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Development of robust multi-color photoswitchable fluorescent probes is critical for many optical
applications, but it remains a challenge to rationally design these probes. Here, we report a new design
of Forster resonance energy transfer-based dual-color photoswitchable fluorescent nanoparticles (DPF
NPs) by taking advantage of the distinct properties of ligand-protected gold nanoclusters (AuNCs).
Detailed photophysical studies revealed that ultrasmall-sized AuNCs not only act as the FRET donors due
to their intrinsic fluorescence properties, but also play a significant role in regulating the photochromic
and aggregate properties of spiropyran through ligand—spiropyran interactions. These DPF NPs exhibit
a high fluorescence on/off ratio (~90%) for both green and red fluorescence emission, and good
reversibility during cycled photo-stimulation. Cell imaging experiments showed that DPF NPs could
specifically accumulate in lipid droplets, and enable photoswitchable dual-color imaging in living cells.
Moreover, by labeling mitochondria with a green-emitting marker, we demonstrated that DPF NPs can

distinguish different targets based on dynamic and static fluorescence signals at the sub-cellular level in
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Accepted 20th July 2023 two emission channels reliably. This study provides a new strategy for designing robust photoswitchable
fluorescent probes by modulating the properties of photochromic dyes through ligand-protected
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Introduction

Photocontrolled fluorescence switches have been widely used in
many fields, such as anti-counterfeiting,' smart materials,?
enzyme engineering,® gate-controlled delivery* and optical
imaging.® Typically, photocontrolled fluorescence switches can
be divided into a single-color fluorescence switch and multi-
color fluorescence switch.®® Compared with the mostly
studied single-color photoswitch system, the latter can provide
multi-dimensional information per time, and thus is more
attractive for advanced optical applications.’** For example, Yu
et al.™ designed a class of photoswitchable tristate fluorescent
polymeric nanoparticles, which exhibit high contrast and
excellent photoreversibility that favor advanced optical anti-
counterfeiting. Recently, Yang et al*® reported a novel triple
fluorescence switching through multiphoton manipulation,
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which showed great potential in dual-color super-resolution
cellular imaging.

As the key module of a photocontrolled fluorescence switch,
the properties of photochromic dyes play essential roles in
determining the performance of the system."*® In particular,
recent studies revealed that the feature of the local microenvi-
ronment of photochromic dyes, e.g., hydrophobicity and spatial
flexibility, can strongly affect their photochromism
properties.**** While local hydrophobicity is favorable for the
dyes to retain their photochromic properties, spatial flexibility
can provide the necessary space for the isomerization process.
Consequently, to enhance the performance of the photoswitch
system (e.g., on/off ratio, fatigue resistance and switch rate),
researchers have proposed different strategies to regulate the
properties of photochromic dyes, such as encapsulation in
polymers**** and biomolecules.”*** Nevertheless, these strate-
gies often require a complicated synthesis process, and the
performance of the fabricated fluorescence photoswitch is still
limited. Apparently, effectively regulating the microenviron-
ment around photochromic dyes via a simple strategy is
important for advancing the application of a fluorescence
photoswitch, which has remained challenging up to now.

Recently, fluorescent inorganic nanoparticles (NPs) have
shown great potential in constructing a photocontrolled fluo-
rescence switch owing to their excellent photophysical
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properties, good  biocompatibility = and  controllable
synthesis.>** In particular, surface ligand layers of inorganic
NPs can act as effective mediators to regulate the interactions
between the inorganic core and photochromic dyes, which
make them attractive in modulating the microenvironment of
photochromic dyes on the surface of these NPs. So far, a variety
of nanoparticles have been used to construct photocontrolled
fluorescence switches, such as semiconductor quantum dots,**
upconverting NPs,*” perovskite nanocrystals®** and metal nano-
clusters.** However, multi-color fluorescence photoswitches
based on ligand-protected NPs have rarely been achieved,?* ¢
and the distinct capability of NPs for modulating the photo-
physical properties of photochromic dyes has not been
adequately exploited.**”*® Photoisomerization kinetics of
photochromic compounds is regarded as an important issue in
determining their performance in applications.'*** Thus, a deep
understanding of photoisomerization kinetics is essential for
precisely controlling their photochromic properties, which was
largely missing in many previous studies.**® In particular, the
underlying rationale for regulating their photoswitching
performance (e.g. on/off ratio and anti-fatigue property) still
needs further clarification.

Herein, we report the design of dual-color photoswitchable
fluorescent NPs (DPF NPs) by the assembly of green-emitting
gold nanoclusters (AuNCs) and photochromic spiropyran with
red fluorescence. AuNCs were chosen as the model fluorescent
NPs mainly due to their ultrasmall size, good biocompatibility
and well-defined structures.**** Compared to organic dyes, the
large specific surface area and the easily tunable surface prop-
erties of AuNCs are beneficial for regulating the photochromic
properties of photochromic dyes. Based on the efficient fluo-
rescence resonance energy transfer (FRET) between AuNCs and
spiropyran, both green and red fluorescence of the fabricated
DPF NPs can be reversibly switched on/off upon a light stimulus
(Scheme 1A). Interestingly, besides acting as the FRET donor,
AuNCs were also found to actively regulate the photochromic
properties of spiropyran within the NPs. Surface ligands of
AuNCs (arginine and 6-aza-2-thiothymine, Arg/ATT) can not
only induce deprotonation of the protonated merocyanine
(MCH") state, but also regulate the aggregate behavior of the
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Scheme 1 (A) Schematic diagram of the design principle of DPF NPs,
and (B) illustration of differentiating static and dynamic fluorescence
signals from different sub-cellular compartments by employing DPF
NPs as probes.
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merocyanine (MC) state on the surface of AuNCs. The fabricated
DPF NPs possess excellent fatigue resistance and a high on/off
ratio (~90%) for both green and red fluorescence emission,
making them promising nanoprobes for multi-color bioimag-
ing applications. As an example, we demonstrate the potential
use of these DPF NPs for effectively differentiating static and
dynamic fluorescence signals from different sub-cellular
compartments (Scheme 1B).

Results and discussion

Photochromic spiropyran can reversely transform from the non-
fluorescent SP state into the MC state with red emission under
the irradiation of UV light (Fig. S11), and acts as the FRET
acceptor in the present fluorescence switch. As reported by
Deng et al., Arg-modified ATT-AuNCs (Arg/ATT-AuNCs) exhibit
a high quantum yield.** The absolute quantum yield of as-
prepared AuNCs was measured to be 46.5 £ 0.5% (Fig. S27).
The size of green emitting Arg/ATT-AuNCs was measured to be
2.0 = 0.2 nm from transmission electron microscopy (TEM)
analysis (Fig. S31). The ultrasmall size of AuNCs is also expected
to increase the surface area in contact with spiropyran. There-
fore, ultrasmall AuNCs with high quantum yield were chosen as
the FRET donor to construct a FRET pair. As seen in Fig. 1A, the
UV-vis absorption spectrum of MC showed a strong absorption
peak at 540 nm in the visible region, while Arg/ATT-AuNCs
exhibited a narrow fluorescence band with the maximum at
530 nm. The significant overlap between the emission spectrum
of AuNCs and the absorption spectrum of spiropyran provides
an important prerequisite for switching the fluorescence of
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Fig. 1 (A) Fluorescence emission spectra of AUNCs in aqueous solu-
tion (excitation wavelength: 405 nm) and absorption spectra of SP/MC
in ethanol. (B) Scheme of the preparation of DPF NPs. (C) Represen-
tative TEM image of DPF NPs in high-angle annular dark-field (HADDF)
mode. The inset photograph is the enlarged version of several DPF
NPs. (D) Size distribution histogram of DPF NPs based on TEM images.
(E) EDS element mapping of Au and S in an individual DPF NP.
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AuNCs via FRET. Under the state of MC or SP, the overlapping
degree is remarkably different, allowing us to further control
the FRET efficiency via a UV/vis light stimulus. To ensure that
the distance between AuNCs and spiropyran meets the FRET
requirement (<10 nm), the lipid-mediated nanoprecipitation
method was adopted to encapsulate both components
(Fig. 1B).* In particular, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine with conjugated methoxyl poly(-
ethylene glycol) (DSPE-mPEG) was selected as the self-
assembling reagent to form NPs with reasonable aqueous
solubility.*”** The transmission electron microscopy (TEM)
images showed that the resulting DPF NPs are well-dispersed
with an average diameter of 35 + 7 nm (Fig. 1C and D). Their
hydrodynamic size was determined to be 52 & 4 nm by dynamic
light scattering measurement (Fig. S4t), which is larger than
that measured by TEM due to the extra hydration layers from
the outside components.* The energy dispersive spectroscopy
(EDS) results further showed a uniform distribution of Au and S
elements (Fig. 1E), indicating the successful encapsulation of
AuNCs in lipid-coated NPs.

As a photochromic dye with intrinsic fluorescence, spi-
ropyran exhibits weak fluorescence in the SP state, but becomes
highly fluorescent with the emission peak at 650 nm in the MC
state upon the UV stimulus (Fig. S51). As seen in the inset
photograph of Fig. 2A, as-prepared DPF NPs exhibit green
fluorescence from AuNCs when spiropyran is in the SP state.
Upon irradiation by UV light at 365 nm, the solution gradually
became red fluorescent originating from the MC state of spi-
ropyran as expected.*>** Meanwhile, the green fluorescence of
AuNCs was effectively inhibited due to the energy transfer from
AuNCs to the MC state of spiropyran. Indeed, the fluorescence
spectra of DPF NPs exhibited significant changes upon UV light
irradiation, as shown in Fig. 2A. The intensity of green fluo-
rescence decreased accompanied by a gradual increase in red
fluorescence, indicating the occurrence of an effective FRET
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Fig. 2 (A) Fluorescence emission spectra of DPF NPs before and after
UV irradiation. Excitation wavelength: 405 nm (inset photograph:
photocontrolled dual-color fluorescence switching of DPF NPs in
aqueous solution). (B) Time-dependent fluorescence intensity change
of DPF NPs at 530 nm and 645 nm under UV irradiation. (C) Fluores-
cence spectra of DPF NPs during several 365 nm/520 nm light irra-
diation cycles. Excitation wavelength: 405 nm. (D) Change of
fluorescence intensity at 530 nm and 645 nm upon cycled irradiation
10 times.
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process (Fig. 2B). Fluorescence decay of AuNCs before and after
illumination with UV light was also measured. As seen in Fig. S6
and Table S1,f the average fluorescence lifetime of AuNCs
decreased from 10.77 £ 0.14 ns to 2.72 £ 0.04 ns after UV light
illumination, further confirming the occurrence of FRET
between AuNCs and spiropyran. In addition, the Forster
distance (R,) was measured to be 6.4 nm, and the FRET effi-
ciency was calculated to be 90% (see details in the ESIt). Note
that although the size of DPF NPs is beyond the distance for
FRET to occur, the high local molecular density and confine-
ment effect within the lipid NPs still ensure effective FRET
between AuNCs and spiropyran.®> Moreover, the ratio of SP to
AuNCs in DPF NPs affects the FRET efficiency, and a lower ratio
will lead to a decreased efficiency (Fig. S71). Compared to
monomer MC, the fluorescence peak of MC in DPF NPs shows
a slight blue shift from 650 nm to 645 nm, suggesting that the
microenvironment of spiropyran is changed upon encapsula-
tion inside lipid NPs.

The switching reversibility of these DPF NPs was then eval-
uated upon irradiating the solution with UV and visible light
alternatively. As shown in Fig. 2C, both green and red emission
of DPF NPs could be reversibly switched on/off for at least 10
cycles. Although the intensity signal showed slight fatigue
during the cycled irradiation, the fluctuation of the switching
ratio for either green emission or red emission was calculated to
be less than 5%, indicating a good stability of DPF NP-based
photoswitches (Fig. 2D). Further quantitative analysis revealed
that the on/off ratio of the present photoswitch system is up to
90% for both green and red emission colors (Fig. S81). We note
that such a high multicolor switching ratio has been rarely
achieved in the reported multi-color fluorescence photo-
switchable nanoprobes.****~¢ Previous studies found that fluo-
rescent switches fabricated by noncovalently conjugating the
fluorescence donor with the photochromic acceptor are more
favorable for achieving a high switching ratio than that con-
structed by covalent binding.*”* Thus, instead of covalent
conjugation, we adopted a rather mild strategy by physically
encapsulating both AuNCs and spiropyran inside lipid NPs.
Meanwhile, the noncovalent method also minimizes potential
influence towards the photophysical properties of AuNCs and
spiropyran, which may also contribute to the high switching
ratio of the present system.

One big challenge for the biological application of a spi-
ropyran-based photoswitch is its poor stability in an aqueous
medium.®~** In particular, interactions between spiropyran and
ligand-protected NPs can strongly affect its photochromic
behavior in a biological environment, which consequently
determines the performance of the fluorescent photoswitch
system. Therefore, to elucidate the underlying switching
mechanism of the present system, we then investigated the
effect of the surface ligands of AuNCs on the properties of spi-
ropyran. Since Arg is located in the outer layer of AuNCs, we
assume that these Arg molecules may play a key role in medi-
ating their interactions with spiropyran. As seen in Fig. 3A, there
is a shoulder peak at 430 nm in the absorption spectra of spi-
ropyran dispersed in DSPE-mPEG, which is known as the
characteristic peak of protonated MC (MCH").%® However, in the
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Fig. 3 Absorption spectra of (A) SP@DSPE-mPEG, (B) DPF NPs in
aqueous solution, and (C) SP/MC in ethanol. (D) Scheme of the
proposed arrangement of MC on the surface of Arg/ATT-AuNCs.

presence of Arg/ATT-AuNCs, the shoulder peak at 430 nm
moved to 512 nm that corresponds to the MC state of spiropyran
(Fig. 3B). As a control, we also measured the spectral change of
AuNCs without Arg layers (ATT-AuNCs) in DSPE-mPEG. In stark
contrast, the absorption spectra of ATT-AuNCs did not show
a similar change to that of Arg/ATT-AuNCs (Fig. S971). Consistent
with the absorption spectral change, a similar phenomenon was
also observed in the excitation spectra. As seen in Fig. S10,f
compared with MCH' in DSPE-mPEG, the characteristic exci-
tation band of MC at 550 nm increased significantly in the
excitation spectrum of DPF NPs.

Altogether, these observations suggest that Arg on the
surface of AuNCs is likely the main reason for the red shift in
the absorption spectra. Previous studies showed that the MC
state usually exhibits a stronger affinity with zwitterionic Arg
than the SP state.** As illustrated in Fig. S11,1 deprotonation of
MCH" would happen when it comes into contact with Arg on the
surface of AuNCs, leading to the transformation from MCH"
into MC. Therefore, the deprotonation process of MCH'
induced by Arg is indispensable for FRET between AuNCs and
spiropyran. Moreover, the aggregate behavior of MC was also
affected by the surface ligands of AuNCs. As seen in Fig. 3C, free
MC possesses an adsorption peak at 540 nm in ethanol. In
contrast, MC in DPF NPs shows a blue-shifted peak at 510 nm,
which implies that MC may form H-aggregates in DFP NPs upon
interacting with the surface of AuNCs.***¢ As illustrated in
Fig. 3D, the oriented interactions between Arg on AuNCs and
MC lead to an ordered arrangement of MC in the form of head-
to-head aggregates. Apparently, in the present photoswitching
system, the surface ligands of AuNCs play an essential role in
effectively mediating the microenvironment and aggregate
behaviors of photochromic spiropyran.

To further understand the interactions between spiropyran
and the surface of AuNCs, photochromic kinetics of spiropyran
in DPF NPs were investigated by monitoring the fluorescence of
MC. As shown in Fig. 4A, spiropyran exhibited different
photochromic rates in ethanol under irradiation with UV and
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Fig. 4 Photochromic kinetics of (A) spiropyran in ethanol, (B) spi-
ropyran in DPF NPs and (C) SP-BSA in aqueous solution during the
coloring and discoloring process. (D) Comparison of rate constants of
SP — MC (kq) and MC — SP (k) based on data in A-C.

vis light, which corresponds to the coloring (SP — MC) and
discoloring (MC — SP) process, respectively. Further quantita-
tive analysis revealed that the rate constant k; of the SP — MC
process (0.055 s~ ') was higher than the rate constant k, of the
MC — SP process (0.035 s~ '), indicating that the reaction SP —
MC is more preferred in ethanol. However, for spiropyran in
DPF NPs, the photochromic rate k; (0.037 s~') became lower
than k, (0.046 s '), suggesting that the photochromic kinetics of
spiropyran was reversed in DPF NPs (Fig. 4B). Moreover, the
photochromic kinetic curve of SP in DFP NPs deviated slightly
from the curve of the first-order kinetics, indicating that the
aggregation of MC agrees well with the results of the absorption
spectra.”” We hypothesize that noncovalent interactions
between spiropyran and AuNCs in DPF NPs can still provide
sufficient steric flexibility for the photoisomerization of spi-
ropyran. To test the above hypothesis, the photochromic
kinetics of SP covalently attached to bovine serum albumin (SP-
BSA) was studied. Indeed, the photoisomeric degree of spi-
ropyran in SP-BSA was significantly affected, which led to
a slowdown of the SP/MC photochromism, as shown in Fig. 4C.
Compared to the photochromic rates of SP in DPF NPs and
ethanol, both k; and k, were decreased significantly in SP-BSA
(Fig. 4D). It can be concluded that the steric flexibility for the
photochromism of SP/MC is still well retained despite its
interaction with the surface of AuNCs, which then contributes
to the high on/off ratio of the DPF NP-based fluorescence
switch.

A photocontrolled fluorescence switch with a reversible
and high on/off ratio could provide a fluorescence signal with
enhanced contrast, and holds great potential as robust optical
probes for high-resolution bioimaging. To evaluate the
potential use of the present DPF NPs for cell imaging, CCK-8
assay was first performed to evaluate their cytocompatibility.
Fig. S121 shows that there was no obvious decrease in cell
viability in the presence of up to 100 pM (the concentration of
Au) DPF NPs, indicating a low cytotoxicity. Moreover, control

© 2023 The Author(s). Published by the Royal Society of Chemistry
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studies have been performed to ensure negligible phototox-
icity under the experimental conditions (Fig. S131). As shown
in Fig. 5A, the fluorescence signal in both green and red
channels was captured at different times after incubating DPF
NPs with HeLa cells. Herein, only a strong fluorescence signal
in the green channel was observed in the beginning, and there
was no fluorescence in the red channel as expected. Under
continuous exposure to 405 nm light, the fluorescence signal
in the green channel decreased gradually with a synchronous
increase in red emission (Fig. 5B). This is more evident from
the overlay images, where the pseudo color of fluorescence
images in HeLa cells turned from green to yellow, and finally
to red. This phenomenon indicates the occurrence of FRET
between AuNCs and MC in DPF NPs in the cellular environ-
ment, which is in good agreement with the above results in
the solution. In addition, the Pearson colocalization coeffi-
cient of the green and red channels was calculated to be 0.89,
which indicates that DPF NPs retain good structural integrity
inside living cells (Fig. S147). Interestingly, these DPF NPs
were found to specifically localize in the lipid droplets, as
confirmed by using a commercial lipid droplet marker,
BODIPY 493/503.%% As shown in Fig. S15,f Pearson's colocali-
zation coefficient of BODIPY 493/503 and DPF NPs is 0.83,
suggesting a remarkable accumulation of DPF NPs in cellular
lipid droplets, which is likely derived from the amphiphilicity
of DSPE-mPEG.* As shown in Fig. 5C, green fluorescence in
lipid droplets will gradually turn to red fluorescence under
irradiation with UV light. Subsequently, red fluorescence in
lipid droplets will recover to green fluorescence under irra-
diation with visible light. The reversible signal change

Continuous irradiation of UV light

Intensity
Intensity

Fig. 5 (A) Time-dependent fluorescence images of DPF NP-incu-
bated Hela cells under UV irradiation in different emission channels
(scale bar: 10 um). (B) Fluorescence intensity changes of green and red
channels versus the irradiation time based on fluorescence images. (C)
Dual-fluorescence signal change in Hel a cells upon cycled irradiation
with UV/vis light (scale bar: 10 um). (D) Changes in the fluorescence
intensity of green and red channel upon cycled irradiation with UV/vis
light.
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showed that DPF NPs still retain the property of reversible
fluorescence photoswitching in a living cellular environment.
Further quantitative analysis as shown in Fig. 5D showed that
DPF NPs possessed good photostability during the multi-
cycled photoswitching process, suggesting the great poten-
tial of DPF NPs as robust probes for advanced cell imaging
applications, such as super-resolution imaging’® and long-
term tracking.”

Compared with a single-color fluorescence switch, a dual-
color fluorescence switch can provide a more reliable and
precise imaging capability. In particular, a reversible dual-
color fluorescence photoswitch enables different targets to
be distinguished based on dynamic and static fluorescence
signals. As an example, we further evaluated the capability of
DPF NPs to distinguish fluorescence signals in lipid droplets
from mitochondria that were stained using MitoTracker™
Green in HeLa cells. As shown in Fig. 6A, before activating the
photoswitching properties of DPF NPs, it is hard to distinguish
the location of lipid droplets from mitochondria because both
organelles emit fluorescence in the green channel. However,
under continuous irradiation with UV light for 5 seconds (405
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Fig. 6 (A) Time-dependent fluorescence images of Hela cells upon
labelling with DPF NPs and MitoTracker™ Green under UV irradiation
in different emission channels (scale bar: 10 pm). (B) Fluorescence
images of Hela cells upon labelling with DPF NPs and MitoTracker™
Green under cycled irradiation with UV/vis light in green and red
channels. White circles in the images indicate two representative lipid
droplets identified based on the dynamic signals. Changes in the
fluorescence intensity of the (C) green channel and (D) red channel in
mitochondria (upper) and lipid droplets (lower) of Hela cells upon
cycled irradiation with UV/vis light.
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nm), the fluorescence signal in the green channel will partly
decrease accompanied by a significant increase in fluores-
cence in the red channel due to the activation of DPF NPs.
Upon further irradiation with visible light (552 nm), fluores-
cence signals in both green and red channels will recover back
due to the reversible photoswitching properties of DPF NPs
(Fig. 6B). It is noteworthy that the fluorescence signal of
mitochondria that were stained using non-photoswitchable
fluorophores will only be randomly fluctuating, mostly in
a “static mode” (Fig. S167). In stark contrast, fluorescence
signals from DPF NP-labelled lipid droplets will exhibit
reversible switching on/off states, in a “dynamic mode”. In this
way, fluorescence signals from two different cell organelles
can be easily distinguished based on the dynamic and static
nature of the labelling probes. Indeed, quantitative analysis in
Fig. 6C showed that during the cycled UV/vis light irradiation,
fluorescence signals in MitoTracker™ Green-stained mito-
chondria remained essentially unaltered in the green channel.
However, for DPF NP-stained lipid droplets, fluorescence
signals in the green channel displayed a cycled turn on/off
feature, allowing both signals to be easily distinguished.
Moreover, thanks to the dual-color fluorescence properties of
DPF NPs, one can also distinguish two organelles in the red
emission channel. As seen in Fig. 6D, similar to that in the
green channel, highly dynamic and switchable fluorescence
signals could be observed for DPF NP-stained lipid droplets in
the red channel, while the emission of mitochondria was
always in the dark state. Therefore, a more reliable targeted
imaging of cell organelles can be easily achieved by using
these dual-color photoswitchable NPs, which also enrich the
toolbox of available dyes for bioimaging application.

Conclusions

In summary, we have developed a new strategy for synthesizing
fluorescence photoswitchable nanoprobes by modulating the
microenvironment of photochromic dyes based on the distinct
roles of ligand-protected NPs. With Arg/ATT-AuNCs as an
example, we demonstrated the fabrication of dual-color pho-
toswitchable fluorescent NPs with a high on/off ratio (~90%) for
both green and red emission. In particular, AuNCs can effec-
tively regulate the photochromic and aggregate properties of
spiropyran through their surface ligands, which is essential for
the good photoswitching performance of the resulting NPs. The
distinct fluorescence switching properties of these DPF NPs can
be used to effectively distinguish dynamic and static fluores-
cence signals in different sub-cellular compartments (e.g. lipid
droplets and mitochondria), which make them promising
nanoprobes for versatile fluorescence imaging applications,
such as super-resolution imaging and multi-target tracking.
Moreover, this work also provides a new, generable strategy for
developing advanced photocontrolled fluorescence switches
based on various ligand-protected NPs.
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