynylalanine) and Fmoc-RGD co-assembled supramolecular hydrogel (Figure 9)."” They
confirmed the adherent of the human dermal fibroblast cell in three-dimensional (3D) manner by
using a live/dead assay, F-actin staining, and a proliferation/viability assay. The binding of integrin
to the RGD ligands was determined using an integrin blocking antibody. Gels containing RGE, a
chemical analogue of RGD, do not promote cell adhesion. These results suggest that cell adhesion

to the gel is driven by integrin binding to the RGD peptide.

11
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Figure 9. (A) Chemical structures of the Fmoc-FF and Fmoc-RGD. (B) Cell adhesion and
morphology in the Fmoc-FF/RGD gel. (C) Spreading cell ratio in various Fmoc-RGD

concentrations.

Lee et al. developed a thermo-responsive supramolecular hydrogel, which can be utilized for
catching and releasing of cells."® The molecules composed of penta-p-phenylene unit and dendritic
oligoethylene glycol self-assembled to form supramolecular hydrogel (Figure 10 A, B). The
supramolecular hydrogel responds to temperature by transforming into a fluid solution upon cooling.
Thus, the nanofiber solution can be mixed with cells at room temperature and then can be
transformed into gels to encapsulate the cells in a three-dimensional environment upon being heated
to physiological temperatures. They found that encapsulation of the cells in three-dimensional
networks did not compromise the cell viability, and that subsequent cooling triggers the

encapsulated cells to be released through a gel—sol transition (Figure 10 C, D).

12
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Figure 10. (A) Schematic illustration ofthe molecular arrangements of the nanofibers. (B)
Schematic illustration of a reversible isotropic sol-gel phase transition of supramolecular nanofibers.
(C) Fluorescent image of a stained cell after release from the gel. (D) The viability test of C2C12
cells grown in nanofiber gels (1 wt% (blue), 1.5 wt% (red) and 2 wt% (green)) for 5 days.

Cell Differentiation

Cell differentiation can also be controlled by the self-assembled nanofiber. Cells respond to
both chemical substances and mechanical properties of surrounding environment. Therefore,
dynamic control of extracellular environment leads to the cellular differentiation."

As a pioneering work, Stupp et al. reported that the epitope (IKVAV) containing amphiphile
self-assembles into nanofiber, which induced very rapid differentiation of neural progenitor cells
into neurons compared with laminin or soluble peptide (Figure 11A).”° The result suggests the
importance of the high density of bioactive epitope presented to cells for the observed rapid and

selective differentiation.

Zhang et al reported a utility of bio-orthogonal photoclick reaction to modulate the properties

13
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of supramolecular hydrogel and cellular phenotype (Figure 11B).”! Using biaryl-substituted
tetrazole to modify short peptides gives supramolecular hydrogelators Tet(I)-GFF and
Tet(I1)-GFRGD that self-assemble to form hydrogels. The rapid intramolecular photoclick reaction
of the tetrazole moiety turns on fluorescence and then gradually disturbs the self-assembly of the
hydrogelator to induce photodegradation of the hydrogel. They demonstrated the photo-modulation
of the microenvironment of C2C12 cells cultured on the gel surface or hMSCs encapsulated inside

the gel.
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Figure 11. (A) Selective differentiation of neural progenitor cells by high-epitope density
nanofibers formed by IKVAV-containing peptide amphiphile. (B) Photodegradable supramolecular

hydrogel and control of cellular differentiation.
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Bacterial Inhibition

Bacterial strains have developed resistance toward conventional antibiotics as a consequence of
evolution, which has been considered as a social problem. Recently, antimicrobial peptides capable
of targeting a wide range of “multidrug-resistant” strains have been paid much attention. 2
However, potential therapeutic applications of these peptides have suffered from several problems
such as selectivity, toxicity, and bioavailability. Various approaches have been adopted to mimic
the function of natural antimicrobial peptides.”” Schneider et al. reported that self-assembled
nanofiber formed by arginine-rich self-assembling peptides were effective at killing both
gram-positive and gram-negative bacteria, including multi-drug resistant Pseudomonas aeruginosa
(Figure 13A, B).** Although the hydrogel is toxic for bacterium, it is compatible toward the
mammalian cells. Moreover, the hydrogel is stiff and displays shear-thin recovery behavior, which
allows its delivery to wounds via simple injection.

Intracellular enzymatic formation of supramolecular nanostructures can also control the fate of
bacterial cells. Xu et al. reported that enzymatic hydrolysis of hydrogel precursor containing
phosphate group induced the formation of nanofibers in E. Coli. (BL21) overexpressing

phosphatase (Figure 13C).”* The formation of the nanofiber results in the inhibition of E. Coli.. The

result suggests a new antibacterial therapeutic strategy by the virtue of supramolecular chemistry.

15
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Figure 13. (A) Self-assembly of PEP8R peptide and formation of hairpin $3-sheet rich fibrils. (B)

Three-dimensional orthogonal projection images (derived from AFM height data) of E. coli cells on

2 wt% hydrogel surface. (C) Schematic representation of intracellular nanofiber formation and

inhibition of bacterial growth

Anticancer Effect

Xu et al. reported the formation of nanofibers inside living cells caused the anticancer effect
(Figure 14A).%° A peptide gelator (Nap-FF) forms nanofiber in glioblastoma cells and disrupt the
dynamics of microtubules, which consequently induces apoptosis. On the contrary, Nap-FF does
show neither the nanofiber formation nor toxicity in neuronal cell. They speculated that the
selectivity of the toxicity is derived from the tendency of small molecules to accumulate in cells.
They also reported the enzymatic formation of nanofibers of a small p-peptide derivative in
pericellular space to show the anticancer activities (Figure 14B).?" Surface and secretory

phosphatases dephosphorylate a precursor of a hydrogelator to trigger the self-assembly of the
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hydrogelator and to result in pericellular nanonets selectively around the cancer cells that
overexpress phosphatases. Cell-based assays confirm that the pericellular nanofibers block cellular
mass exchange to induce apoptosis of cancer cells, including multidrug-resistance cancer cells,
MES-SA/Dx5. The formation of pericellular nanofibers of small molecules to exhibit distinct
functions illustrates a fundamentally new way to engineer molecular assemblies spatiotemporally in

cellular microenvironment for inhibiting cancer cell growth and even metastasis.
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Figure 14. (A) Selective inhibition of glioblastoma cells by nanofibers of small hydrophobic

molecules. (B) Enzyme-catalyzed formation of pericellular hydrogel/nano- nets to induce cell death.
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Controlling Protein Activities

Proteins play pivotal roles in biological system. Therefore, controlling of protein activities is
important for drug discovery or protein engineering. Recently, several researchers reported that
functions of some proteins can be regulated using the self-assembled nanostructures.

Shoichet et al. reported that the colloidal aggregate of the small molecular drug has unusual
properties for the nonspecific protein inhibition (Figure 15A).”* They confirmed a mechanism for
the nonspecific inhibition by hydrogen-deuterium exchange mass spectrometry (HDX-MS) and
trypsin digestion experiment. In the presence of the colloidal aggregate, protein contained higher
deuterium content than that in the absence of the aggregate. Moreover, the proteins were more
susceptible to proteolytic degradation. From these results, they suggest that the mechanism of the
protein inhibition by the colloidal aggregate is partially ascribed to unfolding of the protein upon
binding.

Contrary to the Shoichet’s work, Wells and co-worker found a nano-assembled enzyme
activator (Figure 15B).” From high-throughput screening, they identified a compound, called 1541,
which activate caspase-3. Interestingly, the activator 1541 self-assembles in water to form
nanofibers with 2.6 nm in width and more than 1 um in length. The self-assembly of 1541 is
essential for activation of caspase-3. Although the mechanism of the activation has yet to be fully

resolved, their finding suggests a new insight into the drug-discovery.

18
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Figure 15. (A) Schematic representation of the promiscuous protein inhibition of small-molecule
aggregators. (B) Schematic representation of the activation of caspace-3 by self-assembled

nanofiber.

19



General Introduction

Summary of this thesis

As described above, many efforts have been devoted to develop functional biomaterials for
detection/imaging of the biomolecules or controlling of biological systems by using the unique
functions of self-assembled nanostructures. Precise control of the nanostructure dynamics leads to
the development of novel functional biomaterials.

In this thesis, I successfully constructed the functional self-assembled nanostructure useful for
biological application such as biomolecular sensing (chapter 1), controlling materials motion
(chapter 2), and live-cell imaging (chapter 3). This thesis consists of three chapters, which are
summarized as follows:

In chapter 1, I describe the development of fluorocolorimetric sensor for polyamines such as
spermine and spermidine by hybridization of a supramolecular hydrogel with montmorillonite, an
inorganic material, adsorbing a fluorescent dye,. The utility of this hybrid sensor system is
successfully demonstrated in the naked eye detection of the polyamines in artificial urine.

In chapter 2, I constructed the first two-photon responsive supramolecular hydrogel by
incorpolating photo-responsive coumarin group in peptide. The fluidity inside the supramolecular
hydrogel was presicely controlled with high spatial resolution (10 um X 10 uym x 10 pum). I
successfully demonstrated the Off-On switching of Brownian motion of nanobeads and bacterial
chemotaxis by two-photon excitation.

In chapter 3, I describe the development of disassembly-driven turn on fluorescence nanoprobe
for the imaging of endogeneous proteins in living cells. I specifically visualized human carbonic
anhydrase and heat shock protein 90 inside living mammalian cells. The reversible

assembly/disassembly of the supramolecular probes allowed us to construct an imaging-based

20
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inhibitor assay system in live cells.
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Chapter 1
Montmorillonite-Supramolecular Hydrogel Hybrid for Fluorocolorimetric Sensing of

Polyamines

Abstract

Fluorescent sensor materials for rapidly and conveniently detecting polyamines in biological
fluids are highly desirable for cancer diagnosis. I herein describe the hybridization of a
supramolecular hydrogel with a layered inorganic host adsorbing a fluorescent dye, which produces
a fluorocolorimetric sensor for biologically important polyamines such as spermine and spermidine.
The utility of this hybrid sensor system is successfully demonstrated in the naked eye detection of

the polyamines in complex biological fluids.
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1-1. Introduction

Polyamines, such as spermine and spermidine, are known to play an important role in cell
growth and proliferation and thus are expected to be good biomarkers for abnormally and rapidly
growing cancers.! For example, it is reported that determination of urinary polyamine
concentrations can be used for assessing the effectiveness of cancer chemotherapy.” Although these

1c.2
““? these

polyamines are currently detected using immunoassays'® and chromatographic techniques,
are time-consuming tedious procedures involving expensive equipments. Convenient diagnostic
tools capable of sensing such biomarkers in a rapid, label-free, and high-throughput manner are
highly desirable.** Tsubaki et al reported the polyamine chemosensor based on the phenolphthalein
and two crown loops (Figure 1). Unfortunately this chemosensor works only in the organic solvent
such as methanol. In addition, the fluorescence response of their chemosensor is On-Off manner
(Off-On-type sensor is more desirable). Swager et al. developed a flouorocolorimetric polyamine
sensor by using a conjugated polyelectrolyte (CPE, Figure 2). The fluorescence-response of the
CPE-based sensor relies on nonspecific electrostatic interactions, which is susceptible to

interference from multiply charged species, such as proteins and multivalent cations, commonly

found in complex biological fluids.

0 \_P colored complex colorless complex

Figure 1. (A) Chemical structure of phenolphthalein-based polyamine sensor. (B) Equilibrium

between colored and colorless complexes.
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(a) ICO;-"-i’.“._ (b) /'?‘/h}r/\h?‘

© CyFyy

Figure 2. (A) Chemical structure of CPE-based polyamine sensor. (B) Schematic illustration of the
spermine-induced aggregation of the anionic CPE and the accompanying blue-to-green

fluorescence color change.

Previously our group developed semiwet fluorescent sensor materials by hybridization of a
supramolecular hydrogel with an nanoporous inorganic host encapsulating a fluorescent dye as a
probe (Figure 3).> In this gel-based sensor, an anionic fluorescent dye (Cou-pSer) is encapsulated
into a cationic mesoporous silica for detecting polyanions. It was demonstrated that the
supramolecular hydrogel not only serves as an immobilization matrix, but also plays an active role
in converting signals of the fluorescent dye. Since the self-assembled fibers in the supramolecular
hydrogel provide continuous hydrophobic nano-spaces, the fluorescent dye bearing a hydrophobic
part can be entrapped inside the fibers upon being released from the host through a selective
exchange with the target (guest) substances, which causes fluorescence spectral changes. Thus, the

fluorescent dye acts as a probe for following the exchange phenomena.
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Figure 3. Construction and mechanism operating in fluorescent dye encapsulated

MCM-Enzyme-Supramolecular hydrogel hybrid sensory system for polyanions.

I herein successfully expanded this strategy toward sensing polycations using a naturally
abundant anionic layered material, montmorillonite® (MMT), as the host and a cationic fluorescent
dye as the probe which both are embedded in supramolecular hydrogel 17 (Figure 4). In the present
system, it was crucial that the surface of the MMT nanosheet had high anionic charge density to
facilitate aggregation of the cationic fluorescent probe (G-Coum).® The adsorbed cationic probe
showed a weak greenish, excimer emission, which converted to an intensified blue, monomer
emission through its release via the cation-exchange and the subsequent translocation to the
supramolecular fibers 1. This gave rise to a unique fluorocolorimetric readout mechanism, different
from the previous systems.’ I also demonstrated that an array using the miniaturized hybrid sensor

is promising for user-friendly naked eye detection of spermine and spermidine in artificial urine.
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Figure 4. (A) Chemical structures of hydrogelator 1, G-coum, and polyamines (B) construction and

the mechanism of action of the fluorescence dye (G-coum) adsorbed MMT/supramolecular

hydrogel 1 hybrid sensory system for polyamines.
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1-2. Result and Discussion
1-2-1. Adsorption and Cation exchange of MMT

The catch and release function of MMT for cationic substances was first investigated as an
aqueous suspension system. Adsorption of three cationic fluorescent dyes (G-coum, G-Dansyl, and
G-NBD, Figure 4A, 5A) bearing a guanidium group to MMT occurred almost quantitatively by
mixing the dyes and MMT in neutral aqueous media (Figure 5B). The adsorbed G-coum and
G-Dansyl to MMT (G-coumCMMT) were released by the addition of spermine (32% and 20%,
respectively) but not by propylamine (1.5% and 4.2%, respectively). In contrast, the
spermine-induced release was not observed in the case of the G-NBD. Since G-coum showed the
largest difference in release ratio between the addition of spermine and propylamine, I used G-coum
for further study. Release efficiency did not show strong dependency on % loading (in a range of 4—
19% loading against CEC of MMT (1.19 pmol/mg)) (Figure 6B). As summarized in Figure 7, it
was clear that the release was efficiently induced by polyamines such as spermine and spermidine
and several diamines,'” but not by propylamine (monoamine), urea, or ATP (adenosine
triphosphate), indicating that substances having more than two positive charges can facilitate the

cation-exchange reaction of G-coum with MMT.
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Figure 5. (A) Chemical structures of G-NBD and G-Dansyl. (B) Adsorption efficiency (%) of
cationic fluorescent dyes to MMT evaluated from the absorption spectra of the supernatants. (C)
Release efficiency (%) of fluorescent dyes from MMT induced by spermine and propylamine
evaluated from the absorption spectra of the supernatants. Conditions: [DyeCMMT] = 0.5 mg/mL,
[Spermine, Propylamine] = 10 mM, 50 mM HEPES (pH 7.4), room temperature.
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Figure 6. (A) Adsorption efficiency (%) of G-coum to MMT evaluated from the absorption spectra
of the supernatants. (B) Release efficiency (%) of G-coum from MMT induced by spermine and
propylamine evaluated from the absorption spectra of the supernatants. Conditions B:

[G-coumCMMT] = 1.0 mg/mL, [Spermine, Propylamine] = 9.1 mM, 50 mM HEPES (pH 7.4),
room temperature.

30
2 | :
Q
172}
]
9
2 101 =
0 oz 0"
Q Q0o © @ Q
£ £ § & & & & & A
§ g5 §f&gsce
¢ & & @ @ & 9
S ¢ & 3F L Q
(o()Qévé‘@
& & Q
&
G

Figure 7. (A) Release of G-coum from MMT upon the addition of various substances. Conditions:

[G-coumCMMT] = 1.0 mg/mL, [G-coum] = 0.23 pmol/mg of MMT (19% CEC), [Substances] = 10
mM, 50 mM HEPES (pH 7.4).

32



Chapter 1

1-2-2. Spectroscopic properties of G-Coum

Absorption and fluorescence spectra showed the different state of G-Coum in solution and in
MMT. At lower loadings such as 4%, both the monomer (470 nm) and the excimer emission (540
nm) '? were observed (Figure 8A). Excitation spectra of the excimer emission peak showed a peak
at 395 nm with a shoulder at 444 nm (Figure 8C), which is shifted compared with the absorption
band of the monomeric form (430 nm), indicating that G-coum combined with MMT interacts with
each other in the ground state. With increasing loading, the ratio of excimer emission (540 nm) was
increased (Figure 8B and C). Concurrently, a broadened absorption band (fwhm: from 51 to 88.5
nm) was observed for G-coum in MMT (Figure 8C). As shown in Figure 8D (from (a) to (b)), it is
interesting that the excimer emission at 540 nm decreased, whereas the monomer emission at 470
nm increased by the addition of spermine. These results suggest that G-coum was adsorbed and
aggregated on the anionic surface of MMT at high loading levels compared to its CEC
(cation-exchange capacity) and the aggregated G-coum in MMT was released into the aqueous

phase as a monomeric form through the cation-exchange with spermine.

33



Chapter 1

A — G-Coum B — G-Coum
1.5 7 — G-CoumCMMT [T 200 1.5 — G-CoumcCMMT [T 400
fA = > 3
\ © f\ &
,“'3|—> RE <1 - 300
11 I b 11 P4 B
. P\ 5 . ' S
4 i L I @ L €
g | \, 100 = g 200 <
li \‘. Q o
; 5 0.5 1 o
, L50 @ L 100 2
| o o
o o
0 ot . —=l 0 et N e 0]
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)
C 15 1 — G-Coum _ D 0.04
— G-CoumC MMT —_ _ b
S =]
> EA ® (a)
<1 l,\ > > 0.03 A
1 B P i -— —
‘ AN 5 g
2 Y/ B A = £ 0.02+
< Excitation; P ® ®
>/ ,l i 2 2
0.5 1 \" i \ 8 8
a2 @ 0.01
: \ (]
v A\ 5 5
Y = 3
L w
0 /==, N B 0+ - - .
300 400 500 600 450 500 550 600 700
Wavelenath (nm) Wavelength (nm)

Figure 8. Absorption and fluorescence (Ax = 360 nm) spectra of aqueous G-coum solution
([G-coum] = 26 uM for (A) and 54 pM for (B)) and aqueous G-coumCMMT suspension for (A)
4.3% and (B) 9.0 %, and G-coum against CEC ([G-coumCMMT] = 0.50 mg/mL) and (C)
Absorption, fluorescence (Aex = 360 nm), and excitation spectra (A = 470 nm for G-coum and 540
nm for G-coumCMMT) of aqueous G-coum solution ([G-coum] = 117 uM for absorption and
fluorescence spectra, 12 uM for excitation spectrum) and aqueous G-coumCMMT suspension
([G-coumCMMT] = 0.50 mg/mL, [G-coum] = 0.23 pmol/mg MMT (19%CEC)) at room
temperature. (D) Fluorescence spectral change (Aex = 410 nm, MCPD (multichannel photodetector),
see Supporting Information for details) of G-coumCMMT suspension (a) before and (b) after the
addition of spermine. Conditions: [G-coumCMMT] = 0.40 mg/mL, [G-coum] = 0.23 pmol/mg of
MMT (19% CEC), [Spermine] = 0.91 mM, 50 mM HEPES (pH 7.4).
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1-2-3. Fluorescence change of G-coumC MMT/hydrogel 1 hybrid

Interestingly, the blue-shifted fluorescence of G-coum released by spermine was significantly
intensified when the G-coumCMMT was embedded in a supramolecular hydrogel matrix
(G-coumCMMT/hydrogel 1 hybrid) (Figure 9A). The fluorescence intensity at 470 nm by the
addition of spermine was 5.0-fold greater than that in aqueous medium without hydrogel 1 (Figure
8C). This type of fluorescence spectral change, from the excimer to the enhanced monomer
emission, can be ascribed to both the environmentally sensitive nature of the G-coum fluorescence'?
and the binding capacity of the supramolecular fiber. That is, the G-coum released from MMT by
the exchange with spermine was spontaneously translocated from the aqueous phase to the
hydrophobic space of supramolecular fibers 1, where G-coum showed the intensified monomeric
emission (Figure 10).'"° Confocal laser scanning microscopy supported the spermine-induced
translocation of G-coum as follows. In hydrogel 1, the fluorescence of G-coumCMMT was
observed as fluorescent spots of 1-10 um in diameter (Figure 11), indicating that G-coum was
predominantly bound to MMT even in the hydrogel 1. It was also evident that MMT was segregated
from the supramolecular fibers 1 stained by a hydrophobic BODIPY dye. Clearly, these two
microdomains are spatially orthogonal to each other in the semiwet matrix. After the addition of
spermine, the segregated spots due to G-coum became smeared and more importantly the G-coum
fluorescence was localized along the fibers 1 and overlapped significantly with the BODIPY
fluorescence (the merged image, Figure 11B). The large change in fluorescence intensity along with
the emission peak shift of the G-coumCMMT/hydrogel 1 hybrid upon the addition of spermine
enabled us to accurately monitor the spermine concentration by two-wavelength emission

ratiometry. As shown in Figure 9B, plotting the fluorescence intensity ratio between the monomer

35



Chapter 1

and the excimer (F470/ Fs40) as a function of spermine concentration showed a typical saturation
behavior, which clearly validates the fluorescence sensing ability of G-coumCMMT/hydrogel 1
hybrid for spermine. From the fluorescence titration experiments of various substances (Figure 9B),
it was demonstrated that spermine and spermidine can be detected in the range of 20-100 uM (ECsg
(the analyte concentration inducing 50% of the maximum signal change) =29 (1.4 and 55 (4.8 uM
for spermine and spermidine, respectively), whereas propylamine, urea, and ATP were not detected
because of their low cation-exchange capability. This order is in good agreement with that obtained
in the aqueous G-coumCMMT suspension system, indicating the cation selectivity of MMT
remained even after the hybridization of supramolecular hydrogel. Figure 12A summarizes the
sensing selectivity of G-coumC MMT/hydrogel 1 for various substances on the basis of the changes
in the fluorescence intensity ratio (F470/Fs4). It is clear that polyamines such as spermine and
spermidine were detected the best, while aminoglycoside antibiotics such as neomycin and
kanamycin and poly(L-lysine)'' (low Mw: PLL-LMW) were also detectable effectively. However,
diamines with spacers longer than C2 and proteins such as BSA (bovine serum albumin) were
detected with only moderate sensitivity. By contrast, monoamines, ethylenediamine, anions such as
ATP, heparin, and sucrose-octasulfate (Suc-8S), and neutral substances such as urea were not
detectable. There was little difference in the sensing selectivity between pH 6.8 and 7.4, but the
sensing selectivity was lowered at pH 8.0 most probably due to partial deprotonation of polyamines
(Figure 14). Interestingly, these selective and large fluorescence peak shifts enabled us to
distinguish polyamines with the naked eye in a high-throughput manner using a
G-coumCMMT/hydrogel 1 hybrid sensor array chip. As shown in an inset of Figure 12A,

intensified blue fluorescence spots for spermine (al), spermidine (a2), putrescine (a4), and
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PLL-LMW (b3) were observed, whereas other spots were weakly green for polyanions such as

heparin (c3), Suc-8S (c4), and inositol hexaphosphate (IP6, c5).
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Figure 9. (A) Fluorescence spectral change (Aex = 410 nm, MCPD) of G-coumCMMT/hydrogel 1

upon the addition of spermine and (B) fluorescence titration curves (see also Figure S3 for the

spectral changes). Lines for spermine and spermidine are best fit of Hill equation to data points.
Error bars represent standard deviation (n = 3). Conditions: [1] = 0.18 wt %, [G-coumCMMT] =
0.40 mg/mL, [G-coum] = 0.23 pmol/mg of MMT (19% CEC), 50 mM HEPES (pH 7.4).
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Figure 10. Fluorescence spectra (Aex =410 nm, MCPD) of G-coum (10 uM) in (a) 50 mM HEPES
(pH 7.4) aqueous buffer and (b) hydrogel 1 ([1] = 0.20 wt%, 50 mM HEPES (pH 7.4)), room

temperature.
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BODIPY

BODIPY

Figure 11. CLSM images of hydrogel 1 containing BODIPY dye and G-coumCMMT (A) before
and (B) after 30 min of spermine addition. (left: Aex = 458 nm/ Ae, = 460—560 nm, center: Aex = 543
nm/Aem = 565-605 nm, right: merged image). The merged image shown in the right panels were
obtained by summing the images of left and center. (C) Chemical structure of BODIPY dye. The
scale bars are 5 pum. Conditions: [1] = 0.18 wt%, [BODIPY] = 9.1 uM, [G-coumCMMT] = 0.40

mg/mL, [Spermine] = 182 uM, room temperature.
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Figure 12. (A) Change in fluorescence intensity ratio (F,;,/Fs,,) upon the addition of various
substances. Inset shows photograph of G-coumCMMT/hydrogel 1 hybrid sensor chip (hex = 365
nm) for high-throughput sensing of a variety of substances and the spotted position of the subs-
tances is shown in panel B. Conditions: spotted volume = 22 pL, [1] =0.18 wt %, [G-coumCMMT]
= 0.40 mg/mL, [G-coum] = 0.23 pmol/mg of MMT (19% CEC), [Substance] = 182 uM, 50 mM
HEPES (pH 7.4).
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Spermine  Spermidine  Putrescine Propylamine No

Figure 14. Change in fluorescence intensity ratio (F470/Fs40) upon the addition of various substances
at different pH (6.8, 7.4, and 8.0). Conditions: spotted volume = 22 puL, [1] = 0.18 wt%,
[G-coumCMMT] = 0.40 mg/mL, [G-coum] = 0.23 pmol/mg of MMT (19% CEC), [Substance] =
91 uM, 50 mM HEPES, room temperature.

1-2-3. Colorimetric detection of urinary polyamines in G-coumC MMT/hydrogel 1 hybrid

To demonstrate the potential in the practical utility of this hybrid sensor material, I finally
conducted fluorocolorimetric imaging of spermine and spermidine in artificial urine by using the
hybrid sensor array chip. It is proposed that changes in urinary spermine and spermidine
concentrations are critical in the range from 1 to 10 uM and 10 to 50 puM, respectively, for cancer
diagnosis."'> As shown in Figure 15A, changes in the fluorescence colors were clearly
distinguished from green to blue for spermidine (lane a) indeed in such a concentration range (0-45
uM) and for spermine (lane b) in a slightly higher concentration range (0-27 uM), relative to such

criteria. The color change required only a few minutes, and both the pixel intensity ratios (Ipiue/Igreen)
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of the digital photograph and the fluorescence intensity ratios (Fa70/Fs40) of the fluorescence spectra
almost linearly increased (Figure 15B,C). These results suggest that the present hybrid fluorescent
sensor array is tolerant of biological fluids and substances such as serum albumin (HSA) and

creatinine (Figures 16, 17) and could be rapid and sensitive enough for diagnosis applications.

A

(a) Spermidine

(b) Spermine
0 9 27 45 91 182

B 05

Iblue / lgreen
o

0.5 ' v v 2 T T T
0 50 100 150 200 0 50 100 150 200

[Analyte] (uM) [Analyte] (uM)
Figure 15. Photograph of G-coumCMMT/hydrogel 1 hybrid sensor chip (Aex = 365 nm) for (A)
fluorocolorimetric sensing of (a) spermidine and (b) spermine in artificial urine and the
corresponding changes in (B) pixel intensity ratio (Ipwe/Igreen) and (C) fluorescence intensity ratio
(F470/Fs40, MCPD). Conditions: spotted volume = 22 pL, [1] = 0.18 wt %, [G-coumCMMT] = 0.40
mg/mL, [G-coum] = 0.23 pmol/mg of MMT (19% CEC), 50 mM HEPES (pH 7.4).
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Figure 16. Change in fluorescence intensity ratio (F470/Fs40, MCPD) upon the addition of artificial
urine (pH 6.0 and 7.4) containing spermine or spermidine with HSA ([HSA] = 15 uM (1.0
mg/lez)) or creatinine ([Creatinine] = 7 mM). Conditions: spotted volume = 22 uL, [1] = 0.18
wt%, [G-coumCMMT] = 0.40 mg/mL, [G-coum] = 0.23 umol/mg of MMT (19% CEC), [Spermine,
Spermidine] = 45, 91 uM, 50 mM HEPES (pH 7.4).
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Figure 17. Fluorescence spectra (Aex = 410 nm, MCPD) of G-coumCMMT /hydrogel 1 hybrid
sensor spots (20 puL) (a) before and after the addition of (b) HEPES buffer (50 mM, pH 7.4, 2.0 uL)
and (c) artificial urine (2.0 pL). ([1] = 0.18 wt%, [G-coumMMT] = 0.40 mg/mL). Inset shows the
corresponding photograph of G-coumMMT/hydrogel 1 hybrid sensor chip.
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1-3. Conclusion

I succeeded in developing a new hybrid material of G-coumCMMT/supramolecular hydrogel 1
that can fluorocolorimetrically sense polyamines in a biological fluid mimic, achieving rapid and
the naked eye detection. The sensing sensitivity was almost in the range demanded for cancer
diagnosis and clinical usage, although further practical tests for verification are required. The
present results also demonstrated that the rational hybridization of inorganic hosts with
supramolecular hydrogel is a general approach for designing sensor systems for a variety of
analytes. Construction of not only sensors but also controlled drug release materials may be

attractive targets or further research using this type of hybrid soft materials.
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1-4. Experimental Section
Generals.

Unless stated otherwise, all commercial reagents were used as received. Synthetic
Na'-saturated MMT (Kunipia-F, CEC = 1.19 umol/mg) was kindly supplied from Kunimine
industries Co. (Japan). Unless otherwise specified, all water used in the experiments refers to ultra
pure water obtained from a Millipore system having a specific resistance of 18 MQecm. Thin layer
chromatography (TLC) was performed on silica gel 60F,s4 (Merck). Column chromatography was
performed on silica gel 60N (Kanto, 40-50 um). '"H NMR spectra were obtained on a Varian
Mercury 400 spectrometer with tetramethylsilane (TMS) or residual non-deuterated solvents as the
internal references. Multiplicities are abbreviated as follows: s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet, dd = double doublet, br = broad. Mass spectrometry was performed on a
Thermo Scientific Exactive mass spectrometer. The absorption and fluorescence spectra were
measured using a Shimadzu UV2550 and a Perkin-Elmer LS55 spectrometer, respectively.
Fluorescence spectra of hydrogel spots on a slide glass plate were recorded using an Otsuka
Electronics high sensitivity Spectro multichannel photodetector, MCPD-7000. Elemental analysis

was carried out by the services at Kyoto University.

Synthesis.
Compounds 17, 2%, and 7'* were synthesized according to the methods reported previously.
G-coum was prepared from 2 as shown in Scheme 1.

Scheme 1.
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Synthesis of compound 3.

To a solution of compound 2 (608 mg, 1.5 mmol) in dry dichloromethane (CH,Cl,, 4 mL) was
added trifluoroacetic acid (TFA, 2 mL), and the mixture was stirred at room temperature for 90 min.
The solvent was then evaporated and the residual TFA was removed by azeotropy with toluene. The
residue was precipitated with diisopropyl ether to give compound 3 (594 mg, 94%) as a yellow
solid. "H NMR (400 MHz, CDCls, room temperature): d = 1.24 (t, J = 7.2 Hz, 6H), 3.16 (t, J = 5.8
Hz, 2H), 3.54 (q, J = 7.1 Hz, 4H), 3.67 (t, J = 5.8 Hz, 2H), 6.59 (d, J = 2.4 Hz, 1H), 6.81 (dd, J =

2.4 and 8.8 Hz, 1H), 7.56 (d, J = 8.8 Hz, 1H), 8.66 ppm (s, 1H).

Synthesis of compound 4.

To a solution of compound 3 (300 mg, 0.72 mmol) and N,N-diisopropylethylamine (DIPEA,
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500 upuL, 29 mmol) in dry acetonitrile (CH3CN, 7 mL) was added
N,N’-di-Boc-1H-pyrazole-1-carboxamidine (186 mg, 0.60 mmol), and the mixture was stirred at
room temperature overnight. The solvent was removed under reduced pressure and the residue was
purified by column chromatography (SiO,, hexane: ethyl acetate (AcOEt) = 1:1). To remove
residual pyrazole completely, the obtained yellow solid was dissolved in AcOEt (50 mL) and the
solution was washed with saturated aqueous NaHCO3 (50 mL x 3), 5% aqueous citric acid (50 mL
x 3), and brine (50 mL). The organic layer was collected and dried over anhydrous Na,SO4 and
filtrated. The filtrate was evaporated to dryness to give compound 4 (316 mg, 97%) as a yellow
solid. IH NMR (400 MHz, CDCl3;, room temperature): 0 = 1.24 (t, J = 7.0 Hz, 6H), 1.48-1.50 (s X
2, 18H), 3.45 (q, J = 7.2 Hz, 4H), 3.61-3.67 (m, 4H), 6.49 (d, J= 2.4 Hz, 1H), 6.64 (dd, J= 2.4 and
8.8 Hz, 1H), 7.42 (d, J = 9.2 Hz, 1H), 8.57 (br s, 1H), 8.69 (s, 1H), 8.94 (m, 1H), 11.48 ppm (br s,

1H).

Synthesis of G-coum.

To a solution of compound 4 (315 mg, 0.58 mmol) in dry CH»Cl, (10 mL) was added TFA (5
mL). The mixture was stirred at room temperature for 3 h. The solvent was then evaporated and the
residual TFA was removed by azeotropy with toluene. The residue was dissolved in a minimal
amount of methanol and reprecipitated with diisopropyl ether. The solid was collected by filtration,
washed with diisopropyl ether, and dried in vacuo to give G-coum*TFA (210 mg, 79%) as a yellow
solid. "H NMR (400 MHz, CD;0D, room temperature): § = 1.23 (t, J = 7.2 Hz, 6H), 3.39 (t, J = 6.2
Hz, 2H), 3.48-3.59 (m, 6H), 6.58 (d, J= 2.0 Hz, 1H), 6.83 (dd, /=2.4 and 8.8 Hz, 1H), 7.56 (d, J =

8.8 Hz, 1H), 8.65 ppm (s, 1H). HR-FTMS (ESI): Calcd. for [M(C7H3N505)+H]": m/z = 346.1879;
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Found: 346.1862. Anal. Calcd. for C17H23NsO3*TFA: C, 49.67; H, 5.27; N, 15.24; Found: C, 49.38;

H, 5.50; N, 15.08 %.

Scheme 2.
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Synthesis of 5

To a stirred dry CH,Cl, (8.0 mL) solution of Dansyl-Chloride (253 mg, 0.94 mmol) and DIEA
(490 pL, 2.8 mmol) was added N-(tert-Butoxycarbonyl)-1,5-diaminopentane (228 mg, 1.1 mmol).
The solution was stirred at rt overnight. The solvent was removed under reduced pressure and the
residue was purified by column chromatography (silica, hexane: AcOEt = 4:1 to 2:1) to give 5 (394
mg, 96%) as yellow solid. 'H NMR (400 MHz, CDCls, room temperature): § = 1.21-1.32 (m, 2H),
1.14-1.20 (m, 2H), 1.35-1.45 (m, 11H), 2.86-2.96 (m, 10H), 4.40 (brs, 1H), 4.62 (brs, 1H), 7.20 (d,

J= 6.8 Hz, 1H), 7.51-7.59 (m, 2H), 8.23-8.30 (m, 2H), 8.55 ppm (d, J = 8.4 Hz, 1H).
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Synthesis of 6

To a stirred dry CH,ClI, (8 mL) solution of 5 (130 mg, 0.30 mmol) was added TFA (2.0 mL).
The solution was stirred for 30 min. The volatile was removed under reduced pressure. After
azeotropic with toluene (20 mL x 3), the residue was dried in vacuo. Then the residue was dissolved
in CH3CN (5.0 ml). To this solution, DIEA (260 pL, 1.5 mmol) and N,N’Bis(tertButoxycarbonyl)
1H-Pyrazole-1-carboxyamidine (127 mg, 0.41 mmol) was added. After stirring at rt for 14 h, the
solvent was removed under reduced pressure. Then the residue was dissolved in CH,Cl, (20 mL).
The organic layer was washed with water (20 mL) and brine (20 mL) and dried over MgSQOs. The
solvent evaporated to dryness. The residue was purified by column chromatography (silica,
hexane:AcOEt = 4:1 to 2:1) to give 6 (136 mg 79%) as light green amorphas. 'H NMR (400 MHz,
CDCls, room temperature): 6 = 1.17-1.50 (m, 24H), 2.86 — 2.92 (m, 8H), 3.24 (q, J = 6.5, 2H), 4.54
(t,J=6.0 Hz, 1H), 7.19 (d, J = 8.0 Hz, 1H), 7.51-7.59 (m, 2H), 8.20-8.28 (m, 3H), 8.55 ppm (d, J

= 8.4 Hz, 1H).

Synthesis of G-Dansyl

To a stirred dry AcOEt (2 mL) solution of 6 (50 mg, 87 umol) was added 4N HCI/AcOEt (5.0
mL). The solution was stirred for 24 min. After evaporation, the residue was washed with ether (10
mL) to give G-Dansyl (39 mg, 100%) as light green amorphas. 'H NMR spectroscopy (CD;OD,
400 MHz, rt): 6 = 1.29-1.37 (m, 2H), 1.43—-1.52 (m, 4H), 2.89 (t, J = 6.8 Hz, 2H), 3.09 (t, /= 7.0
Hz, 2H), 3.47 (s, 6H), 7.84-7.91 (m, 2H), 8.08 (d, J= 7.6 Hz, 1H), 8.36 (d, J= 7.2 Hz, 1H), 8.60 (d,

J=8.8 Hz, 1H), 8.91 ppm (d, J= 8.8 Hz, 1H).
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Scheme 3.
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Synthesis of 8

To a stirred dry CH,Cl, (8 mL) solution of 7'* (120 mg, 0.33 mmol) was added TFA (2.0 mL).
The solution was stirred for 30 min. The volatile was removed under reduced pressure. After
azeotropy with toluene (2 mL x 3), the residue was dissolved in CH3CN (5.0 mL). To this solution,
DIEA (230 uL, 1.3 mmol) and N,N’Bis(tertButoxycarbonyl) 1H-Pyrazole-1-carboxyamidine (127
mg, 0.26 mmol) was added. The solution was stirred at rt for 14 h. The solvent was removed under
reduced pressure. Then the residue was dissolved in CH,Cl, (20 ml). The organic layer was washed
with water (20 mL) and brine (20 mL) and dried over MgSO4.The solid was removed by filtration.
The solvent was removed under reduced pressure. The residue was purified by column
chromatography (silica, hexane:AcOEt = 4:1 to 2:1) to give 8 (91 mg 69%) as orange amorphous.
'H NMR spectroscopy (CDCls, 400 MHz, rt): § = 1.45-1.58 (m, 20H), 1.65-1.70 (m, 2H), 1.83-1.89
(m, 2H), 3.43-3.55 (m, 4H), 6.19 (d, J = 8.8 Hz, 1H), 6.32 (brs, 1H), 8.36 (brs, 1H), 8.50 (d, /= 8.8

Hz, 1H), 11.5 ppm (s, 1H).
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Synthesis of G-NBD

To a stirred dry AcOEt (2 mL) solution of 8 (48 mg, 87 umol) was added 4N HCI/AcOEt (5.0
mL). The solution was stirred for 27 h. The appeared orange solid was collected by filtration and
was washed with AcOEt (10 mL x 3). The residue was dried in vacuo to give G-NBD (39 mg
100%) as orange solid. 'H NMR (400 MHz, CD;OD, room temperature): 6 = 1.51-1.56 (m, 2H),
1.63—-1.71 (m, 2H), 1.79-1.86 (m, 2H), 3.19 (t, J = 7.0 Hz, 2H), 3.56 (brs, 2H), 6.36 (d, J = 8.4 Hz,

1H), 8.53 (d, J= 8.8 Hz, 1H)

Preparation of G-coumMMT.

MMT (10 mg) was suspended in a designated concentration (60, 120, 240 puM) of G-coum
aqueous solution (50 mM HEPES (pH 7.4), 10 mL) and the resultant suspension was vortexed and
sonicated. After overnight standing at room temperature, the suspension was centrifuged (5000 rpm,
10 min) and the supernatant was removed. The obtained solid was washed with 50 mM HEPES (pH
7.4, 5.0 mL) for four times to afford G-coumMMT as a yellow solid. All supernatants were
collected and un-encapsulated G-coum was evaluated by absorption spectroscopy. The obtained
G-coumMMT in aqueous suspension (0.50 mg/mL, 50 mM HEPES (pH 7.4)) in a 2-mm path

length quartz cell (2 mm x 1 cm) was subjected to fluorescence and absorption spectroscopy.

Release experiments of G-coumCMMT.
An aqueous suspension of G-coumCMMT (1.0 mg/mL, 500 pL) in 50 mM HEPES (pH 7.4) in
a 1-mL tube was centrifuged (5000 rpm, 10 min) and the supernatant was removed. To the tube was

added each substance solutions (10 mM, 500 pL), pipetted gently and incubated for 1 h at room
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temperature. The suspension was then centrifuged (5000 rpm, 10 min) and the supernatant was

subjected to absorption spectroscopy to determine the released G-coum.

Preparation of G-coumCMMT/hydrogel 1 hybrid.

A suspension of gelator 1 (2.2 mg) in 50 mM HEPES buffer (pH 7.4, 1.0 mL) was heated to
form homogeneous solution and allowed to cool to room temperature. This solution (450 pL) was
immediately added to an aqueous suspension of G-coumCMMT (4.0 mg/mL, [G-coum] = 0.23
pmol/mg MMT (19%CEC), 50 puL) in 50 mM HEPES (pH 7.4) buffer. The resultant suspension
was pipetted gently and allowed to gelate at room temperature to prepare G-coumMMT/hydrogel 1

hybrid.

CLSM observation for investigating translocation of G-coum.

A freshly prepared suspension (20 puL) of G-coumCMMT and 1 containing BODIPY dye (10
uM) as described above was spotted on a glass-bottom dish (Matsunami, non-coat, 0.15-0.18
mm-glass bottom) and incubated to complete gelation in a sealed box with high humidity at room
temperature for 30 min. The samples before and 30 min after the addition of spermine (2.0 mM, 2.0
uL) were subjected to observations using an inverted confocal laser scanning microscope (Olympus
FV1000-ASW) equipped with a 543 nm and 633 nm Helium Neon, a 458, 488, 515 nm multi Ar
laser (Coherent Inc.). A 100x, NA = 1.40 oil objective or a 10x, NA = 0.40 air objective were

employed to obtain images.

Fluorescent sensing of polyamine utilizing G-coum CMMT/supramolecular hydrogel 1 hybrid.
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A freshly prepared suspension of G-coumCMMT and 1 as described above was spotted on a
slide glass plate (Matsunami, 76 < 26 mm (24 well, ¢ = 4 mm), each spot contains 20 uL). The
plate was incubated to complete gelation in a sealed box with high humidity at room temperature
for 30 min and each substance solution (2.0 puL) at designed concentrations was added to a spot.
After 30 min, the plate was subjected to MCPD fluorescence measurements. The photographs of the
hydrogel chip were collected by using a digital camera (Canon, Powershot G7) equipped with a
cut-off filter (<440 nm)) in the front of the lens under UV irradiation using a handy lamp (365 nm,

4 W). The images were analyzed with ImagelJ 1.38 on a Macintosh PC.

Preparation of artificial urine.

An artificial urine solution was prepared according to the method reported previously."® The
artificial urine solution contained 1.1 mM lactic acid, 2.0 mM citric acid, 25 mM sodium
bicarbonate, 170 mM urea, 2.5 mM calcium chloride, 90 mM sodium chloride, 2.0 mM magnesium
sulfate, 10 mM sodium sulfate, 7.0 mM potassium dihydrogen phosphate, 7.0 mM dipotassium
hydrogen phosphate, and 25 mM ammonium chloride all mixed in water. The pH of the solution
was adjusted to 6.0 by addition of 1.0 M hydrochloric acid. Solutions of spermine or spermidine

were prepared using the artificial urine solution.
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Chapter 2

Two-Photon-Responsive Supramolecular Hydrogel for Controlling Materials Motion in

Micrometer Space

Abstract

Spatiotemporal control of fluidity inside soft-matrix by external stimuli allows us real-time
manipulation of nano/micro materials. In this study, I constructed the first two-photon responsive
peptide-based supramolecular hydrogel, the fluidity of which was dramatically controlled with high
spatial resolution (10 pym X 10 pm X% 10 pm). The Off-On switching of Brownian motion of

nanobeads and bacterial chemotaxis by two-photon excitation was successfully demonstrated.
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2-1. Introduction

Supramolecular hydrogels' formed by self-assembly of small molecules are promising
biomaterials for numerous applications such as cellular scaffold”, controlled drug release’, and
bio-sensing®. Compared to conventional polymer gels, supramolecular hydrogels are anticipated to
exhibit unique functions such as fluidic nanofiber networks’, dynamic or flexible stimuli responsive
properties’. It is now recognized that precise control of the gel structure and functions is crucial for
construction of sophisticated soft biomaterials comprising supramolecular hydrogels not only to
facilitate understanding impact of surrounding environment on a unique biological function, but
also for manipulating various biological phenomena’. Many stimuli-responsive supramolecular
hydrogels® have been developed to date. Among them, light is an attractive stimulus because of its
contactless mode and high spatiotemporal resolution. Indeed, several groups reported
photo-responsive supramolecular hydrogels using photo-isomerization reaction or photo-click
chemistry®. However, these simply employed UV light irradiation, which shows cytotoxicity
without careful dose adjustment. Regarding biomaterials application, two-photon responsiveness is
apparently superior to one-photon owing to its high biocompatibility. A few distinctive
chromophores are able to absorb two-less energetic photons simultaneously upon irradiation of
intense laser pulses’ to generate the same excited state as that of one-photon excitation. This
allowed one to utilize the two-fold longer wavelength light (typically near infrared (NIR) region),
which is more appropriate to fabricate the hydrogels with less cytotoxicity. As another advantage,
three-dimensional (3D) fabrication inside the gel matrix can be performed with the high spatial
resolution by the two-photon process, because the two-photon excitation event occurs only at a

focal point, depending on the numerical aperture of lens, wavelength of light, and the refractive

57



Chapter 2

index of the materials. In this context, it was recently reported that two-photon-responsive polymer
gels,10 for example, hydrogels consisting of poly(ethylene glycol) cross-linked with a photolabile

103> can be employed as cell culture matrices for controlling extracellular

o-nitrobenzyl group,
microenvironment (Figure 1).'° Although the inside fluidity was not quantitatively examined in
detail, the polymers remaining after photodegradation are presumed to remain in the irradiated
space. By contrast, two-photon-responsive supramolecular hydrogels have not yet been developed,
despite these being expected to show a drastic change in fluidity because all the photogenerated
residues are small molecules. I describe herein the design of the first supramolecular hydrogel
composed of peptide capable of exhibiting gel-sol transition upon two-photon excitation, which
enables the creation of 3D fluidic micron spaces inside the gel with high spatial resolution and with
high fluidity equivalent to aqueous solution. Also, I successfully demonstrated locally controlling
the Brownian motion of nanobeads and regulation of chemotaxis of living bacteria in Off-On mode,

without inactivation of biological process inside the two-photon responsive supramolecular

hydrogel matrix.
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I::\/\/ >

Figure 1. (A) Schematic representation of photodegradable polymeric hydrogel. (B) 3D
photo-fabrication of the gel. (C) Two-photon induced detachment and retraction of GFP-actin
transfected MSCs from PEGdiPDA hydrogels.
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2-2. Results and Discussions
2-2-1. Molecular design and screening of the gelator

We recently established the semi-rational design strategy of various stimuli-responsive
peptide-based supramolecular hydro gela‘cors1 L For instance, incorporating a
photostimuli-responsive 7-bromo-hydroxycoumarin-4-yl-methoxycarbonyl (Bhcmoc) protecting
group into the N-terminus of a dipeptide (FF, F: phenylalanine) allowed us to obtain a
supramolecular gel was obtained, which showed the gel-sol change by (one) photo-triggered
cleavage of Bhcmoc moiety (Figure 2A, B). Based on this scaffold, I sought to explore two-photon
responsive hydrogels. Since the Bhcmoc-FF does not form hydrogel at physiological pH probably
due to deprotonation of the hydroxyl group of Bhcmoc, I decided to replace Bhcmoc with
dimethylamino-coumarin-4-yl-methoxycarbonyl'> (DMACmoc) group, a typical two-photon
absorption dye, at the N-terminal of peptides. A small library of DMACmoc-modified peptides by
varying the peptide sequence was constructed as shown in Figure 3A and the gelator screening was
conducted at pH 7.4. By the tube inversion method, I found four gelators that form transparent
hydrogels, which should be appropriate for efficient photo-absorption with minimizing the
photo-diffraction, in neutral aqueous conditions (pH 7.4) (Figure 3). The critical gelation
concentrations (CGC) of each gelator were evaluated and summarized in Figure 3B.
DMACmoc-FF(CF;) showed the lowest CGC (0.050 wt%) in transparent gel, which was thus
mainly used for further studies. Although DMACmoc-F(CF3)F(CF3) showed the lower CGC (0.025

wt%), the gel was opaque which was thought to be unsuitable for the photo-reaction.
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Figure 2. (A) Photo-induced cleavage reaction
representation of the self-assembly of caged-peptide gelator to form a supramolecular hydrogel and

its photo-responsive gel-to-sol transition.

61



Chapter 2

H o H o H o
G A v F .
B
0.12
0.1
g 0.08 Transparent gel
o 0.06 _ ® Opaque gel
3 @ Not form gel
O 0.04 g
002 | |
0 - &5 o & - S O O
FG FI FL GF 4 &% ¢ & @ ~v & & 3
Cr g &y s &F T
& o
&

Figure 3. Result of the gelator screening. (A) Chemical structure of the gelator candidates. (B)

Summary of the gelation test and critical gelation concentration (CGC; wt%) values.

2-2-2. Characteristic of the DMACmoc-FF(CF3) gel

The nanostructure of the dried DMACmoc-FF(CF3) gel was analyzed by transmission electron
microscopy (TEM). Fibrous structure with diameters of 20-30 nm and micrometers in length was
observed (Figure 4A). Confocal laser scanning microscopy (CLSM) observation of the
DMACmoc-FF(CF;) gel stained with a cationic fluorescence dye (DEAC—gua4b: 10 uM, Figure 4B)
clearly revealed the presence of fiber network in a semi-wet state (Figure 4C). Circular dichroism
(CD) spectrum suggested the formation of (-sheet-like secondary structure (217 nm) and chiral

arrangement of aromatic side chains of the peptide (250 nm) and DMAC chromophore (394 nm) in
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the fibrous aggregates'”. The rheological data of the DMACmoc-FF(CFs) hydrogel showed the
typical viscoelastic property of the hydrogel consisting of fiber networks, that is G’ is greater than
G” (Figure 5)'. To evaluate the mesh size of the DMACmoc-FF(CF5) gel, I then encapsulated
fluorescent nanobeads and examined their Brownian motion'”. In the case of beads with a diameter
of 250 nm, random movement (Brownian motion) of the beads in DMACmoc-FF(CF3) gel (0.075
wt%) was observed (Figure 6A). In contrast, the Brownian motion of beads having the diameter of
500 nm stopped due to entrapment by the entangled gel fiber meshes (Figure 6B). These results
indicate that the DMACmoc-FF(CF3) hydrogel (0.075 wt%) formed nanomeshs with the void
spaces between 250 nm and 500 nm. The relationship between the Brownian motion at different

beads sizes and gelator concentrations was evaluated in detail and summarized in Figure 6C.
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Figure 4. (A) TEM image of DMACmoc-FF(CF,) gel. Scale bar is 500 nm. (B) Chemical structure
of DEAC-gua. (C) CLSM image of DMACmoc-FF(CF;) gel stained with DEAC-gua (10 uM).
Scale bar is 5 um. (D) CD spectra of DMACmoc-FF(CF;) sol (0.01 wt%) and gel (0.05 wt%) in 200
mM HEPES (pH 7.4). A positive Cotton effect at 200 nm and a negative one at 217 nm appeared
only in the gel state, indicating the formation of B-sheet-like secondary structure in the nanofiber.
Also, induced CD signal at 250 nm and 394 nm showed the chiral arrangement of aromatic side

chains of the peptide and DMAC chromophore in the fibrous aggregates, respectively.
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Figure S. Rheological properties (1% strain) of DMACmoc-FF(CF;) gel. (A-C) Frequency sweep

rheological properties of DMACmoc-FF(CF;) gel (G storage modulus, G loss modulus).
[DMACmoc-FF(CF;)] = 0.05 wt% (A), 0.075 wt% (B). 0.10 wt% (C). (D) Summary of rheological
properties (G°, G” at angular frequency of 10 rad/s) of DMACmoc-FF(CF;) gel at different

concentrations (Standard deviations were evaluated from three different experimental results).

65



Chapter 2

C A
oiowef _ _OFF__ _OFF_ _ _QFF_.
0.075wi%e)___ON__ _OFF __ _OFF__
0.050wt%(___ON___ON__ _QFF__

250 nm 500 nm 1,000 nm

Figure 6. Brownian motion of the fluorescent 250 nm nanobeads in (A) 0.075 wt% and (B) 0.10
wt% DMACmoc-FF(CF;) gel. The fluorescence images were converted into pseudocolors (red: T =
0 s, green: T = 10 s) and merged. (C) Summary of the Brownian motions of 250-1000 nm
nanobeads in DMACmoc-FF(CF;) hydrogel at different gelator concentrations.

2-2-3. One-photon-induced gel-sol transition
In order to confirm the photo-responsive function of DMACmoc-FF(CF;) gel, I firstly
irradiated the gel (0.080 wt%) with one-photon excitation by a stand-alone Hg lamp (360 nm, 49

mW, 5 min), which caused macroscopic gel-sol transition as shown in Figure 7A. HPLC analysis of
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the photo irradiated sample revealed the decrease of the DMACmoc-FF(CF3) and the concurrent
increase of the cleaved product H-FF(CF3) in an irradiation time dependent manner (Figure 8).
These results indicate that the cleavage reaction at the DMACmoc moiety occurred by one-photon
excitation. The gel to sol transition was observed after 56% of the gelator had decomposed, which

was in good agreement with the CGC value of this gelator.

Figure 7. One-photon-responsive gel-sol transitions of DMACmoc-FF(CF;) hydrogel. (A)
Photographs of the DMACmoc-FF(CF;) gel before and after the irradiation of UV light (360 nm).
(B) CLSM images of the DMACmoc-FF(CF;) gel stained with DEAC-gua (10 uM, see Fig. 4B for
the molecular structure and experimental for the details) before and after UV light irradiation (360
nm) by the one-photon excitation using a Hg lamp (360 nm) equipped with CLSM through a 100x

objective lens for 10 s. Scale bar is 20 um.
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Figure 8. Analysis of photo-induced reaction. (A) Photo-induced cleavage reaction of
DMACmoc-FF(CF;). (B) HPLC traces of DMACmoc-FF(CF;) gel before and after irradiation of
UV light (360 nm, 10 min). 4-Nitrobenzensulfonamide was used as internal standard (I. S.). Peak
with asterisk mark * (29 min): not identified. The peak assignable to DMACmoc-OH, which should
appear 23 min, was not observed after irradiation of UV light most probably because of further
decomposition of DMACmoc-FF(CF;). (C) Time-dependent changes in the composition of each

component estimated from HPLC traces during irradiation (360 nm).

2-2-4. Two-photon induced gel-sol transition

I next examined the local gel-sol transition inside the DMACmoc-FF(CF;) gel upon
two-photon excitation (Figure 9A). A two-photon laser scanning microscope was utilized both for
observing the supramolecular fiber and for fabricating the supramolecular hydrogel at different

powers, typically, 0.4% for the fiber observations and 10% for the gel fabrications (near-IR (NIR)

68



Chapter 2

pulse laser at 740 nm, 3 W, 140 fs). When DMACmoc-FF(CF;) gel (0.10 wt%) stained with the
DEAC-gua (10 uM) was irradiated by the NIR laser (10%), the entangled fibers disappeared at
the irradiated area for only 2 s of total irradiation time as shown in Figure 9B. It is noteworthy that
the inside of DMACmoc-FF(CF3) gel was three-dimensionally fabricated by two-photon excitation
with 8 um spatial resolution in z-axis direction (Figure 9C (right)). In contrast, the spatial resolution
in z-axis by one-photon fabrication (UV laser at 405 nm, 30 mW, 30%, 2 s)) was rather broad, that
is 25 um (Figure 9D (right)). Apparently, the two-photon fabrication of DMACmoc-FF(CF3) gel
was three times more precise than the one-photon fabrication. This is attributed to the difficulty for
the one-photon excitation to perfectly prevent the formation of the excited state along the space
where the light passes through. Besides, the present response time is short (2 s) enough to fabricate

more complex patterns such as alphabetical letters by scanning NIR laser light (Figure 9E).
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Figure 9. (A) Schematic representation of the photo-fabrication of DMACmoc- FF(CF;) gel by
two-photon excitation. (B) CLSM images of the DMACmoc- FF(CF3) gel (0.1 wt%) stained with
DEAC-gua (10 uM) before and after two- photon irradiation (740 nm, 2 s). Scale bar is 10 um. (C,
D) CLSM images of x-y and x-z cross section DMACmoc-FF(CF;) gel fabricated by (C)
two-photon or (D) one-photon excitation. Scale bar is 10 um. (E) Alphabetical letters patterned by

two-photon excitation. Scale bar is 20 pm.

2-2-5. Photo-modulation of the Brownian motions of nanobeads

I subsequently sought to perform a remote photo-modulation of the Brownian motion of
nanobeads inside the gel matrix by the focal gel-to-sol transition upon two-photon irradiation. The
DMACmoc-FF(CF3) gel encapsulating 500 nm nanobeads was treated by NIR light (740 nm, 3 W,
10%, 2 s). Before photo- irradiation, the locations of all bead at 0 s overlapped well with those after

10 s by CLSM observation (Figure 10A), indicating that the Brownian motion of the beads stopped
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due to entrapment by nanomeshs of the gel fibers. After NIR irradiation, the locations of the beads
did not merge in the irradiated area whereas the overlapping still remained in the un-irradiated area,
which revealed that the Brownian motion restarted only by photo-irradiation. To evaluate the speed
of the Brownian motion of the beads inside the gel, the beads motion was traced every 0.49 s and
the migration distance was plotted against time (Figure 11). The speed in the irradiated area was
determined to be 1.6 £ 0.6 um/s. By contrast, the bead speed was approximately 25-fold slower
(0.06 = 0.04 pum/s) in the un-irradiated area (Figure 10B). Also, assuming a two-dimensional
Brownian motion according to the Einstein-Smoluchowski relation, the analysis based on the
mean-square displacements as a function of time allowed us to estimate the local viscosity (1) in
the irradiated area to be 2.8 x 10 Pa-s according to the Stokes-Einstein equation. Remarkably, this
is almost comparable to the viscosity of pure water (8.9 x 10 Pa-s)'®, suggesting that highly fluidic
focal space was created inside the hydrogel matrix by the two-photon stimuli. These results indicate
that the fluidity increased (or the viscosity decreased) along with the fiber disappearance (vide

supra) only in the irradiated focal space, owing to the two-photon responsive gel-sol transition.
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+ -
Irradiation

Figure 10. Controlling the local fluidity of DMACmoc-FF(CF3) gel (0.075 wt%) by two-photon
excitation evaluated by Brownian motion of nanobeads. (A) Time- lapse CLSM images of the
fluorescent nanobeads (500 nm). The inset rectangle area shown in Merge panel was irradiated by
focused laser light (740 nm). The fluorescence images were converted into pseudocolors (red: T =0
s, green: T = 10 s) and merged. Scale bar is 5 um. (B) Comparison of the mean speed of the
Brownian motion of the nanobeads (500 nm) in the area with or without irradiation of two-photon

excitation (740 nm).
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Figure 11. (A) Trace of the Brownian motion of 500 nm fluorescent nanobeads. Time courses of
the accumulated migration distances of 500 nm fluorescent nanobeads (B) in the irradiated area and

(C) unirradiated area in DMACmoc-FF(CF;) gel.

2-2-6. Photo-manipulation of bacterial chemotaxis

Given the diameter of bacteria (250 nm-1000 nm) almost comparable to these beads, it might
be reasonable to expect that a bacteria strain (E. coli RP437'7) was encapsulated in
DMACmoc-FF(CF3) gel (0.075 wt%). CLSM observation confirmed that the chemotaxis of the
bacteria stained with SYTO9 did not occur in the DMACmoc-FF(CF3) gel (Figure 12), indicating
that the nanomesh of the DMACmoc-FF(CF3) gel is strong enough to become obstacles for the

bacterial chemotaxis. Interestingly, we observed that bacteria in the NIR light irradiated area (740
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nm, 3 W, 10%, 2 s) turned to motile state and moved in the limited micro-space (Figure 13). The
rate of the bacterial chemotaxis was evaluated to be 6.6 = 1.0 um/s, which is comparable to the
literature value'®. In sharp contrast, one-photon UV light fabrication (405 nm, 30 mW) of
DMACmoc-FF(CF3) did not restore the chemotaxis of the entrapped bacteria (Figure 14), due to its
high toxicity, which highlighted the advantage of two-photon excitation by NIR light over the

one-photon for manipulating living materials.

Figure 12. Time-lapse CLSM images of the SYTOO-labeled E. coli in DMACmoc-FF(CF;). The
fluorescence images were converted into pseudocolors (green: T =0 s (A), red: T = 10 s (B)) and

merged (C). Scale bar is 10 um.
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Figure 13. 3D spatial control of the chemotaxis of E. coli (RP437). (A) Time- lapse CLSM images
of the SYTO9-labeled E. coli in DMACmoc-FF(CF3) (0.075 wt%) gel. The inset rectangle area was
irradiated by focused laser light (740 nm). The fluorescence images were converted into
pseudocolors (green: T =0 s, red: T = 10 s) and merged. (B) Three different tracks of each E. coli in

the irradiation area shown in different colors. Scale bar is 10 um.
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Figure 14. Time-lapse CLSM images of the SYTO9-labeled E. coli, in DMACmoc-FF(CF;). The
inset rectangle was irradiated by UV laser light (405 nm). The fluorescence images were converted

into pseudocolors (green: T=0s (A),red: T =10 s (B)) and merged (C). Scale bar is 10 um.

2-3. Conclusion

In summary, I successfully developed the first two-photon responsive supramolecular hydrogel
which can be readily fabricated by the two-photon NIR light excitation with high spatial resolution.
By the benefit of the high biocompatibility of the two-photon NIR fabrication and the sufficient
stiffness of the nanomeshes composed of the supramolecular fibers, the bacterial chemotaxis was
remotely regulated in an Off-On mode. Present supramolecular material is potentially useful for

defined cell culture matrix or controlled release in the deep tissue.
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2-4. Experimental Section
Experimental generals:

Unless stated otherwise, all commercial reagents were used as received. Thin layer
chromatography (TLC) was performed on silica gel 60F,s4(Merck). Column chromatography was
performed on silica gel 60N (Kanto, 40-50 mm). Reverse phase HPLC (RP-HPLC) was conducted
with a Hitachi Lachrom instrument equipped with YMC-pack Triart columns (250 mm x 4.6 mm I.
D.). '"H NMR spectra were obtained on a Varian Mercury 400 spectrometer with tetramethylsilane
(TMS) or residual non-deuterated solvents as the internal references. Multiplicities are abbreviated
as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. ESI mass
spectra were recorded using a Thermo Scientific Exactive mass spectrometer. The CD spectra were
measured using a Jasco J-720WI spectropolarimeter. Elemental analysis was carried out using a

Yanaco CHN coder MT-6 by the services at Kyoto University.

Hydrogel preparation:
Powder of DMACmoc-FF(CF3) was suspended into 200 mM HEPES (pH 7.4) buffer. The
suspension was heated until a homogeneous solution was obtained. The solution solidified into a

hydrogel after standing for several hours at rt.

TEM observation:
Hydrogel (2 uL) was dropped on a copper TEM grid covered by an elastic carbon-support film
(20-25 nm) with a filter paper underneath and the excess solution was blotted with the filter paper

immediately. The TEM grid was dried under a reduced pressure overnight prior to TEM
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observation. TEM images were acquired using a JEOL JEM-1400 (accelerating voltage: 80 kV)

equipped with a CCD camera.

Rheological measurement of DMACmoc-FF(CF3) gel:

Oscillatory experiments for the gel specimens with a diameter of 12 mm and a thickness of 0.9
mm were performed with a rheometer (RSA-G2, TA instrument) using compression mode at 25 °C.
Sample preparations were conducted as follows. The sol solutions (obtained by heating suspensions
of gelator powders until the formation of homogeneous solutions and cooling to room temperature
(rt)) were prepared in a vial after which the solution before gel formation (150 uL) was poured into
a mold placed directly on the rheometer plate to prepare a disk-shaped gel. Storage and loss
Young’s moduli (E' and E") are converted to the storage and loss shear moduli (G" and G",

respectively) using the relations of G'= E'/3 and G" = E"/3 for incompressible materials like gels.

Photo-induced gel-sol transition of DMACmoc-FF(CF3) gel:

A DMACmoc-FF(CF3;) gel (0.080 wt%, 200 mM HEPES (pH 7.4), 200 pL) in a quartz cell (10
mm X 2 mm) was irradiated with light from Hg lamp through a filter (wavelength cutoffs > 350 nm
and < 370 nm) for at 25 °C. The product was analyzed by RP-HPLC analysis with p-nitrobenzene
sulfonamide as internal standard (YMC-Pack Triart columns (250 mm X 4.6 mm 1. D.), wavelength
of detection: 220 nm, eluent: A:B = 5:95-95:5 (A: acetonitrile/0.1%TFA, B: H,0/0.1%TFA), linear

gradient over 40 min, flow rate = 1.0 mL/min).

Two-photon fabrication of hydrogel:
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Heat-dispersed gelator solution (20 puL) in 200 mM HEPES (pH 7.4) containing DEAC-gua (10
uM) was dropped onto a glass-bottom dish (Matsunami) and left at rest for 10 min at rt. The
hydrogel was exposed to focused laser light using a two-photon confocal LSM (LSM 780, Zeiss)
with a 740 nm laser (3W laser, x40 objective (NA = 1.4, oil immersion), laser power = 10%). Zeiss
Region of Interest (ROI) software was then used to draw and subsequently scan any arbitrary shape
within an x-y plane of the gel. The results of the fabrication were also visualized with the LSM 780

by imaging the fluorescence of DEAC-gua.

Observation of Brownian motion of nanobeads in DMACmoc-FF(CF3) gel :

Heat-dispersed gelator solutions (20 puL) in 200 mM HEPES (pH 7.4) containing 250, 500, or
1000 nm fluorescent nanobeads (Micromer-red F, POL) were dropped onto a glass-bottom dish
(Matsunami) and left at rest for 10 min at rt. The Brownian motions of the beads inside the hydrogel
were monitored by CLSM (Zeiss LSM780) at an excitation laser wavelength of 543 nm. Objective
lens: x40 (NA = 1.4, oil immersion) was used. I analyzed the locus and the accumulated distances

of the beads movement every 0.49 s with a software (Move-tr/2D 7.0, Library).

Observation of bacteria entrapped in hydrogel:

An overnight culture of Escherichia coli RP437 cells grown in TB medium (1 mL, 1%
Bacto-tryptone, 0.5% NaCl, (w/v)) at 30 °C was centrifuged (5000 rpm for 10 min) at 4 °C. The
pellet was washed with PBS (1 mL X 2). The bacteria were suspended in PBS containing SYTO9
(10 uM, Molecular Probes) for fluorescence staining. After incubation at rt for 30 min, the

suspension (2 pulL) was mixed with a sol state of DMACmoc-FF(CFs) (20 puL, in 200 mM HEPES
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(pH 7.4)) on a glass-bottom dish (Matsunami). I observed the movement of the bacteria with CLSM
(LSM780, Zeiss) and analyzed the locus and the accumulated distances of bacterial movement

every 0.49 s (software Move-tr/2D 7.0, Library).
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Synthesis
The typical procedure for the synthesis of hydrogelator DM ACmoc-FF(CF3) is shown in Scheme 1.
Scheme 1. Synthesis of hydrogelator DMACmoc-FF(CF3)

OH 0 /©/N02 "\‘ o
N Cl)LO - 0 Ji\l( 2
DIEA ot o
N 070 " CHLl, g5 o

|
1

o) 2
g
= (0] g
%Okﬁ;j
(0] (0]
HN\)LJ<

HoN \)LOH HBTU

HCIO,4 H DIEA piperidine
\CL BUOAC __ \Q HoCly g7, . o N JL L _perane J k
CFq 69% Pl
3 3

P
2 _N X
o H O H

_ DIEA _ AN Lk e \AOH

DMF  ggey, 0 | H o ,\(j\ CHQC|2 92%

|
0 Z CF, DMAC- FF(CF3)

6 mOH

" CH,Cly 79,

H-| FF(CF3) 7 CF,

Synthesis of 2

To a stirred dry CH,Cl, (140 mL) solution of 1 (2.3 g, 11 mmol, 1.0 equiv.) and
N,N-diisopropylethylamine (DIEA) (7.3 mL, 42 mmol, 4.0 equiv.) was added dry CH,Cl, (45 mL)
solution of 4-nitrophenyl chloroformate (2.3 g, 12 mmol, 1.1 equiv.) dropwise in 30 min. The
solution was stirred under Ar at rt for 2 h. Then a dry CH,Cl, (45 mL) solution of 4-nitrophenyl
chloroformate (2.3 g, 12 mmol 1.1 equiv.) was further added dropwise in 30 min to the reaction
mixture. After stirring for 4 h, the mixture was washed with 5% citric acid aq. (200 mL x 2) and
brine (100 mL). The organic layer was dried over anhydrous MgSQO,, and the solvent was removed

by evaporation. The residue was purified by column chromatography (silica, CHCls:hexane = 5:1 to
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CHCIl3:AcOEt = 20:1) to give 2 (2.71 g, 67%) as yellow solid. 'H NMR (CD;OD, 400 MHz, rt): =
3.08 (s, 6H), 5.42 (d, J = 1.2 Hz, 2H), 6.26 (s, 1H), 6.55 (d, J = 2.4 Hz, 1H), 6.64 (dd, J = 2.6 and
9.0 Hz, 1H), 7.34 (d, J= 8.8 Hz, 1H), 7.42 (dd, J = 2.2 and 7.0 Hz, 2H), 8.31 ppm (dd, J = 2.0 and
7.2 Hz, 2H).
Synthesis of 4

To a stirred /BuOAc (5.0 mL) solution of 3 (500 mg, 2.1 mmol) was added HCIO4 (60%, 0.35
mL). The mixture was stirred at rt for 12 h. To the mixture was added H,O (10 mL) and 1 M HCI (6
mL). The residue was subsequently basified by adding 10% K,COs aq. The organic layer was
extracted with CH,Cl, (10 mL x 4). The collected organic layer was dried over anhydrous MgSOj4
and the solvent was evaporated to dryness to give 4 (430 mg, 69%) as colorless oil. 'H NMR
(CDCl3, 400 MHz, rt): 6 =1.42 (s, 9H), 2.88-3.11 (m, 2H), 3.61-3.65 (m, 2H), 7.35 (d, J = 8.0 Hz,
2H), 7.56 ppm (d, J = 8.0 Hz, 2H).
Synthesis of 5

To a stirred CH,Cl, (8 mL) solution of 4 (210 mg, 0.72 mmol, 1.2 equiv.), Fmoc-F-OH (234 mg,
0.60 mmol, 1.0 equiv.), DIEA (315 puL, 1.8 mmol, 3.0 equiv.), and
O-(1H-benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) (275 mg,
0.72 mmol, 1.2 equiv.) was added. The mixture was stirred at rt for 2 h. The mixture was diluted
with AcOEt (30 mL). The organic layer was washed with 5% citric acid aq. (30 mL x 3), sat.
NaHCOs aq. (30 mL x 3), H,O (30 mL x 3), and brine (30 mL). The organic layer was collected
and dried over anhydrous Na,SO4, and the solvent was evaporated to dryness to give 5 (388 mg,
97%) as colorless oil. '"H NMR (CDCls, 400 MHz, rt): 6 = 1.35 (s, 9H), 2.98-3.15 (m, 4H),

4.17-4.49 (m, 4H), 5.22 (brs, 1H), 6.25 (brs, 1H), 7.15-7.36 (m, 9H), 7.38-7.42 (m, 2H), 7.47 (d, J =
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8.0 Hz, 2H), 7.51-7.55 (m, 2H), 7.77 ppm (d, J = 7.6 Hz, 2H).
Synthesis of 6

To a stirred DMF (4 mL) solution of 5 (380 mg, 0.58 mmol) was added piperidine (1 mL) and the
mixture was stirred at rt for 2 h. After removal of the solvent, the residue was purified by column
chromatography (silica, CHCl;:-MeOH = 1:0-50:1) and washed with hexane to give 6 (173 mg,
68%) as white solid. 'H NMR (CDCls, 400 MHz, rt): § = 1.39 (s, 9H), 2.71-3.18 (m, 4H), 3.67-3.71
(m, 1H), 4.73-4.79 (m, 1H), 7.18-7.33 (m, 7H), 7.50 (d, J = 8.0 Hz, 2H), 7.73 ppm (d, J = 7.2 Hz,
1H).
Synthesis of 7

To a stirred dry DMF (5 mL) solution of 6 (170 mg, 0.39 mmol, 1.5 equiv.) was added DIEA
(135 pL, 0.78 mmol, 3.0 equiv.) and 2 (100 mg, 0.26 mmol, 1.0 equiv.). The solution was stirred at
rt for 12 h. The solvent was removed under reduced pressure and the residue was dissolved in
CH,Cl, (30 mL). The mixture was washed with sat. NaHCOj; aq. (30 mL X 4), 5% citric acid aq. (30
mL), and brine (30 mL). The organic layer was dried over anhydrous MgSO, and the solvent was
removed by evaporation. The residue was purified by column chromatography (silica,
CHCI5:AcOEt = 20:1). The residue was further purified by reprecipitation with diethyl ether to give
7 (158 mg, 89%) as yellow solid. "H NMR (CDCl;, 400 MHz, rt): d = 1.36 (s, 9H), 3.00-3.11 (m,
10H), 4.37-4.41 (m, 1H), 4.62-4.68 (m, 1H), 5.12-5.27 (m, 2H), 5.48 (brd, J = 7.6 Hz, 1H), 6.10 (s,
1H), 6.52 (d, J=2.4 Hz, 1H), 6.59 (dd, J = 2.4, 8.8 Hz), 7.17-7.30 (m, 6H), 7.49 ppm (d, J = 7.6 Hz,
2H).
Synthesis of DMACmoc-FF(CF3)

A mixture of 7 (150 mg, 0.22 mmol), H,O (1 mL), and TFA (25 mL) in CH,Cl, (75 mL) was
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stirred at rt for 3 h. Toluene (100 mL) was then added to the mixture and the solvent was removed
under reduced pressure. After azeotropy with toluene (2 mL x 3), the residue was washed with
diisopropyl ether (30 mL X 3) to give DMACmoc-FF(CF3) (126 mg, 92%) as yellow solid. 'H NMR
(DMSO-ds, 400 MHz, rt): 6 = 2.65-3.16 (m, 10H), 4.24-4.28 (m, 1H), 4.30-4.70 (m, 1H), 5.12(s,
2H), 5.93 (s, 2H), 6.55 (d, J = 2.4 Hz, 1H), 6.67 (dd, J = 2.4, 8.8 Hz, 1H), 7.22-7.30 (m, 2H), 7.38
(d, /J=8.8 Hz, 1H), 7.44 (d, /= 8.0 Hz, 2H). 7.59 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 8.8 Hz, 1H), 8.38
ppm (d, J = 8.0 Hz, 1H). HR-FTMS (ESI): Calcd. for [M(C3;H30F3N307)+H]": m/z = 626.2109;
Found: 626.2091. Anal. Calcd. for C3;H30F3N307¢(H20)05: C, 60.57; H, 4.92; N, 6.62; Found: C,
60.42; H, 4.84; N, 6.63 %.

Synthesis of H-FF(CF3)

A mixture of 6 (30 mg, 69 umol) and TFA (1 mL) in CH,Cl, (2 mL) was stirred at rt for 3 h. The
solvent was removed under reduced pressure. After azeotropy with toluene (2 mL % 3), the residue
was washed with diethyl ether (10 mL) to give H-FF(CF3) (26 mg, 76%) as yellow solid. 'H NMR
(CDCl3, 400 MHz, rt): 6 = 1.39 (s, 9H), 2.71-3.18 (m, 4H), 3.67-3.71 (m, 1H), 4.73-4.79 (m, 1H),
7.18-7.33 (m, 7H), 7.50 (d, J = 8.0 Hz, 2H), 7.73 ppm (d, J = 7.2 Hz, 1H). HR-FTMS (ESI): Calcd.
for [M(C19H19F3N203-CF3COOH)+H]+: m/z = 381.1421; Found: 381.1408. Anal. Calcd. for

Ci9H19F3N,03°CF;COOH: C, 51.02; H, 4.08; N, 5.67; Found: C, 50.91; H, 4.19; N, 5.49 %.

Data for other compounds are shown below.
DMACmoc-FL. '"H NMR (DMSO-ds, 400 MHz, rt): 6 = 0.82-0.89 (m, 6H), 1.50-1.66 (m, 3H),
2.70-3.04 (m, 8H), 4.21-4.32 (m, 2H), 5.12(s, 2H), 5.94 (s, 1H), 6.54 (d, J = 2.4 Hz, 1H), 6.67 (dd,

J=24,92 Hz, 1H), 7.14-7.40 (m, 6H), 7.73 (d, J = 8.8 Hz, 1H), 8.25 ppm (d, J = 8.0 Hz, 1H).
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HR-FTMS (ESI): Caled. for [M(C,sH33N307)+H]": m/z = 524.2391; Found: 524.2385.
DMACmoc-FI. '"H NMR (DMSO-ds, 400 MHz, rt): § = 0.81-0.86 (m, 6H), 1.18-1.22 (m, 1H),
1.38-1.42 (m, 1H), 1.79 (m, 1H), 2.75-3.05 (m, 8H), 4.20 (m, 1H), 4.38 (m, 1H), 5.13 (s, 2H), 5.93
(s, 1H), 6.55 (d, J= 2.4 Hz, 1H), 6.67 (dd, J = 2.4, 8.8 Hz, 1H), 7.14-7.31 (m, 5H), 7.39 (d, J = 8.8
Hz, 1H), 7.74 (d, J = 8.8 Hz, 1H), 8.08 ppm (d, J = 8.0 Hz, 1H). HR-FTMS (ESI): Calcd. for
[M(C2sH33N307)+H]": m/z = 524.2391; Found: 524.2384.

DMACmoc-FF. 'H NMR (DMSO-ds, 400 MHz, rt): 8= 1.26 (t, J = 7.0 Hz, 6H), 3.05-3.25 (m, 4H),
3.48 (q,J=17.1 Hz, 4H), 4.72-4.79 (m, 2H), 6.50 (d, /= 2.4, 1H), 6.66 (dd, J = 2.4 and 9.0 Hz, 1H),
6.93-7.28 (m, 11H). 7.40 (d, J = 9.2 Hz, 1H), 8.48 (s, 1H), 9.21 ppm (d, J = 6.8, 1H). HR-FTMS
(ESI): Calcd. for [M(C31H31N307)+H]+: m/z = 558.2235; Found: 558.2230.

DMACmoc-GF. 'H NMR (DMSO-ds, 400 MHz, rt): 8= 2.83-3.05 (m, 8H), 3.57-3.67 (m, 2H),
4.40-4.43 (m, 1H), 5.22 (s, 2H), 6.01 (s, 1H), 6.56 (d, J = 2.4 Hz, 1H), 6.70 (d, J = 9.2 Hz, 1H),
7.17-7.26 (m, SH), 7.46 (d, J=9.2 Hz, 1H), 7.67 ppm (t, J = 6.0 Hz, 1H), 8.17 ppm(d, J = 8.4, 1H).
HR-FTMS (ESI): Caled. for [M(C14H2sN307)+H]": m/z = 468.1765; Found: 468.1761.
DMACmoc-FG. 'H NMR (DMSO-ds, 400 MHz, rt): 8 = 2.71-3.05 (m, 8H), 3.73-3.80 (m, 1H),
4.26-4.29 (m, 1H), 5.12 (s, 2H), 5.94 (s, 1H), 6.55 (d, J =2.8 Hz, 1H), 7.14-7.29 (m, 10H), 7.38 (d,
J=9.2 Hz, 1H), 7.80 (d, /=9.2 Hz, 1H), 8.41 ppm (t, /= 5.6 Hz, 1H). HR-FTMS (ESI): Calcd. for
[M(C24H25N307)+H]": m/z = 468.1765; Found: 468.1760.

DMACmoc-F(CF3)F. 'H NMR (DMSO-ds, 400 MHz, 1t): = 2.76-3.10 (m, 10H), 4.01-4.44 (m,
2H), 5.11 (s, 2H), 5.93 (s, 1H), 6.55 (d, J = 2.8 Hz, 1H), 6.68 (dd, J = 2.4, 9.2 Hz, 1H), 7.14-7.26
(m, 5H), 7.39 (d, J= 8.8 Hz, 1H), 7.49 (d, J = 8.0 Hz, 2H), 7.60 (d, /= 7.6 Hz, 2H), 7.81 (d, /= 8.4

Hz, 1H), 8.33 (brs, 1H), 12.74 ppm (brs, 1H). HR-FTMS (ESI): Calcd. for [M(C3;H30F3N3;07)+H] "
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m/z = 626.2109; Found: 626.2098.

DMACmoc-F(CF3)F(CF3). '"H NMR (DMSO-ds, 400 MHz, 1t): 6 = 2.76-3.06 (m, 10H), 4.22-4.35
(m, 2H), 5.06-5.18 (m, 2H), 5.93 (s, 1H), 6.55 (d, J = 2.4 Hz, 1H), 6.68 (dd, J = 2.4, 9.2 Hz, 1H),
7.37-7.42 (m, 3H), 7.48 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 7.60 (d, J = 8.0 Hz, 2H), 7.86
(d, J = 8.0 Hz, 2H), 8.24 ppm (brs, 1H). HR-FTMS (ESI): Calcd. for [M(C33H,9F¢N3O7)+H]": m/z
= 694.1982; Found: 693.1971.

DMACmoc-FFG. 'H NMR (DMSO-ds, 400 MHz, 1t): 8 = 2.64-2.70 (m, 1H), 2.78-2.84 (m, 1h),
2.93-3.06 (m, 8H), 3.71 (s, 2H), 4.02-4.26 (m, 1H), 4.52-4.60 (m, 1H), 5.11 (s, 2H), 5.93 (s, 1H),
6.55 (d,J=2.4 Hz, 1H), 6.64 (d, J=2.4, 8.8 Hz, 1H), 7.13-7.23 (m, 10H), 7.39 (d, J= 9.2 Hz, 1H),
769 (d, J = 92 Hz, 1H), 8.10-823 ppm (m, 2H). HR-FTMS (ESI): Calcd. for
[M(C33H34N40g)+H]": m/z = 615.2449; Found: 615.2441.

DMACmoc-LLL. 'H NMR (DMSO-ds, 400 MHz, rt): 8= 0.79-0.87 (m, 18H), 1.39-1.51 (m, 6H),
1.54-1.65 (m, 3H), 3.01 (s, 6H), 4.03-4.09 (m, 1H), 4.14-4.20 (m, 1H), 4.29-4.35 (m, 1H), 5.21 (s,
2H), 6.03 (s, 1H), 6.56 (d, J =2.4 Hz, 1H), 6.71 (dd, J = 2.4, 9.2 Hz, 1H), 7.45 (d, J = 9.2 Hz, 1H),
768 (d, J = 88 Hz, 1H), 7.93-7.98 ppm (m, 1H). HR-FTMS (ESI): Calcd. for
[M(C31H46N4Og)+H]": m/z = 603.3388; Found: 603.3376.

DMACmoc-VVV. '"H NMR (DMSO-ds, 400 MHz, rt): 6= 0.80-1.07 (m, 18H), 1.89-2.05 (m, 3H),
3.01 (s, 6H), 3.85-3.97 (m, 1H), 4.08-4.11 (m, 1H), 4.25-4.29 (m, 2H), 5.22 (s, 2H), 6.06 (s, 1H),
6.56 (d,J=2.4 Hz, 1H), 6.71 (dd, J=2.4,9.2 Hz, 1H), 7.46 (d, J=9.2 Hz, 1H), 7.64 (d, J = 8.8 Hz,
IH), 7.88 (d, J = 6.8 Hz, 1H), 12.49 ppm (brs, 1H). HR-FTMS (ESI): Calcd. for
[M(C2gH4oN4Og)+H]": m/z = 561.2919; Found: 561.2915.

DMACmoc-FFF. 'H NMR (DMSO-ds, 400 MHz, rt): 8 = 2.60-3.08 (m, 12H), 4.20 (m, 1H), 4.45
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(m, 1H), 4.56 (m, 1H), 5.10 (s, 2H), 5.92 (s, 1H), 6.55 (d, /= 2.4 Hz, 1H), 6.66 (dd, J = 2.8, 9.6 Hz,
1H), 7.12-7.27 (m, 15H), 7.37 (d, J = 9.6 Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 8.13 (d, J = 8.0 Hz)
8.33 ppm (t, J = 8.0 Hz, 1H). HR-FTMS (ESI): Calcd. for [M(C4H40N4Og)+H]": m/z = 705.2919;
Found: 705.2901.

DMACmoc-AAA. 'H NMR (DMSO-ds, 400 MHz, rt): 6 = 1.18-1.25 (m, 18H), 3.01 (s, 6H),
4.05-4.09 (m, 1H), 4.12-4.18 (m, 1H), 4.25-4.30 (m, 1H), 5.21 (s, 2H), 6.04 (s, 1H), 6.56 (d, /= 2.4
Hz, 1H), 6.71 (dd, J=2.4,9.2 Hz, 1H), 7.46 (d, /= 8.8 Hz, 1H), 7.06 (d, J= 7.6 Hz, 1H), 7.97 (d, J
= 7.6 Hz, 1H), 8.05 ppm (d, J = 6.8 Hz, 1H). HR-FTMS (ESI): Calcd. for [M(C2,H,sN4Og)+H]":
m/z = 477.1980; Found: 477.1979.

DMACmoc-III. 'H NMR (DMSO-ds, 400 MHz, rt): 6 = 0.75-0.83 (m, 18H), 1.05-1.41 (m, 6H),
1.61-1.80 (m, 3H), 3.01 (s, 6H), 3.93-3.98 (m, 1H), 4.05-4.15 (m, 1H), 4.22-4.29(m, 1H), 5.22 (s,
2H), 6.05 (s, 1H), 6.56 (d, J=2.4 Hz, 1H), 6.71 (J=2.4,9.2 Hz, 1H), 7.46 (d, J=9.2 Hz, 1H), 7.62
(d, J = 8.8 Hz, 1H), 8.86 ppm (m, 2H). HR-FTMS (ESI): Calcd. for [M(C3H4sN4Og)+H]": m/z =

603.3388; Found: 603.3379.
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Chapter 3
Reversible Assembly/Disassembly of Nanoprobes for Turn-on Fluorescent Imaging of

Endogenous Proteins in Live Cells

Abstract

Supramolecular nanomaterials responsive to specific intracellular proteins should be greatly
promising for protein sensing and imaging, controlled drug release or dynamic regulation of cellular
processes in living cells. However, valid design strategies to create functional supramolecules are
poorly developed. Herein, I describe the reversible disassembly/self-assembly of fluorescent
ligand-tethered nanoprobes that can be controlled by selective ligand-protein recognition in live
cells. The probe self-assembled into nanoaggregates in the “signal-off” mode in the absence of
target protein while disassembly was induced in its presence to “turn-on” the fluorescence signal.
Using the supramolecular nanoprobe, I specifically visualized endogenously expressed human
carbonic anhydrase and heat shock protein 90 inside living mammalian cells. The intracellular
reversibility of the supramolecular probes allowed us to construct an imaging-based inhibitor assay
system for these proteins in live cells, highlighting the potential of reversible/dynamic

supramolecules as novel intelligent biomaterials.
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3-1. Introduction

Proteins are involved in all biological events, and as such, their localization, expression level
and functions are dynamically regulated in live cells." Therefore, protein-responsive materials
should hold promise for specific protein sensing, live imaging, controlled drug release, and
regulation of cellular processes.” The use of supramolecular nanomaterials in response to selective
proteins in live cells is attractive owing to their dynamic reversibility and potentially high
biodegradability.3 Cell surface proteins as therapeutic and/or diagnostic biomarkers are easiliy
accessible for synthetic biomaterials and thus many promising nanomaterials have been developed.*
In contrast, intracellular proteins are known to be extremely difficult to target and the development
of supramolecular nanomaterials that are responsive to “intracellular proteins” remains challenging.
There are various obstacles that must be overcome for nanomaterials to be workable inside living
cells, including sufficient cell permeability through biomembranes, high target protein specificity
under crude intracellular conditions, and effective switching functions that are operatable inside live
cells. As pioneering works, enzymatic reaction-triggered self-assembling nanostructures that
function inside living cells have been reported by Rao et al., in which an intracellular protease
intiates the deprotection reaction of precursor molecules to yield covalently linked fluorescent
oligomers.” Xu et al. have succeeded in the formation of phosphatase-triggered supramolecular
hydrogels in live cells, demonstrating their use in an activity assay for the cytosolic enzyme.’
Aggregation-induced emission resulting in a turn-on fluorescence in response to a target enzyme
was also recently applied to specific protein sensing in live cells.” Although these examples indicate
the successful formation of supramolecular nanostructures in living cells, reversible

self-assembly/disassembly of such materials has never been achieved. Reversible
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self-assembly/disassembly would be a desirable feature of supramolecular nanomaterials, and could
lead to various applications including dynamic protein seinsing in response to the expression level
or protein-triggered intracellular drug release.

Hamachi et al. recently developed a disassembly-driven turn-on nanoprobe, where the
ligand-tethered fluorophores exhibited unique self-assembling features and showed a reversible
turn-on fluorescent change toward non-enzymatic-proteins on a live cell surface, as well as toward
purified ones in a test tube.® Furthermore, Dr. Mizusawa in Hamachi group succeeded in
fluorescently visualizing overexpressed dihydrofolate reductase (eDHFR) in living cell by
disassembly-driven turn-on nanoprobe 1 (Figure 1). This probe 1 is composed of the following four
modules: (i) methotrexate (MTX) as a hydrophilic ligand for targeting eDHFR, (i1)
tetramethylrhodamine (TMR) as a fluorophore for imaging, (iii) phenylalanine as a hydrophobic
module for finely tuning the aggregation property, and (iv) a relatively hydrophobic linker for
connecting these modules (Figure 16).*¢ The probe 1 formed spherical or oval aggregates with a
mean diameter of 40 nm, the fluorescence of which was greatly suppressed owing to
self-aggregation and was enhanced by 37-fold upon addition of purified eDHFR in a test tube.
Moreover, using overexpressed eDHFR in mammalian cells as proof-of-principle experiment, it
was revealed that (1) the nanoprobe can be incorporated into the inside cells by an endocytosis
mechanism, and (2) self-assembly/disassembly of the probe indeed occurred reversibly in living

cells upon a specific ligand-protein recognition
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Figure 1. (A) Schematic illustration of in cell eDHFR imagiing by self-assembling turn-on
nanoprobe. (B) Fluorescence spectra changes of probe 1 (10 pM) upon addition of eDHFR (0—20
UM) (Aex = 480 nm). (Inset) Fluorescence titration curve (Aem = 584 nm). (C, D) CLSM images of
HeLa-DG cells treated with probe 1 (2 uM) for 12 h at 37°C in cultured media (C) or after addition
of TMP (10 uM) (D). Scale bars, 20 pum.

Herein, I sought to extend this strategy of the self-assembling nanoprobe to achieve
intracellular imaging of “endogeneously” expressed proteins such as human carbonic anhydrase
(hCAIl) and heat shock protein 90 (HSP90) with turn-on manner (Figure 2). Moreover,
imaging-based inhibitor assay for these endogenous proteins using live cells was successfully
constructed, clearly highlighting the advantage of incorporating a reversible assembly/disassembly

function in the design of sophisticated supramolecular biomaterials.
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Figure 2. (A) Schematic illustration of in cell reversible protein sensing by self-assembling turn-on
nanoprobe. (B) Chemical structures of ligand-tethered nanoprobes for intracellular hCAIIl and
HSP90 imaging: 2 for hCAII and 3, 4 for HSP90.

3-2. Result and Discussion
3-2-1. Imaging of endogeneous hCAII in MCF-7 cells.

Cytosolic hCAII, a protein related to various diseases such as epilepsia or glaucoma was
selected as the target. Using the same design strategy as the eDHFR probe, a TMR-tethered probe 2
carrying a benzenesulfonamide ligand, a selective inhibitor of the hCA family, ° was prepared
(Figure 2B). Atomic force microscopy (AFM) or dynamic light scattering (DLS) data revealed the

formation of spherical or oval aggregates of 2 with a mean diameter of 100 nm in aqueous buffer
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(Figure 3C, D). We also confirmed that probe 2 showed a 30-fold increase in the fluorescent
intensity in response to purified hCAII in a test tube (Figure 3A, B). Imaging of endogenous hCAII
in live MCF7 cells, a human breast cancer cell line naturally expressing hCAII, was then conducted
using probe 2. When 2 was mixed with MCF7 cells, followed by incubation for 4 h at 37°C, strong
fluorescence from TMR was observed in the cytosol region including the nucleus by CLSM (Figure
4A). The strong fluorescence inside the cells dramatically decreased upon addition of
ethoxazolamide (EZA) (Figure 4B), an hCAII inhibitor,’ implying that the selective ligand-hCAII
recognition was cruicial for the turn-on imaging, similar to the above-mentioned nanoprobe 1.
These results demonstrated that an endogenously expressed intracellular protein can be visualized

by our disassembly-driven turn-on nanoprobe.
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Figure 3. (A) UV-vis absorbtion spectral changes of probe 2 (10 puM) upon addition of hCAII
(0—20 uM) in 50 mM HEPES buffer (pH 7.2, 150 mM NaCl). (B) Fluorescence spectra change of
probe 2 (10 uM) upon addition of purified hCAII (0-20 uM) (Aex = 480 nm) in 50 mM HEPES
buffer (pH 7.2, 150 mM NaCl). (Inset) The relative fluorescence intensity change was plotted with
the concentration of hCAIIl. The experiments were performed in triplicate to obtain mean and
standard deviation values (shown as error bars). (C) Photographs of probe 2 (10 uM) in the absence
(left) and presence (middle) of hCAII (20 uM), and after addition of EZA (100 uM) to the solution
of 2 and hCAII (right). (D) AFM image of probe 2 (2 uM) in 50 mM HEPES buffer (pH 7.2, 150
mM NaCl). (E) DLS analysis of probe 2 (2 uM) only in 50 mM HEPES buffer (pH 7.2, 150 mM
NaCl).
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Figure 4. CLSM images of MCF7 cells treated with probe 2 (100 nM) for 4 h at 37°C in cultured
media in the absence (A) or presence (B) of EZA (100 uM). Scale bars, 20 um.

3-2-2. hCAII inhibitor assay in MCF-7 cells

Owing to the reversible properties in living cells, a unique imaging-based inhibitor screening
was next constructed using 2. After staining with 2, the MCF7 cells were incubated with an hCAII
inhibitor such as EZA, acetazolamide (AAZ) or 4-sulfamoylbenzoic acid (SBA), followed by
fluorescence monitoring by CLSM. When the strong inhibitor EZA was added, a significant
decrease in the fluorescent intensity of the intracellular region was induced, which saturated in the
nM concentration range as shown in Figure SA. In contrast, no substantial change was observed by
addition of 0.1 mM of p-toluenesulfonic acid (TSA), which has negligible affinity for the CA
family (Figure 5D). I prepared the titration curve on the basis of the CLSM imaging changes, giving
ICso values (half maximal inhibitory concentration of fluorescence intensity change), of 9.9 x 107
M for EZA, 2.7 x 10® M for AAZ and 1.3 x 10° M for SBA, respectively (Figure 5B, C, D, F,).
The literature values (K;) determined by using purified hCAII were reported to be 8 x 10° M (EZA),
1.2 x 10*M (AAZ) and 2.6 x 107 M (SBA).”!® While these K; values for EZA or AAZ were almost

the same as those obtained from our cell-based assay, the value for SBA was clearly different. This
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may be attributed to the fact that our method evaluated the lower cell-permeability and/or the lower
in-cell selectivity of SBA, together with the simple affinity to CA, implying that the present
cell-based inhibitor assays allow us to estimate the drug potencies under more real conditions. More
importantly, these results strongly suggested that the reversible self-assembly/disassembly
phenomenon of the supramolecular nanoprobes is powerful for sensing dynamic ligand/protein

interactions, an essential function of endogenous proteins, even in the interior of living cells.
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Figure 5. Imaging-based hCAII inhibitor assay with probe 2. (A-D) Fluorescence images of MCF7
cells treated with probe 2 (100 nM) in the presence of hCAII inhibitors [(A) EZA (10 nM), (B)
AAZ (10 nM), (C) AAZ (300 nM) and (D) SBA (1 uM)]. Scale bars, 20 um. (E) Chemical
structures of inhibitors for hCAII used in this study. EZA is 6-ethoxy-2-benzothiazolesulfonamide,
AAZ is acetazolamide, SBA is 4-sulfamoylbenzoic acid, and TSA is 4-toluenesulfonic acid. (F)
Fluorescence titration profile of the relative change in fluorescence intensity (//Ip — 1) from the
intracellular region vs inhibitor concentration for EZA (O, blue), AAZ (O, red), SBA (<, green)
and non-inhibitor TSA (A, orange). Fluorescence intensities were evaluated at 10 cells in 5 regions
in each dish, and the experiments were performed in triplicate to obtain mean and standard error

values (shown as error bars).
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3-2-3. Hsp90 imaging and inhibitor assay in SK-BR-3

Benefiting from the modular design, a self-assembling fluorescence turn-on nanoprobe was
constructed by replacing the ligand part for another endogenously expressed intracellular protein,
HSP90, a well-known tumor biomarker and valuable drug target for cancer diagnostics and
treatment.'! TMR-tethered probe 3 (hem = 585 nm) carrying PU-H71 as a ligand, a selective
inhibitor of HSP90, was designed (Figure 2B)."? It showed a 32-fold increase in fluorescent
intensity by addition of the N-terminal ATP-binding domain of HSP90 (HSP90-N) (Figure 6 A—
C)." I then sought to fluorescently image endogenous HSP90 in live SK-BR-3 cells, a human breast
cancer cell line,"* using probe 3. When probe 3 was mixed with SK-BR-3 cells, strong TMR
fluorescence was detected in the cytosol area of SK-BR-3 cells by CLSM observation (Figure 7A).
This image was almost identical to that of the immunostaining pattern obtained using an
anti-HSP90 antibody. The fluorescence intensity inside the cells was substantially decreased upon
addition of PU-H71 (Figure 7B), suggesting that 3 was kicked out of the HSP90 binding pocket and
re-assembled into nano-aggregates, similar to probe 1 (for over-expressed eDHFR) and 2 (for
endogenous hCAII). The titration curves for several HSP90 inhibitors were obtained, allowing the
determination of the IC50 values 2.1 x 10° M for PU-H71 and 8.1 x 10 M for MPC3100 (Figure
7D). In contrast, no substantial change was observed upon addition of 10 mM of geldanamycin, an
another inhibitor for HSP90. To date, various HSP90 inhibitors have been developed as anti-cancer
agents, the potencies of which (typically as IC50 values) were examined by an indirect phenotype
assay, such as via tumor cell growth inhibition (the reported values are 5 x 10 M for PU-H71,'* 6
x 10®* M for MPC-3100"° and 2 x 10 M for geldanamycin,'® respectively). To the best of our

knowledge, the results described herein provide affinity values for HSP90 inhibitors toward active
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HSP90 in living cells for the first time. Ultimately, this methodology should prove helpful for direct
drug discovery applications in the future. Moreover, it is likely that these reversible self-assembling
nanoprobes can be adapted for use in fluorescently visualizing a number of intracellular protein

functions by varying the ligand and fluorophore.
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Figure 6. UV—vis absorbtion spectral changes of probe 3 (10 uM) upon addition of HSP90-N (0—20
uM) in 50 mM HEPES buffer (pH 7.2, 150 mM NacCl). (B) Fluorescence spectra change of probe 3
(10 uM) upon addition of purified HSP90-N (0-20 uM) (Aex = 480 nm) in 50 mM HEPES buffer.
(Inset) Fluorescence titration curve of probe 3 upon addition of HSP90-N (0-20 uM) (Aem = 585
nm). (C) Photographs of probe 3 (10 uM) in the absence or presence of HSP90-N (20 uM, left or
middle, respectively), and after addition of PU-H71 (100 uM) to the solution of 3 and HSP90-N
(right). (D) DLS analysis of probe 3 only (5 uM) in 50 mM HEPES buffer (pH 7.2). (E) Scattering
intensity of probe 3 (5 uM) in the absence (left) and presence (middle) of Hsp90-N (10 uM) and
after addition of PU-H71 (100 uM) to the solution of 3 and Hsp90-N (right). (F) AFM image of
probe 3 (2 uM) in 50 mM HEPES buffer.
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Figure 7. (A-C) CLSM images of SK-BR-3 cells treated with probe 3 (100 nM) for 12 h at 37°C in
cultured media (A) or after addition of PU-H71 (B, 10 uM) or MPC3100 (C, 30 uM). Scale bars,
20 um. (D) Fluorescence titration profile of the relative change in fluorescence intensity (//lp— 1)
from the intracellular region vs inhibitor concentration for PU-H71 (O, red), MPC-3100 (O, blue)
and Geldanamycin (A, green). Fluorescence intensities were evaluated at 10 cells in 5 regions in
each dish, and the experiments were performed in triplicate to obtain mean and standard error

values (shown as error bars). (E) Chemical structures of HSP90 inhibitors used in this study.

In addition to 3, another turn-on probe 4 was also synthesized by replacing TMR with
rhodamine-green (RhoG), which emitted a distinct color (Aem = 530 nm) enhancing the fluorescence
intensity by 350-fold in response to HSP90-N (Figure 8). An almost identical imaging pattern at a
different emission wavelength was obtained using probe 4 (Figure 9A). The fluorescence intensity
inside the cells was substantially decreased upon addition of PU-H71 (Figure 9B), suggesting that

probe 4 was also kicked out of the HSP90 binding pocket and re-assembled into nano-aggregates.
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These results imply that the disassembly-driven turn-on probe can be used for the multi-color

imaging.
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Figure 8. UV—vis absorption spectra changes of TMR-type probe 4 (10 uM) upon addition of
HSP90-N (0—20 uM). (b) Fluorescence spectra changes of probe 4 (10 pM) upon addition of
HSP90-N (0—20 puM) (Aex = 450 nm). (Inset) Fluorescence titration curve (Aem = 530 nm). (c)
Photographs of probe 4 (10 uM) in the absence or presence of HSP90-N (20 uM, left or middle,
respectively), and after addition of PU-H71 (100 uM) to the solution of 4 and HSP90-N (right).
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Figure 9. (A, B) CLSM images of SK-BR-3 cells treated with probe 4 (100 nM) for 12 h at 37°C in
cultured media (A) or after addition of PU-H71 (B, 10 uM). Scale bar, 20 mm. (c) Fluorescence
intensity of intracellular region of 4-stained SK-BR-3 cells with or without PU-H71. The intensities
were evaluated at 10 cells in 5 regions in each dish, and the experiments were performed in

triplicate to obtain mean and standard error values (shown as error bars).

4-3. Conclusion

In summary, the results indicate that the self-assembling supramolecular nanoprobe can be
designed for turn-on imaging of endogeneous proteins even inside living cells. The quantitative
study using an overexpressed model protein revealed that the designed nanoprobes form
self-assembling aggregates in the signal-off mode in living cells in the absence of the target
endogeneous protein, whereas the disassembly-driven turn-on fluorescent change is induced in the
presence of the target by a specific ligand-protein recognition process. Interestingly, the addition of
a competitive inhibitor induced the nanoprobe to re-assemble so that the fluorescence was turned
off, explicitly verifying that the reversible assembly/disassembly of these supramolecular
nanoprobes took place even inside the living cells. The intracellular reversibility of the collapse and

formation of our self-assembled nanoaggregates is unprecedented. This dynamic sensing
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mechanism allowed to construct a quantitative cell-based inhibitor assay for intracellular
endogenous proteins such as hCAIIl and HSP90, two valuable diagnostic and therapeutic protein
targets. This work should inspire new research into supramolecular approaches, which work inside
cells in a programmable manner for cell-selective tissue engineering,'” intracellular

protein-triggered drug release, or cell signaling modulation.

4-4. Material and Method
General materials and methods:

Purified human carbonic anhydrase II (hCAIl) was purchased from Sigma. Other chemical
reagents and solvents were purchased from commercial chemical suppliers (Sigma, Aldrich, TCI,
Wako, or Watanabe Chemical Industries) and used without further purification. '"H NMR spectra
were recorded on a Varian Mercury-400 spectrometer (400 MHz). High-resolution electrospray
ionization Fourier transform mass spectrometry (HR-ESI-MS) spectra were recorded using a
Thermo Scientific Exactive mass spectrometer. Cell imaging was performed with a confocal laser
scanning microscope (CLSM, Olympus, FV1000, IX81) equipped with a 60x, NA = 1.35 oil
objective lens. Fluorescence images were acquired using the 515-nm line of an argon laser to excite
Rho-G (emission, 530—630 nm) and the 543-nm line of a HeNe Green laser to excite
tetramethylrhodamine (emission, 555—655 nm). Hela cells, and MCF-7 cells were maintained in
DMEM supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/mL), and
streptomycin (100 mg/ mL) at 37°C in 5% CO, and 95% air. SK-BR-3 cells were maintained in
McCoy’s 5A Modified Media supplemented with 10% FBS, penicillin (100 units/mL), and

streptomycin (100 mg/ mL) at 37°C in 5% CO; and 95% air. The cells were plated at a density of
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2.0 x 10° cells per a 35-mm glass-bottomed dish and cultured in the medium for 24 h at 37°C in 5%

CO; and 95% air and used for fluorescence imaging.

Ultraviolet (UV)-Visible Absorption and Fluorescence Spectroscopic Analyses:

All probes were dissolved in dimethyl sulfoxide (DMSO) to generate stock solutions. The
concentrations of probes 2, 3, and 4 were determined by their absorbance (at 543 nm for 2 and 3,
504 nm for 4) in methanol using a molar extinction coefficient of 92,000 M™' cm™ for 2 and 3, and
78,000 M cm™ for 4,'® respectively. HCAII was dissolved in PBS buffer (pH 7.2), and HSP90-N
was dissolved in 10 mM Tris buffer (pH 7.4). The concentrations of these proteins were determined
by their absorbance at 280 nm using literature molar extinction coefficients of 54,000 M cm™ for
hCAII" and 27,000 M cm™ for Hsp90-N, which was determined by its absorption spectra and
BCA protein assay kit allowing stock solutions of known concentrations to be prepared. All
experiments were performed at 25°C in test tubes. UV-visible absorption spectra were recorded on
a Shimadzu UV-visible 2550 spectrometer. Fluorescence spectra were measured using a
Perkin-Elmer LS55 fluorescent spectrometer. Absorption and fluorescence measurements were

performed 30 min after adding the protein to each probe solution (10 uM stock solution).

Fluorescence Imaging in MCF7 Cells and SK-BR-3 Cells with Probes 2—4:

MCEFT7 cells plated on a 35-mm glass-bottomed dish were rinsed with DMEM,;, and treated with
probe 2 (30 nM, <1% DMSO (v/v)) in DMEM,; (1 mL). After incubation for 4 h, a stock solution of
EZA was added (final concentration, 100 uM) to the cells. Fluorescence imaging was carried out 1

h after staining without performing any washing. SK-BR-3 cells plated on the 35-mm
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glass-bottomed dish were rinsed with DMEM, and treated with probe 3 or 4 (100 nM, <1% DMSO
(v/v)) or probe 3 or 4 (100 nM) and the corresponding inhibitor (<1% DMSO (v/v)) in DMEM (1

mL). Fluorescence imaging was carried out 4 h after staining without performing any washing.

Inhibitor Assay for hCAII in MCF7 Cells:

Probe 2 (100 nM) was added to the MCF-7 cells plated on a 35-mm glass-bottomed dish. After
incubation for 4 h, a stock solution of each inhibitor was added to the cells. After an additional
incubation for 1 h, fluorescence imaging was carried out without performing any washing. To

determine the fluorescence intensity in the cell, CLSM images were analyzed with ImageJ 1.44 on a

Macintosh PC.

Dynamic light scattering and atomic force microscopy:

DLS measurements were performed on NICOMP 380zls at 20 °C in 50 mM HEPES buffer (pH
7.2, 150 mM NaCl) using a plastic cuvette (3 ml volume). A DMSO stock solution of each
compound was slowly added to the buffer solution to give a final concentration of 2 mM (1.0 %
DMSO (v/v)) for probe 2 and 5 uM for probe 3. All measurements were carried out in triplicate. In
AFM imaging, a solution of each compound was spin-coated onto a freshly cleaved mica surface
and dried in vacuo. Images of the samples were obtained with a tapping-mode AFM on a

SHIMADSU SP-9600 microscope.

Expression and Purification of Hsp90-N:

Hsp90-N was expressed and purified according to a slight modification of the method reported
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previously'*®. Plasmids ppHSP90 purchased from Addgene were transformed into E. coli strain
BL21 (DE3) and induced by 0.1 mM IPTG at ODgso = 0.8 for 15 h at 15°C. Briefly, the cultures
were harvested and the cells were resuspended in 20 mM tris (pH 8.0, 100 mM NaCl) buffer. Cells
were disrupted by sonication and clarified by centrifugation. The supernatant was loaded onto a 5
ml Talon metal affinity column (Clontech) and eluted with buffer (100 mM Imidazole, 20 mM tris
pH 8.0, 100 mM NaCl) and dialyzed in 10 mM Tris (pH 7.4) buffer. The concentration of the

protein was determined by BCA assay.
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Synthesis

Synthesis of probe 2
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Scheme S1. Synthetic scheme of probe 2. Reaction conditions: (a) SA-OSu,
N,N-diisopropylethylamine (DIEA) in dry N, N-dimethylformamide (DMF); (b) trifluoroacetic acid
(TFA) in CH,Cly; (©) 5-carboxytetramethylrhodamine,

N,N,N’,N -tetramethyl-O-(1 H-benzotriazol-1-yl)uranium hexafluorophosphate (HBTU), DIEA in
dry DMF.
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Synthesis of 6

To a stirred dry DMF (1 ml) solution of 5% (50 mg, 92 mmol, 1.0 eq) and DIEA (50 pl, 0.29
mmol, 3.1 eq) was added SA-OSu® (33 mg, 0.11 mmol, 1.2 eq). The mixture was stirred at r.t. for 2
h. The solvent was evapolated. The residue was added CHCI; and was washed with sat. NaHCO;
(50 ml x 3), 5% citric acid (50 ml) and brine (50 ml). The organic layer was collected and dried
over MgS0,. The solvent was evapolated to dryness to afford 6 as white solid (59 mg, 88%). 'H
NMR (CD;0D, 400 MHz, r.t.). /ppm = 1.13-1.33 (m, 31H), 2.65-2.71 (m, 2H), 2.78-2.81 (m, 2H),
6.70 (m, 1H), 7.64-7.68 (m, 1H), 7.85-7.89 (m, 3H), 8.02 (d, J = 8.4 Hz, 2H), 8.04 (d, J = 8.0 Hz,

1H), 8.22 (s, 1H).

Synthesis of 7

To a stirred CH,Cl, (4 ml) solution of 6 (59 mg, 82 umol, 1.0 eq) was added TFA (2 ml). The
mixture was stirred at r.t. for 1 h. The reaction was analysed by TLC (silica, CHCl;: MeOH =4 : 1)
to confirm the completion. The solvent was removed by azeotropy with toluene (2 ml x 3) to afford
7 as colorless oil (60 mg, quantitatve). 'H NMR (DMSO-ds, 400 MHz, r.t.) /ppm = 1.26-1.50 (m,
22H), 2.68-2.71 (m, 4H), 3.14-3.23 (m, 2H), 7.65-7.69 (m, 1H), 7.64-7.68 (m, 1H), 7.85-7.89 (m,

3H), 7.95 (d, J = 8.4 Hz, 2H), 8.06 (d, J= 7.6 Hz, 1H), 8.22 (s, 1H).

Synthesis of 2
To a stirred DMF (500 pl) solution of 7 (6 mg, 8.1 umol, 1.0 eq), DIEA (14 pul, 81 umol, 10 eq),
and 5-carboxytetramethylrhodamine was added HBTU (3.7 mg, 9.8 umol, 1.2 eq). The mixure was

stirred at room temperature for overnight. The solvent was evaporated. The residue was purified by
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RP-HPLC (YMC Pack ODS-A, H,O (containing 0.1% TFA): acetonitrile (conatinig 0.1% TFA) =
30 : 70 to 70: 30, linear gradient over 40 min, flow rate 9.999 ml/min) to give 2 (3.6 mg, 43%) as
red solid. "H NMR (DMSO-ds, 400 MHz, r.t.) &/ppm = 1.28-1.60 (m, 22H), 2.92 (t, J = 6.8 Hz, 2H),
3.29-3.40 (m, 18H), 6.97 (d, J = 2.4 Hz, 2H), 7.05 (dd, J = 2.4 and 9.6 Hz, 2H), 7.14 (d, J = 9.6 Hz,
2H), 7.51 (d, J = 8.0 Hz, 1H), 7.64-7.68 (m, 1H), 7.89-8.03 (m, 6H), 8.25 (dd, J = 2.0 and 8.0 Hz
1H), 8.29 (m, 1H), 8.77 (d, J = 2.0 Hz, 1H). HR-FTMS (ESI): Calcd. for [M(Cs4HssN7010S,)+H] "

m/z =1036.4307; Found: 1036.4348.
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Synthesis of Probe 2 and 3
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Scheme S2. Synthetic scheme of probes 3 — 4. Reaction conditions: (a) N-tert-Butoxycarbonyl

-3-aminopropanol, triphenylphosphine (PPhs) in dry diethyl diazenedicarboxylate (DEAD) in dry
CH)Cl,; (b) TFA in CH,Cly; (¢) succinic anhydride, DIEA in dry CH,Cl; (d) 9, HBTU,
1-hydroxy-/H-benzotriazole monohydrate (HOBT<H,O), DIEA; (¢) TFA in CH)Cly; (f)
5-carboxytetramethylrhodamine, HBTU, DIEA in dry DMF; (g) TFA in CH)Cly; (h)
5-carboxyrhodamine 110, HBTU, DIEA in dry DMF.
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Synthesis of 9

To a stired dry CH,Cl, (8 ml) sotluion of 8 (300 mg, 0.73 mmol, 1.0 eq),
N-tert-Butoxycarbonyl-3-aminopropanol (191 mg, 1.09 mmol, 1.5 eq), and PPh; (381 mg, 1.45
mmol, 2.0 eq) was added DEAD (2.2 M in toluene, 1.65 ml, 3.6 mmol, 5.0 eq). The solvent was
removed under reduced pressure. The crude was purified by column chromatography (silica,
CHCIl;3: MeOH = 10 : 1) to afford 9 as yellow film (241 mg, 58%). 'H-NMR (CDCl3;, TMS, 400
MHz, rt): §/ppm = 1.45 (s, 9H), 1.93 (m, 2H), 3.02 (m, 2H), 4.28 (t, /= 6.2 Hz, 2H), 5.51 (brs, 2H),

5.99 (s, 2H), 6.92 (s, 1H), 7.31 (s, 1H), 8.34 (s, 1H).

Synthesis of 10

To a stirred dry CH,Cl, (2.0 ml) sotluion of 9 (300 mg, 0.73 mmol, 1.0 eq) was added TFA (2.0
ml). The solution was stirred at rt for 2h. The solvent was removed under reduced pressure. The
volatile was removed by azeotropy with toluene (2 ml x 3) to afford 10 as white solid (133 mg,
quantitative yield). '"H-NMR (CDs;OD, 400 MHz, rt): &/ppm = 2.26 (m, 2H), 3.05 (t, J = 7.6 Hz,

2H), 4.43 (t, J = 6.8 Hz, 2H), 6.09 (s, 2H), 7.26 (s, 1H), 7.49 (s, 1H), 8.34 (s, 1H).

Synthesis of 11

To a stirred dry DMF (5 ml) solution of 5 (150 mg, 0.27 mmol, 1.0 eq) and succinic anhydride
(31 mg, 0.31 mmol, 1.1 eq), was added DIEA (145 pl, 0.83 mmol, 3.1 eq). The solution was stirred
at rt for 1h. To this solution was added ethylenediamine dihydrochlorate (7.4 mg). The solvent was
removed under reduced pressure. The residue was added 5% citric acid and extracted with CHCl;

(100 ml x 3). The combined organic layer was dried over MgSO,4. The solvent was evaporated to

114



Chapter 3

dryness to afford 11 as white solid (133 mg, 75%). '"H NMR (CD;OD, 400 MHz, rt): §/ppm =
1.28-1.55 (m, 29H), 1.60-1.65 (m, 2H), 2.26 (t, J = 6.8 Hz, 2H), 3.05 (t, J = 6.8 Hz, 2H), 4.43 (m,

6H), 6.09 (t, J= 7.2 Hz 2H), 7.26 (m, 1H), 7.49 (m, 2H), 8.31 (m, 1H).

Synthesis of 12

To a stirred dry DMF (1 ml) sotluion of 11 (15 mg, 23 pmol, 1.0 eq) and HOBT*H,O (5.4 mg,
35 umol, 1.5 eq), 3 (18 mg, 31 umol, 1.3 eq), and DIEA (20 pl, 115 pumol, 5.0 eq), was added
HBTU (13 mg, 34 umol, 1.5 eq). The solution was stirred at rt for 2h. The solvent was removed
under reduced pressure. The residue was purified by column chromatography (silica, CHCls :
MeOH =50 : 1 to 20 : 1) to afford 12 as white amorphous (13 mg, 51%). 'H NMR (CDCl;, 400
MHz, rt): §/ppm = 1.28-1.46 (m, 29H), 1.61-1.65 (m, 2H), 2.02-2.06 (m, 2H), 2.48-2.51 (m, 4H),
2.85-3.36(m, 10H), 4.28 (t, J = 7.4 Hz, 2H), 6.07 (s, 2H), 7.12 (s, 1H), 7.42 (s, 2H), 7.62-7.74 (m,

1H), 7.96-8.03 (m, 2H), 8.18 (s, 1H), 8.29 (s, 1H).

Synthesis of 3

To a stirred dry CH»Cl, (2 ml) soluion of 12 (3 mg, 2.7 umol, 1.0 eq) was added TFA (1 ml).
The solution was stirred at rt for 2 h. The solvent was removed under reduced pressure. The volatile
was removed by azeotropy with toluene (1 ml x 3). The residue was dissolved in DMF (500 nl). To
this solution was added 5-carboxytetramethylrhodamine (1.7 mg, 4.0 mmol, 1.5 eq), DIEA (5 ul, 29
umol, 11 eq), and HBTU (1.6 mg, 4.2 umol, 1.6 eq). The solvent was removed under reduced
pressure. The residue was purified by RP-HPLC (YMC-Pack, ODS-A, H,O (containing 0.1%

TFA) : acetonitrile (containing 0.1% TFA) = 70:30 to 30:70, linear gradient over 40 min, flow rate

115



Chapter 3

9.999 ml/min) to afford 3 as purple solid (2.6 mg, 67%). 'H-NMR (CDCl5/CDsOD = 1/5, 400 MHz,
rt): &/ppm = 1.25-1.61 (m, 22H), 2.02-2.08 (m, 2H), 2.40-2.50 (m, 4H), 2.91 (t, J = 6.8 Hz, 2H),
3.03-3.22(m, 8H), 4.28 (t, /= 7.6 Hz, 2H), 6.05 (s, 2H), 6.89 (d, J = 2.4 Hz, 2H), 6.96 (dd, J = 2.4
and 9.6 Hz, 2H), 7.10-7.14 (m, 3H), 7.39-7.43 (m, 2H), 7.60-7.62 (m, 1H), 7.95-8.10 (m, 2H),
8.21-8.27 (m, 3H), 8.77 (m, 1H). HR-FTMS (ESI): Calcd. for [M(CssH77IN12,011S:)+H]": m/z =

1405.4374; Found: 1405.4394.

Synthesis of 4

To a stirred dry CH»Cl, (2 ml) soluion of 12 (3 mg, 2.7 umol, 1.0 eq) was added TFA (1 ml).
The solution was stirred at rt for 2 h. The solvent was removed under reduced pressure. The volatile
was removed by azeotropy with toluene (1 ml x 3). The residue was dissolved in DMF (500 nl). To
this solution was added 5-carboxyrhodamine 110 (1.5 mg, 4.0 umol, 1.5 eq), DIEA (5 ul, 29 umol,
11 eq), and HBTU (1.6 mg, 4.2 pmol, 1.6 eq). The solvent was removed under reduced pressure.
The residue was purified by RP-HPLC (YMC-Pack, ODS-A, H,O (containing 0.1% TFA) :
acetonitrile (containing 0.1% TFA) = 70:30 to 30:70, linear gradient over 40 min, flow rate 9.999
ml/min) to afford 4 as red solid (1.0 mg, 27%). "H-NMR (CDCl;/CD;OD =1/5, 400 MHz, rt):
Oppm = 1.26-1.62 (m, 22H), 2.05-2.15 (m, 2H), 2.46-2.50 (m, 4H), 2.91 (t, J = 6.8 Hz, 2H),
3.09-3.48 (m, 8H), 4.31 (t, J = 7.6 Hz, 2H), 6.06 (s, 2H), 6.80 (m, 4H), 7.05 (d, J = 9.2 Hz, 2H),
7.21 (s, 1H), 7.45 (s, 1H), 7.64-7.68 (m, 1H), 7.98-8.03 (m, 2H), 8.22-8.29 (m, 3H), 8.74 ppm (m,

1H). HR-FTMS (ESI): Calcd. for [M(Ce:HgoIN1201,S2)+H]": m/z = 1349.3755; Found: 1349.3768.
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