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using a β-CD-functionalized ruthenium complex (Ru-HOP-CD),
a perfluorocyclopentene dithienylethene derivative (1), Pluronic
F-127, and cetrimonium bromide, which combined to form

quaternary supramolecular nanoparticles (2) held together by
hydrophilic–hydrophobic interactions and noncovalent host–
guest interactions (Scheme 1). Our previous research showed

Scheme 1. a) Chemical structures of dithienylethene derivative 1 in its ring-opened and ring-closed forms (OF-1 and CF-1), β-CD-functionalized ruthenium 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 photosensitizer.[17] Here, we found that owing to the presence of the dithienylethene unit, complex 1 could undergo reversible photocyclization. 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 fluorescence 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.[17] OF-1
was synthesized as shown in Scheme S1, Supporting Information: treatment of 3 with 1-(adamantan-1-yl)-2-bromoethanone in
acetone containing K2CO3 produced OF-1 (81% yield), which was
fully characterized by 1H and 13C NMR spectroscopy and highresolution mass spectrometry. OF-2 nanoparticles were then synthesized 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 spectrum 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 simultaneously a new absorption band centered on 620 nm appeared and
increased in intensity. These spectral changes were accompanied by an obvious color change, from colorless to blue, owing
to the conversion of OF-1 to CF-1. During the conversion process, 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, interconversion between the two forms could be repeated at least

Figure 1. Changes in the UV–vis spectra of 1 (1.0 × 10−5 m) in water containing 5% DMSO upon irradiation with UV light (254 nm) and visible
light (>420 nm). Inset: absorbance changes at 620 nm over multiple irradiation cycles.

five times without any apparent light fatigue. The conversion
ratio for transformation of CF-1 to OF-1 by visible-light irradiation was calculated to be ≈92% on the basis of 1H NMR spectral
data, whereas OF-1 quantitatively afforded CF-1 upon irradiation with UV light (Figure S4, Supporting Information).
The UV–vis spectrum of Ru-HOP-CD showed an absorption maximum at 476 nm, which was attributed to the metalto-ligand charge-transfer band, and an intense absorption at
220–400 nm, which was attributed to the spin-allowed intraligand 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 emission band of the donor.[18] 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. However, 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

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 (λex = 365 nm) upon irradiation with UV light (254 nm).
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of these results, we deduced that supramolecular nanoparticles 2 would exhibit substantial photocontrollable FRET due
to interaction of the dithienylethene derivative and the ruthenium 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 irradiation 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 intensity of the fluorescence emission at 612 nm (generated at
λex = 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 fluorescence 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, Supporting 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.

The zeta potentials of OF-2 and CF-2 were determined to
be 11.43 and 7.00 mV, respectively (Figure S14, Supporting
Information); and the positively charged surface of the nanoparticles can be expected to facilitate their entry into cells.[19]
Element mapping analysis of the nanoparticles (Figure S15,
Supporting Information) confirmed that they contained
Ru, derived from Ru-HOP-CD. Generally speaking, visiblelight irradiation of Ru complexes tends to generate reactive
oxygen species,[20] which suggests that these nanoparticles
might have biological applications. To our delight, When our
nanoparticles were subjected to electron paramagnetic resonance spectroscopy with TEMPO as a radical-trapping agent,
their spectrum was typical of that for TEMPO-1O2 adducts,
confirming the ability of the nanoparticles to produce reactive oxygen species in solution[21] (Figure S16, Supporting
Information).
Owing to the unique and excellent reversibility of the photocyclization reaction and the photochromic performance of
nanoparticles 2, they have great potential utility as an invisible water-soluble ink for information-coding and anticounterfeiting applications. In fact, we found that various patterns 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 solution 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 utilized for photocontrolled luminescent labeling of living cells.
To evaluate this possibility, we incubated human lung adenocarcinoma cells (A549 cells) with OF-2 (Figure 4b). After incubation 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 supramolecular nanoparticles reported herein will find a wide variety
of applications as anticounterfeiting materials and in biological 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 nanoparticles 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 nanoparticles from perfluorocyclopentene dithienylethene derivative
1, β-CD-functionalized ruthenium complex Ru-HOP-CD,
and two other amphiphilic substances. The resulting nanoparticles exhibited photoresponsive luminescence and could
be used as a photoerasable luminescent ink and as a cellimaging 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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