Water-Soluble Aromatic Nanobelt with Unique Cellular

Internalization

Konstantin Giinther,*®! Hideya Kono,? Hiroki Shudo,? Reika Isoda,”! Masayoshi Nakamura,® Akiko

Yagi, "< Kazuma Amaike,* and Kenichiro Itami

*[c,d]

[a] K. Glnther, H. Kono, Dr. H. Shudo, Prof. Dr. A. Yagi, Prof. Dr. K. Amaike
Department of Chemistry, Graduate School of Science,
Nagoya University,

Chikusa, Nagoya 464-8602, Japan

E-mail: yagi.akiko@itbm.nagoya-u.ac.jp (A.Y.), amaike.kazuma.s9@f.mail.nagoya-u.ac.jp (K.A.)

K. Glnther

Department of Chemistry,

Humboldt-Universitat zu Berlin,

Brook-Taylor-StralRe 2, 12489 Berlin, Germany

Dr. R. Isoda, Prof. Dr. M. Nakamura, Prof. Dr. A. Yagi, Prof. Dr. K. Itami
Institute of Transformative Bio-Molecules (WPI-ITbM),

Nagoya University,

Chikusa, Nagoya 464-8602, Japan

Prof. Dr. K. ltami

Molecule Creation Laboratory, RIKEN Cluster for Pioneering Research,
RIKEN,

Wako, Saitama 351-0198, Japan

E-mail: kenichiro.itami@riken.jp (K.1.)

[b]

[e]

[d]

Supporting information for this article is given via a link at the end of the document.

Abstract: A water-soluble aromatic nanobelt was synthesized, and its
cellular uptake behavior in HelLa cells was investigated. The late-
stage functionalization of the parent methylene-bridged
[6]cycloparaphenylene ([6]MCPP) provided an easily accessible
alkyne-functionalized nanobelt in a single reaction step. The alkyne-
substituted [6JMCPP was subjected to Cu-catalyzed azide—alkyne
cycloaddition by using a dye-attached azide to obtain a water-soluble
aromatic nanobelt. Cell-imaging experiments on the synthesized
nanobelt in HeLa cells revealed stop-and-go cellular uptake dynamics.
Similar experiments with control molecules and theoretical studies
indicated that the unique dynamics of the nanobelt was derived from
the belt-shaped structure.

Aromatic nanobelts and carbon nanorings have attracted
considerable attention as synthetic targets because of their
interesting chemical structures and desirable physical
properties.['l Since the first synthesis of cycloparaphenylenes
(CPPs) by Bertozzi and Jasti in 2008 and our size-selective
synthesis of [12]CPP in 2009,P several CPP derivatives have
been synthesized and their unique size-dependent properties
revealed.™ In 2017, we successfully synthesized the first fully
fused and aromatic nanobelt, the (6,6)carbon nanobelt (CNB),"!
followed by the (8,8)CNB and (12,12)CNB.®! Subsequently,
various CNBs were synthesized, thereby opening up a new field
of aromatic nanobelt science.”! In 2020, we fabricated a new
nanobelt, namely methylene-bridged [6]cycloparaphenylene
([6IMCPP), by performing six-fold intramolecular aryl-aryl
coupling of a pillar[6]arene-based precursor.[®!
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Figure 1. (a) Water-soluble carbon nanorings reported by Pluth et al. and Nan
et al. (b) Water-soluble aromatic nanobelt synthesized via late-stage
functionalization in this work.
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The interesting physical properties of carbon nanorings have
led to various applications,® particularly in the biological field.
However, hydrophilic moieties must be introduced because the
carbon nanoring structures are inherently highly hydrophobic. In
a pioneering study, Pluth and Jasti synthesized a water-soluble
[8]CPP by introducing clickable substituents as a biocompatible
fluorophore during the initial step of synthesis (Figure 1a).'% In
2021, Nan, Pluth, and Jasti reported a water-soluble meta[6]CPP
for targeting subcellular proteins (Figure 1a).['l In these previous
studies, the introduction of functional groups at an early stage of
synthesis and the use of protection groups, which lead to
multistep syntheses, were often needed. The introduction of
water-soluble moieties into carbon nanorings can be avoided by
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dispersing nanorings that are insoluble in water with lipids,
surfactants, and water-soluble organic solvents for bioimaging.['?
Although various bioimaging applications have been reported for
carbon nanorings, none have been reported thus far for nanobelts
having unique characteristics such as rigidity and an internal
space with fixed benzene rings. Herein, we report the first
synthesis of a water-soluble aromatic nanobelt via late-stage
functionalization and investigate its dynamics in Hela cells
(Figure 1b).

First, we synthesized a water-soluble aromatic nanobelt (1;
Scheme 1). To fabricate readily available molecules, synthesis
must be straightforward. We envisioned that commercially
available [6]MCPP (3)#! can be functionalized in a single reaction
step owing to its reactive benzylic methylene bridge. We selected
an alkyne moiety as the substituent because of its easy
accessibility to the desired functionalization via click reactions.
Thus, 3 was treated with KOt-Bu in dimethylformamide (0 °C and
5 min) and then with propargyl bromide (0 °C and 5 min). This
well-controlled deprotonation/Sn2 reaction resulted in alkyne-
functionalized [6]JMCPP (2) in 27% vyield (Scheme 1). Higher
substitution products were separated from 2 by applying recycling
gel permeation chromatography. Notably, under harsh reaction
conditions, such as deprotonation/Sn2 reactions at high
temperatures and/or long reaction times, the decomposition of
[6]IMCPP and multi-propargylation occur. Propargylation occurred
at the outer methylene hydrogen atom (Hout), likely owing to steric
hindrance. The optical properties of 2 were similar to those of the
parent nanobelt (3), illustrating that the nanobelt scaffold was not
perturbed upon the substitution of the methylene bridge (Figures
S4-S6). Finally, copper(l)-catalyzed azide—alkyne cycloaddition
of 2 with 6-FAM-PEG3-azide, which is a fluorescent dye, resulted
in the desired water-soluble aromatic nanobelt (1) in 6% yield. The
optical properties derived from the [6]MCPP scaffold in nanobelts
1 and 2 were similar to those in 3, illustrating that the nanobelt
scaffold was not perturbed upon the substitution of the methylene
bridge (Figures S7-S9). In particular, the molar absorption
coefficient of the MCPP scaffold in 1 (¢ = 40,000) did not differ
significantly from those in 2 and 3, and at long wavelengths, no
gentle bands appeared to aggregate, suggesting that 1 was
sufficiently soluble in water.

KOtBu, DMF, 0 °C, 5 min

then
3-bromoprop-1-yne, 0 °C, 5 min

[27%]
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Scheme 1. Synthesis of a water-soluble aromatic nanobelt (1). 6-FAM-PEG3-
azide = N-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]ethyl]-3',6'-dihydroxy-3-oxo-
3H-spiro[isobenzofuran-1,9'-xanthene]-6-carboxamide.

We demonstrated the bioimaging of the water-soluble
aromatic nanobelt (1). To better understand the structure—
property relationship, control compounds 4 and 5, having a
fluorene unit, the partial structure of 1, or almost the same log P
valuel™ as 1 (1: 5.98, 5: 6.12), were also synthesized (Figure 2a).
Thus, Hela cells were incubated with 10 uM of each compound
in a culture medium with fetal bovine serum (FBS) for 24 h (Figure
2b). Confocal microscopy images showed that the fluorescence
of nanobelt 1 was diffusely distributed within the cells and lacked
localization to specific cell organelles, even though compound 5
was detected in the cell membrane. In contrast, compound 4 did
not show cell permeability. To investigate the dynamics in detail,
the incubation time of the compounds was adjusted to either 30
min or 2 h. After 30 min of incubation, nanobelt 1 was mainly
observed in the cell membrane; however, after 2 h of incubation,
nanobelt 1 was diffusely distributed within the cells and lacked
localization to specific cell organelles (Figure 2c). Compound 5
was localized in the cell membrane after both 30 min and 2 h of
incubation (Figure S12). Nevertheless, the dynamics with and
without FBS differed between compounds 1 and 5. Nanobelt 1
showed higher fluorescence intensity in the absence than in the
presence of FBS, with no change in dynamics (Figure 2d). In
contrast, compound 5 showed membrane localization in the
presence of FBS but was present in the cytoplasm in the absence
of FBS (Figure S13). These drastic changes in compound 5 in the
presence or absence of FBS suggested that compound 5 was
closely related to biological activities such as metabolism (Figure
S14). The dynamics of 1 seemed to originate from its unique belt-
shaped structure and not from its hydrophobicity and fluorene
structure. We hypothesized that these unexpected effects of 1 in
cells were due to interactions between 1 and biomolecules, such
as proteins.

To gain insight into the molecular dynamics mechanisms of 1
within cells, we estimated the interactions between N- and C-
protected amino acids and [6]JMCPP by performing density
functional theory (DFT) calculations (Figure 3). The small
diameter of the [(]MCPP cavity (approximately 7.8 A) indicated a
preference for forming host—guest complexes with small and less
branched amino acids.['* Using the B3LYP-GD3/6-31G(d) level
of theory and the counterpoise method, we calculated the
stabilization energies of complexes involving methionine,
glutamine, glutamic acid, lysine, and alanine under pH-neutral
conditions (pH = 7.4). Under these conditions, glutamic acid
functioned as a monovalent anion, whereas lysine acted as a
monovalent cation. The resultant stabilization energies for
interactions with [E(]MCPP were estimated to be 21.5, 35.9, 25.1,
53.7, and 16.1 kcal/mol for methionine, glutamine, glutamic acid,
lysine, and alanine, respectively. The exceptionally high
complexation energy with cationic lysine highlighted the potential
significant contribution of cation-1r interactions in the binding
processes between 1 and proteins. Although further detailed
studies are needed to fully understand the underlying
mechanisms, these findings suggested a robust potential for 1 to
interact with proteins. The observed reduction in the fluorescence
intensity of 1 in the presence of FBS could be due to interactions
with albumin in FBS (Figures 2c and 2d). Furthermore, 1 likely
localized to the cell membrane through interactions with
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that can serve as a platform for highly functionalized nanobelts; it
was conveniently synthesized in a single reaction step via late-
stage functionalization from [6]MCPP (3). Confocal fluorescence
microscopy experiments on 1 demonstrated the unique
topological role of nanobelts in biological systems. Additionally,
our DFT calculations revealed interactions between [6]MCPP and
. certain amino acids, with a notable binding affinity for cationic

membrane (Figure 4). . o L . .
. . lysine, thereby indicating significant potential for protein

In summary, we successfully synthesized and characterized . . . L .

interactions. A range of bio-applications using water-soluble

the first water-soluble aromatic nanobelt (1). We presented aromatic nanobelts are currently underway in our laborator
alkyne-functionalized [6]MCPP (2) as a key synthetic intermediate y y y:

membrane proteins and subsequently localized within the
cytoplasm through interactions with cytoplasmic proteins. The X-
ray crystal structure of [6]MCPP, with hexane captured in its
cavity,® indicated a potential interaction between [6]MCPP and
lipids. Another possible mechanism underlying the membrane
localization of 1 is the interaction with lipids in the plasma
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Figure 2. (a) Structures of compounds 1, 4, and 5. (b) Fluorescence and digital image correlation (DIC) images of HeLa cells incubated with 1, 4, and 5 for 24 h in
the presence of FBS. Fluorescence and DIC images of HeLa cells incubated with 1 for 30 min or 2 h (c) in the presence of FBS and (d) in the absence of FBS.

Scale bars at 10 pm.
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Methionine Glutamine Glutamic acid Lysine Alanine
21.5 kcal/mol 35.9 kcal/mol 25.1 kcal/mol 53.7 kcal/mol 16.1 kcal/mol

Figure 3. Host—guest complexes formed between [6]MCPP and selected amino acid side chains. The carboxylic acid and amine groups of the amino acids were
amidated to simulate the environment of the amino-acid side chains. Level of theory: B3LYP-GD3/6-31G(d)

o 05h Yo of 2h

1 interacted with protein and/or 1 was internalized into cells
lipid on cell surface

Figure 4. Plausible mechanism for the internalization of nanobelt 1
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A water-soluble aromatic nanobelt was synthesized by the late-
stage functionalization of [6]MCPP. Cell-imaging experiments on
the synthesized nanobelt in HelLa cells revealed stop-and-go
cellular uptake dynamics, which are likely derived from the belt-
shaped structure.
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