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Quaternary Supramolecular Nanoparticles as a
Photoerasable Luminescent Ink and Photocontrolled
Cell-Imaging Agent
Hong-Guang Fu, Yong Chen, Xian Yin Dai, and Yu Liu*

bis(permethyl-3-CD).l  However, there

Photoswitchable luminescent supramolecular assemblies based on
cyclodextrins have attracted considerable attention owing to their potential
applications as smart materials, but most of the assemblies reported to

date emit green or blue light with low contrast and high interference. In this
study, novel photoluminescent red-luminescent quaternary supramolecular
nanoparticles (2) are constructed from a dithienylethene derivative (1), a
-cyclodextrin-functionalized ruthenium complex (Ru-HOP-CD), Pluronic
F-127, and cetrimonium bromide. Compared with the binary assembly
1@Ru-HOP-CD, the quaternary nanoparticles exhibit high fluorescence
resonance energy transfer efficiency, with Ru-HOP-CD acting as the donor
and 1 as the acceptor. Owing to the reversible photoswitched interconversion
of the two forms of the dithienylethene component, the fluorescence of the
nanoparticles could be switched on/off by irradiation with UV or visible light,
both in solution and in the solid state. As a result, the nanoparticles could be
used as a photoerasable red-luminescent ink and as a photocontrolled cell-
imaging agent. These functional nanoparticles can be expected to be useful in

the fields of information security and biology.

The construction of stimulus-responsive photoluminescent
supramolecular assemblies is attracting increasing attention
owing to their potential applications in smart materials, cell
bioimaging, security technologies, and so on.l! Over the past
several decades, cyclodextrins (CDs), a class of cyclic oligo-
saccharides with six to eight p-glucopyranose units linked by
o-1,4-glucoside bonds, have been widely used as convenient
building blocks for constructing functional materials because
CDs are water-soluble, nontoxic, and commercially available
and they can form host-guest complexes with various mole-
cules.”l Recently, several CD-based systems that respond to
external stimuli have been reported by our group and others.]!
For instance, we fabricated a photochemically interconvertible
supramolecular nanotube-nanoparticle system by secondary
assembly of amphiphilic porphyrins and an azobenzene-bridged
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have been only a few reports of systems
with luminescence that can be switched
on and off by an external stimulus! (e.g.,
heat, pressure, light, or a chemical spe-
cies) in such a way that information is
invisible under one condition but vis-
ible under another condition. To the best
of our knowledge, the only example is a
CD-based anticounterfeiting material that
allows luminescence to be switched on
and off by heat.l!! Compared with visual
basic security features used to authen-
ticate products, such as holograms,V!
watermarks,®l and metal threads,®! such
switchable methods would be harder to
counterfeit owing to their unpredictable
patterns and nonuniform decoding mech-
anisms and are a high-throughput and
low-cost alternative to traditional anticoun-
terfeiting measures.l®! Compared with
other stimuli, light is clean, noninvasive,
sustainable, and readily accessible and can
be applied and removed remotely, thus offering both temporal
and spatial resolution.! Therefore, we speculated that using
photochromic molecules, such as dithienylethene,!?l to control
the fluorescence of a supramolecular assembly would facilitate
the development of anticounterfeiting materials.

Since diarylethenes (DAEs) were first reported by Irie and
Mohri in 19883 they have found numerous applications on
account of their good reversibility, excellent thermal stability,
high photocyclization conversion ratios, and high photoreaction
quantum yields, properties that have permitted these compounds
to be successfully used in supramolecular metal-organic frame-
works, ™ optical switches, smart surfaces, functional vesicles,
information storage media,™ and so on. Irradiation of DAEs with
light of alternating wavelengths results in reversible interconver-
sion between the open-ring and closed-ring forms, a transforma-
tion that is accompanied by changes in color, spectroscopic prop-
erties, and polarizability. Chen et al. used this feature to develop
a system for protection of confidential information by loading a
Eu?* metal-organic framework (ZJU-88) with a dithienylethene
derivative whose luminescence could be switched on and off.
However, with most of the previously reported DAE-containing
systems, the DAEs must be in an organic phase, owing to their
poor water solubility, which limits their wider applications.!'%]

In the current study, we fabricated a photoresponsive supra-
molecular luminescent ink with near-infrared fluorescence by
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using a f-CD-functionalized ruthenium complex (Ru-HOP-CD),  quaternary supramolecular nanoparticles (2) held together by
a perfluorocyclopentene dithienylethene derivative (1), Pluronic  hydrophilic-hydrophobic interactions and noncovalent host—
F-127, and cetrimonium bromide, which combined to form  guest interactions (Scheme 1). Our previous research showed
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Scheme 1. a) Chemical structures of dithienylethene derivative 1 in its ring-opened and ring-closed forms (OF-1 and CF-1), f-CD-functionalized ruthe-
nium complex Ru-HOP-CD, Pluronic F-127, and cetrimonium bromide; and b) schematic illustration of the formation of reversibly photoswitchable
quaternary supramolecular nanoparticles OF-2 and CF-2 and their application as a photoerasable luminescent ink.
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that Ru-HOP-CD emits ultrahigh near-infrared fluorescence
with excellent fatigue resistance, making it an ideal photosensi-
tizer.”] Here, we found that owing to the presence of the dithie-
nylethene unit, complex 1 could undergo reversible photocycli-
zation. Notably, the emission of Ru-HOP-CD overlapped poorly
with the absorption of ring-opened 1 (OF-1) but showed good
overlap with the absorption of ring-closed 1 (CF-1), implying the
possibility of photoswitchable fluorescence resonance energy
transfer (FRET) from Ru-HOP-CD to CF-1. We also evaluated
the fluorescence quenching efficiency of the nanoparticles and
found, to our delight, that the ring-opened and ring-closed
forms (OF-2 and CF-2, respectively) exhibited higher fluores-
cence quenching efficiency than a binary co-assembly derived
from 1 and Ru-HOP-CD (designated 1@Ru-HOP-CD). Finally,
we explored the utility of the nanoparticles as a photoerasable
luminescent ink and as a bioimaging agent.

Ru-HOP-CD was synthesized in satisfactory yield by means
of our reported method and was fully characterized.”] OF-1
was synthesized as shown in Scheme S1, Supporting Informa-
tion: treatment of 3 with 1-(adamantan-1-yl)-2-bromoethanone in
acetone containing K,CO; produced OF-1 (81% yield), which was
fully characterized by 'H and *C NMR spectroscopy and high-
resolution mass spectrometry. OF-2 nanoparticles were then syn-
thesized by adding an aqueous solution containing Ru-HOP-CD
and cetrimonium bromide to a glass vial coated with a thin-film
polymer prepared from OF-1 and Pluronic F-127

The reversible photocyclization and photochromism of
1 were investigated in water, where 5% DMSO was added to
increase its solubility (Figure 1). The UV-vis absorption spec-
trum of OF-1 showed a maximum at 317 nm. Upon irradiation
of OF-1 with UV light (254 nm), this peak gradually decreased
in intensity and was blue-shifted by =23 nm, and simultane-
ously a new absorption band centered on 620 nm appeared and
increased in intensity. These spectral changes were accompa-
nied by an obvious color change, from colorless to blue, owing
to the conversion of OF-1 to CF-1. During the conversion pro-
cess, three clear isosbestic points (at 351, 417, and 502 nm) were
observed in the UV-vis absorption spectrum. To our delight,
CF-1 could be completely converted back to OF-1 by irradiation
at wavelengths greater than 420 nm and, both OF-1 and CF-1
had no obvious fluorescence emission when excited at 365 nm
(Figure S3, Supporting Information). More interestingly, inter-
conversion between the two forms could be repeated at least
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Figure 1. Changes in the UV-vis spectra of 1 (1.0 X 107> m) in water con-
taining 5% DMSO upon irradiation with UV light (254 nm) and visible
light (>420 nm). Inset: absorbance changes at 620 nm over multiple irra-
diation cycles.

five times without any apparent light fatigue. The conversion
ratio for transformation of CF-1 to OF-1 by visible-light irradia-
tion was calculated to be =92% on the basis of 'H NMR spectral
data, whereas OF-1 quantitatively afforded CF-1 upon irradia-
tion with UV light (Figure S4, Supporting Information).

The UV-vis spectrum of Ru-HOP-CD showed an absorp-
tion maximum at 476 nm, which was attributed to the metal-
to-ligand charge-transfer band, and an intense absorption at
220-400 nm, which was attributed to the spin-allowed intrali-
gand transition in water (Figure S5, Supporting Information).
Upon excitation at 450 nm, Ru-HOP-CD displayed dazzling
red fluorescence (Figure S6, Supporting Information). It is
well documented that efficient FRET requires good overlap
between the absorption band of the acceptor and the emis-
sion band of the donor.'®! The UV-vis spectrum of OF-1 had
only one absorption maximum, at 317 nm, which showed
poor overlap with the emission band of Ru-HOP-CD. How-
ever, CF-1 had two different absorption maxima, at 366 and
620 nm, and the latter band showed excellent overlap with
the emission band of Ru-HOP-CD (Figure 2a). On the basis
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Figure 2. a) Normalized absorption spectra showing partial overlap between the fluorescence emission of Ru-HOP-CD and the UV-vis absorption of
1; and b) changes in the fluorescence spectrum of 2 in water (1., = 365 nm) upon irradiation with UV light (254 nm).
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of these results, we deduced that supramolecular nanoparti-
cles 2 would exhibit substantial photocontrollable FRET due
to interaction of the dithienylethene derivative and the ruthe-
nium complex. We verified the photochromic properties of 2
by UV-vis spectroscopy.

Upon irradiation of 2 with UV light, an absorption peak
at 590 nm appeared and gradually increased in intensity.
After altering the wavelength of the subsequent irradiation
with visible light restored the original spectrum. Notably,
this process could be repeated several times without any
apparent light fatigue, indicating that OF-1 and CF-1 could
be interconverted by irradiation at two different wavelengths
even after having been incorporated into nanoparticles 2
(Figures S7 and S8, Supporting Information). In addition,
the solution turned deep blue upon irradiation at 254 nm
and then returned to its original yellow color upon irradia-
tion with visible light (Figure S9, Supporting Information).
Additional convincing proof of photo-responsibility came
from the change in fluorescence intensity that was observed
when the irradiation wavelength was alternated. When 2
was irradiated at 254 nm for an extended period, the inten-
sity of the fluorescence emission at 612 nm (generated at
Aex = 365 nm) decreased over time (Figure 2b); on the basis
of this experiment, the fluorescence quenching efficiency of
2 was calculated to be 96.6%. For comparison, the fluores-
cence quenching efficiency of 1@Ru-HOP-CD and 1@ Pluric
F-127@Ru-HOP-CD was only 46% and 70.6%, respectively
(Figures S10 and S11 Supporting Information). When 2 was
subsequently irradiated with visible light, the fluorescence of
the solution returned to its original level (Figure S12, Sup-
porting Information).

The structure of supramolecular nanoparticles 2 was fully
characterized by transmission electron microscopy (Figure 3)
and dynamic light scattering analysis (Figure S13, Supporting
Information). Transmission electron microscopy images of
OF-2 showed numerous discrete spherical nanoparticles with
an average diameter of 175 nm; and they tended to retain
their original micro morphologies even after irradiation at
254 nm for 60 s. Dynamic light scattering analysis revealed
that OF-2 and CF-2 had average hydrodynamic diameters of
~444.23 and 435.64 nm with a narrow diameter distribution
(Figure S13, Supporting Information); these values are larger
than the value determined by means of transmission electron
microscopy, owing to shrinkage of the nanoparticles during
air drying.

www.advopticalmat.de

The zeta potentials of OF-2 and CF-2 were determined to
be 11.43 and 700 mV, respectively (Figure S14, Supporting
Information); and the positively charged surface of the nano-
particles can be expected to facilitate their entry into cells.!"”!
Element mapping analysis of the nanoparticles (Figure S15,
Supporting Information) confirmed that they contained
Ru, derived from Ru-HOP-CD. Generally speaking, visible-
light irradiation of Ru complexes tends to generate reactive
oxygen species,?’l which suggests that these nanoparticles
might have biological applications. To our delight, When our
nanoparticles were subjected to electron paramagnetic reso-
nance spectroscopy with TEMPO as a radical-trapping agent,
their spectrum was typical of that for TEMPO-'0, adducts,
confirming the ability of the nanoparticles to produce reac-
tive oxygen species in solution?! (Figure S16, Supporting
Information).

Owing to the unique and excellent reversibility of the pho-
tocyclization reaction and the photochromic performance of
nanoparticles 2, they have great potential utility as an invis-
ible water-soluble ink for information-coding and anticoun-
terfeiting applications. In fact, we found that various pat-
terns could be obtained by spraying a solution of 2 onto filter
paper. For example, when the English letters NK (for Nankai
University) were written on ordinary filter paper with a solu-
tion of OF-2 and then dried in air, they were invisible when
the paper was viewed under daylight (Figure S17, Supporting
Information). However, when exposed to UV light (365 nm),
the letters fluoresced bright red, allowing readout of the
previously hidden information. Upon irradiation at 254 nm
for a few minutes, the red fluorescence of the letters was
completely quenched, and the information was concealed
(Figure 4a). Interestingly, the letters could be restored to their
original state by irradiation at >420 nm, and the encryption—
decryption process could be repeated several times.

We wondered whether the nanoparticles could also be uti-
lized for photocontrolled luminescent labeling of living cells.
To evaluate this possibility, we incubated human lung adeno-
carcinoma cells (A549 cells) with OF-2 (Figure 4b). After incu-
bation for 24 h, the cells exhibited bright red fluorescence,
whereas only weak red fluorescence was observed after UV
irradiation at 254 nm, owing to FRET from Ru-HOP-CD to
CF-1. Our findings give us reason to believe that the supramo-
lecular nanoparticles reported herein will find a wide variety
of applications as anticounterfeiting materials and in biolog-
ical research.

Figure 3. Transmission electron microscopy images of supramolecular nanoparticles 2 a) before irradiation and b) after irradiation at 254 nm for 60 s.
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Figure 4. a) Light-triggered reversible anticounterfeiting behavior of nan-
oparticles 2 sprayed on filter paper and then irradiated alternately at 254
and >420 nm; and b) confocal fluorescence microscopy images of A549
cells incubated with OF-2 and CF-2.

In summary, we constructed supramolecular nanoparti-
cles from perfluorocyclopentene dithienylethene derivative
1, pB-CD-functionalized ruthenium complex Ru-HOP-CD,
and two other amphiphilic substances. The resulting nano-
particles exhibited photoresponsive luminescence and could
be used as a photoerasable luminescent ink and as a cell-
imaging agent. These nanoparticles have several potential
advantages over other available stimulus-responsive systems.
Owing to the efficient FRET between Ru-HOP-CD and 1 and
the ability of 1 to undergo reversible photocyclization, the
nanoparticles exhibited strong red fluorescence that could
be switched on and off by simply alternating the irradiation
wavelength. Therefore, we anticipate that these materials will
find applications in the fields of information security and
biology.
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Supporting Information is available from the Wiley Online Library or
from the author.
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