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Abstract: It is of great significance to track the platinum drugs
in real time with super-resolution to elucidate their mechanism
of action, such as their behavior and distribution in live cells.
Such information is required for further drug development.
However, it is always challenging to design platinum complexes
suitable for such research. Herein, we design a luminescent
building block (L) for metal complexes and a dinuclear plati-
num complex (Pt2L) for super-resolution imaging. Because of
its super-large Stokes shift and excellent photophysical pro-
perties, Pt2L is capable of serving as an ideal candidate for
super-resolution imaging with extremely low luminescence
background and high photobleaching resistance. Moreover,
upon light stimulation, a matter flux of Pt2L escaping from
autolysosomes to nucleus was observed, which represents
a new transportation path. Utilizing the photoactivated escape
properties, we can regulate the nuclear accessibility of Pt2L
form autolysosomes with photo-selectivity, which provides
a new way to improve the targeting of platinum drugs.

Introduction

Since 1978, cisplatin, a member of the platinum-based
antineoplastic medications, has been approved as a clinical
anticancer drug by FDA. Cisplatin and its analogues have
been widely used as effective clinical chemotherapeutic drugs

for the treatment of cancer, such as ovarian cancer and pro-
state cancer.[1] Meanwhile, various kinds of multifunctional
platinum drugs have been developed.[2] However, the side
effects of platinum drugs (e.g., ototoxicity and ne-
phrotoxicity) resulting from their poor tumor targeting limit
their clinical effect.[3] Currently, different approaches have
been developed to improve tumor specificity of platinum
drugs to mitigate their side effects, including modification of
targeting groups or nanoparticles through active/passive tar-
geting drug delivery, oxidation of bivalent platinum to non-
toxic tetravalent platinum prodrugs and combination thera-
py.[4] Previously, He and his colleagues[5] exploited a PtII drug
that enters lysosomes via endocytosis and can be isolated in
the cytoplasm, so as to avoid toxicity and side effects. By light
activation, the PtII drug escapes from the lysosome to the
nucleus and attacks DNA to specifically kill the tumor cells.
In addition to lysosomes, autolysosomes can also sequester
drugs in the cytoplasm, which can provide additional avenues
for platinum drugs silencing as prodrug to mitigate their side
effects.[6] To address the side effects of platinum drugs, a more
detailed study of their mechanism of action, such as their
behavior and distribution in live cells, is required. Although
great progress has been made in understanding intracellular
behavior of platinum drugs, the commonly used visualization
of intracellular platinum drugs are currently all using confocal
microscopy, and thus it is difficult to achieve dynamic tracking
of ultrafine structure.[7] Much is still unclear about the in-
tracellular behavior and distribution of platinum drugs, which
impede the development of platinum drugs.[8] Therefore, it is
of great significance to track the platinum drugs in real time
with super-resolution to elucidate their dynamic behavior in
live cells for drug development.

Cell imaging combined with platinum sensor or lumines-
cent tag is a powerful method for non-invasively tracking
platinum drugs in live cells. Among different microscopies for
cell imaging, super-resolution microscopy provides a super-
resolution imaging technique to break the optical diffraction
limit, and realizes the super-resolution monitoring of the dy-
namic changes of organelles and drugs screening.[9] Among
them, super-resolution microscopy based on SIM (Structured
Illumination Microscopy) is favored by researchers because
of its advantages such as wavelength diversity, fast imaging
and simple sample preparation.[10] It has been widely used for
organelle interaction, organoids imaging, drug screening and
so on.[11] However, it has always been a challenge to image
platinum complexes directly in vivo, in real time and with
subcellular resolution, because it is difficult to design lumi-
nescent platinum complexes for such imaging, which requires
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not only good cell permeability, but also better optical pro-
perties of probes to meet the resolution, such as brighter lu-
minescence and lower luminescence background.[12] Thus, the
rational design of platinum complexes for super-resolution
imaging is critical. The large Stokes shift design of the probe
can effectively reduce the background interference by redu-
cing the overlap between excitation light and emitted light.
However, to date, there are few luminescent compounds
containing platinum complex motifs with super-large Stokes
shift,[13] and there is a lack of design guidance for these pla-
tinum complexes.[8, 14] Indeed, it is urgently needed to ratio-
nally design and provide design guidance of platinum com-
plexes with super-large Stokes shift for super-resolution
imaging to study the dynamic changes and metabolic pro-
cesses of platinum complexes in cells with super-resolution.

In general, the platinum complexes with amine-type N
coordination do not show fluorescence or phosphorescence,
and therefore it is difficult to directly track their dynamic
processes in live cells. Herein, we have designed a tripodal
luminescent ligand, L (2-(4-(bis(4-(pyridin-4-yl)-
phenyl)amino)styryl)-1-methylquinolin-1-ium iodide), as
a building block for platinum complexes. Through coordina-
tion of platinum moiety Pt(dien) (dien: diethylenetriamine)
on two pyridine groups of L, a dinuclear platinum complex,
Pt2L ([{Pt(dien)}2L](NO3)5), was obtained. The photophysical
properties of Pt2L and L were investigated in detail to analyze
the effect of the coordination of platinum moiety on the
photophysical properties of L for further design. Due to its
super-large Stokes shift and excellent photophysical pro-
perties, Pt2L can achieve super-resolution imaging with an
extremely low luminescence background and shows a high
photobleaching resistance. Furthermore, we have tracked the
photoactivated escape of Pt2L from autolysosomes to nucleus
in live cells with super-resolution. Pt2L can be isolated in
autolysosomes, and then specifically escapes to nucleus and
interacts with DNA including duplex and G-quadruplex DNA
via photo-selectivity, showing the potential as photoactivated
prodrug and providing a new way to reduce the side effects of
platinum drugs.

Results and Discussion

Design and Synthesis

D-p-A type molecules, which are composed of electron-
donating (D) and electron-accepting (A) units connected by
p-bridge, are highly modifiable to achieve rich photophysical
properties and other desired properties.[15] As shown in
Scheme S1, we designed a tripodal D-p-A type ligand L by
connecting a quinolinium moiety (A) and a triphenylamine
derivative moiety (D) with a carbon-carbon double bond (p-
bridge). In this tripodal structure of L with triphenylamine at
the center, one arm connects to quinolinium by a double bond
for luminescence and the other two arms connect to pyridine
by a single bond for the coordination with platinum moiety.
By coordinating Pt(dien) (a hydrophilic platinum unit with
two positive charges) on the two pyridine groups of L, the
dinuclear platinum complex, Pt2L (Figure 1a), with better

water solubility and better affinity to negatively charged
DNA, was obtained.[16] The compounds L and Pt2L were
thoroughly characterized by 1H NMR, 13C NMR, elemental
analysis and mass spectrometry (Figure S1-S5).

Photophysical Properties

To facilitate the spectroscopic assignment of Pt2L, an in-
vestigation into the photophysical properties of L has been
conducted. L is found to display a high-energy absorption
band at � 355 nm and a low-energy absorption band at
� 500 nm in solution (Figure S6). The high-energy absorption
band is found to be relatively insensitive to the change in
solvent polarity and is characteristic of the p-p* transition of
the triphenylamine moiety.[17] Moreover, the low-energy ab-
sorption band is found to display a blue shift upon increasing
solvent polarity, which can be well-fitted to the plot of Dim-
roth�s solvent parameter (Figure S7), suggesting the charge
transfer character of the transition. Pt2L shows a similar ab-
sorption profile when compared to that of L, exhibiting
a high-energy absorption band at � 400 nm and a low-energy
absorption band at � 490 nm in acetonitrile solution (Fig-
ure 1b). The high-energy band is found to show a red shift
when compared to that of L, and is assigned as a metal-per-
turbed p-p* transition of the triphenylamine moiety. Com-
paring the low-energy absorption band of Pt2L and L, the shift
of the absorption maxima is found to be small, suggesting the
insignificant contribution of the metal center towards this
low-energy transition. The low-energy absorption bands in L
and Pt2L are tentatively assigned as an intramolecular charge
transfer (ICT) transition and an intraligand charge transfer
(ILCT) transition, respectively, from the electron-donating
triphenylamine moiety to the electron-accepting quinolinium
moiety.

The emissive properties of Pt2L have been investigated.
Interestingly, two emission bands at � 530 nm and � 700 nm
are observed upon excitation at lex = 405 nm, while only one
emission band at � 700 nm is observed upon excitation at
lex = 488 nm (Figure 1b). From the differences in the excita-
tion spectra of these two emission bands, it is believed that
they are of different emission origin (Figure S8). This is
further supported by the differences in the lifetimes of their

Figure 1. a) Chemical structure of Pt2L. b) UV/Vis absorption and
emission spectra of Pt2L (10 mm) measured in acetonitrile and tris-HCl
buffer (10 mm, pH 7.4, 100 mmK+) with excitation at lex = 405 nm and
lex = 488 nm.
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emissive excited states, in which the high-energy emission
band at � 530 nm shows an excited state lifetime of 10.8 ms
while that of the low-energy emission band at� 700 nm shows
an excited state lifetime of 0.16 ms. Thus, the high-energy
emission band at � 530 nm is tentatively assigned as origina-
ted from a triplet metal-perturbed intraligand 3IL excited
state, as suggested by the relatively long excited-state lifetime.
The low-energy emission band at � 700 nm shows responsive
behavior to solvent polarity (Figure S9) and is suggestive of its
charge transfer excited state character. Thus, this low-energy
emission band is assigned as originated from a triplet metal-
perturbed intraligand charge transfer 3ILCT
3[p(triphenylamine)!p*(quinolinium)] excited state. On the
other hand, a low-energy emission band at � 800 nm is ob-
served in the acetonitrile solution of L (Figure S6). A com-
parison of the low-energy emission bands between L and Pt2L
in acetonitrile solutions reveals a blue shift in the emission
band upon the coordination of the platinum(II) centers. Such
an observation can be attributed to the stabilization of the
p(triphenylamine) orbital upon coordination of two positiv-
ely-charged platinum(II) centers, reducing the electron-do-
nating strength of triphenylamine, which further corroborates
the metal-perturbed 3ILCT emission assignment.

Computational Study

To investigate the nature of the absorption origins of L
and Pt2L and that of the emission origin of Pt2L, density
functional theory (DFT) and time-dependent DFT (TDDFT)
calculations have been performed. The ground-state ge-
ometries of L and Pt2L optimized in acetonitrile with the
hybrid B3LYP functional using the Coulomb-attenuating
method (CAM-B3LYP), which combines the hybrid qualities
of B3LYP and the long-range correction, are shown in Fig-
ure S10. The simulated UV-vis spectra of L and Pt2L are
shown in Figures S11,S12. Their first ten singlet-singlet
transitions computed by the TDDFT/CPCM (CH3CN) me-
thod are summarized in Table S1, and selected molecular
orbitals involved in the transitions are depicted in Figu-
res S13,S14. For both L and Pt2L, the low-energy absorption
bands computed at 432 and 416 nm, respectively, are con-
tributed by the HOMO!LUMO excitation. The HOMO is
predominantly the p orbital localized on the triphenylamine
moiety, whereas the LUMO is the p* orbital mainly localized
on the quinolinium moiety. Therefore, the low-energy ab-
sorption bands in L and Pt2L can be assigned as ICT and
ILCT, respectively, from the triphenylamine moiety to the
quinolinium moiety. The high-energy absorption band of L
computed at 305 nm is contributed by the HOMO!LU-
MO + 2 excitation, where the LUMO + 2 is the p* orbital on
the triphenylamine moiety. As a result, the high-energy ab-
sorption band of L can be assigned as p!p* transition of the
triphenylamine moiety. Similarly, the high-energy absorption
band of Pt2L computed at 341 nm is attributed to the HO-
MO!LUMO + 1 excitation, where LUMO + 1 is the p* or-
bital on the triphenylamine moiety. Therefore, the high-en-
ergy absorption band of Pt2L is assigned as p!p* transition
of the triphenylamine moiety.

To further investigate the nature of the emissive state,
geometry optimization on the lowest-lying triplet excited
state (T1) of Pt2L has been performed with the unrestricted
formalism, namely, UCAM-B3LYP/CPCM (CH3CN). The
emission wavelength of Pt2L approximated by the energy
difference between the S0 and T1 states at their corresponding
optimized geometries has a value of 660 nm. Figure 2 shown
are the optimized S0 and T1 geometries, and the spin density of
the T1 state of Pt2L. The T1 geometry is distorted from the S0

geometry, with a dihedral angle C(1)-C(2)-C(3)-C(4) of 10.68,
which is much smaller than that in the S0 geometry (31.58).
Moreover, the computed dipole moments of the S0 and T1

states are 19.6 and 41.2 Debye, respectively. The enhanced
coplanarity of the phenyl ring with the quinolinium moiety in
the T1 geometry and the subsequent enhancement in the di-
pole moment from the S0 state to the T1 state are believed to
be responsible for the super-large Stokes shift [calc.: from 416
to 660 nm (8900 cm�1); expt.: from � 490 to 750 nm
(7100 cm�1)]; such Stokes shifts are comparable to those of
the literature compounds described with super-large Stokes
shift properties.[15d] The spin density is predominantly locali-
zed on the triphenylamine and the quinolinium moieties,

Figure 2. Optimized geometries of a) the ground state (S0) and b) the
T1 state of Pt2L, and c) the plot of spin density (isovalue= 0.002) of the
T1 state of Pt2L at the optimized CAM-B3LYP geometry.
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supporting the 3ILCT character for the low-energy emission
band at � 700 nm. The theoretical study of Pt2L and L elu-
cidates the rational design of L as a luminescent building
block of platinum complexes, and rationalizes the multiple-
color and super-large Stokes shift of Pt2L for further research.

Excellent Ability of Pt2L for Super-Resolution Imaging with Low
Background and High Photobleaching Resistance

In view of its excellent photophysical properties, Pt2L is an
excellent candidate for super-resolution imaging. To test the
resolution limit of Pt2L, Hela cells were stained with Pt2L for
12 h and then SIM imaging was performed. As shown in
Figure 3, we randomly selected the SIM image, underlined
where there was luminescence in the images (Figure 3a,b)

and observed the change of online intensity (Figure 3c). The
FWHMs (full width at half maximum) of these bright puncta
are about 200 nm, which breaks the traditional diffraction li-
mit and realizes super-resolution imaging. It is helpful to
observe the hyperfine structure of the stained cells of Pt2L.

Because Pt2L has a large Stokes shift [260 nm
(7100 cm�1)], it can effectively avoid the background noise
caused by excited light. To illustrate this advantage, we chose
the commercial lysosomal dye LTR for comparison. The SIM
images of cells co-stained with LTR and Pt2L under different
excitations are shown in Figure 3d and g. Then we randomly
selected the background of two different regions in each
image and made a luminescence intensity distribution map
(Figure 3e,f and h,i). From these results, it can be seen that the
background luminescence of SIM images of LTR was si-
gnificantly higher than that of Pt2L under the same condi-

Figure 3. The resolution limit and background of SIM imaging with Pt2L. a) The super-resolution imaging of HeLa cells stained by Pt2L,
lex = 405 nm, lem = 603 nm. b) The local images from (a) in the red dotted box. c) The intensity profile of the white line in (b). Full width at half
maximum (FWHM) indicates that the super-resolution imaging has been achieved. d) The super-resolution imaging of HeLa cells stained by LTR.
e),f) The 3D intensity plots of the rectangle of integration (ROI) 1,2 from (d), lex = 568 nm, lem = 603 nm. g) The super-resolution imaging of Hela
cells stained by Pt2L. h),i) The 3D intensity plots of the ROI 3,4 from (g), lex = 405 nm, lem = 603 nm.
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tions. This shows that Pt2L not only can successfully achieve
super-resolution imaging but also effectively improve the si-
gnal-to-noise ratio.

To characterize the photobleaching resistance of lumi-
nescence puncta stained by Pt2L in three SIM laser channels
(488, 561 and 640 nm), we co-stained HeLa cells with Pt2L
and DAPI and exposed them to continuous SIM laser illu-
mination (Figure 4). The result showed that the luminescent
particles stained by Pt2L had high photobleaching resistance
in both 561 nm and 640 nm channels, with a photobleaching
lifetime of more than 108 s and 190 s, respectively. These
results indicate that Pt2L possesses excellent photostability
and can be tracked for a long time in cells by super-resolution
imaging.

Specific Recognition of Pt2L to Autolysosomes in Live Cells

Considering that luminescence puncta stained by Pt2L had
luminescence in three channels under SIM, to determine
which organelle Pt2L could be located in, we took advantage
of the fact that the luminescence quantum yield of the Pt-
complex was much lower than that of commercial probes. We
then set the exposure time to 10 ms and 6% laser intensity
under SIM 561 nm channel. Under this condition, the par-
ticles stained by Pt2L could not be imaged, whereas the
commercial organelle-targeting probes could be imaged.

Next, we co-stained the cells with commercial endosome,
autolysosome and lysosome probes, and found that Pt2L and
autolysosome probe had the highest overlap (Figure 5).

As it is generally accepted that autolysosomes do not
engulf healthy mitochondria under normal conditions, to
further verify the fact that our probes could label auto-
lysosomes, we then use commercial mitochondrial probes
(mitotracker green, MTG) and Pt2L (Figure 5 j–l) to co-stain
cells. As expected, Pt2L-labeled luminescent particles could
not overlap with healthy mitochondria. This result further
proves that Pt2L could specifically label autolysosome in live
cells. Pt2L has the potential to study the dynamic autophagy
level by specific recognition to autolysosomes through super-
resolution imaging. Compared with confocal imaging, this
provides an opportunity to track the ultrafine structure dy-
namics of autolysosomes.

Photoactivated Escape of Pt2L from Autolysosomes to Nucleus

We found that after 5 min light irradiation, the lumines-
cent particles stained by Pt2L were located around the cell
membrane with a high overlap under different SIM channels
(488, 561 and 640 nm), whereas this event was reversed when
the luminescent particles were located near the nucleus
(Figure 6a,b). In addition, Pt2L was found to gather on the
nucleus after continuous light stimulation (Figure 6a). Simi-

Figure 4. Photobleaching properties of Pt2L for continuous imaging under a) 488-nm, b) 561-nm, and c) 640-nm lasers. White dotted lines in-
dicate luminescence intensity shown in lower right of panel.
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larly, we recorded a dynamic process in which the lumines-
cence intensity of autolysosomes decreased gradually under
continuous illumination of SIM 561 nm channel, while that of
the nucleus increased gradually, indicating that Pt2L escaped
from autolysosomes to the nucleus (Figure 6c). To clarify the
matrix material that Pt2L binds in the nucleus, we then co-
stained with DNA binding probe (DAPI) in light-stimulated
cells (Figure 6 d), and found that Pt2L and DAPI had a high
overlap (Figure 6e), indicating that Pt2L could bind to nuclear
DNA. As confirmed by the luminescence response of Pt2L to
DNA, the luminescence of Pt2L increased obviously (115-fold
for duplex DNA ds26 and 218-fold for G-quadruplex DNA
22AG) upon DNA binding. The binding constant (Ka) is
calculated as 2.71� 0.30 � 106

m
�1 for ds26 and 1.10� 0.18 �

107
m
�1 for 22AG, indicating its high affinity to DNA (Fig-

ure S15). Pt2L showed a high photoinduced singlet oxygen
quantum yield (FD = 0.65 for 425 nm irradiation and 0.95 for
525 nm irradiation; Figure S16), so the effect of reactive
oxygen species (ROS) production by Pt2L on its escape be-
havior was further studied. As shown in Figure S17, with the
increase of irradiation time, the 2’,7’-dichlorofluorescein
(DCF) fluorescence increased and Pt2L gradually escaped to
the nucleus, which suggested that the escape behavior of Pt2L

was associated with its ROS production and the damage of
autolysosomes (Figure 6d), and was consistent with the re-
ported mechanism.[5, 18] For the first time, we observed a new
transportation path that a matter flux escapes from auto-
lysosomes to nucleus upon light stimulation.

Pt2L showed the behavior of photoactivated escaping
from autolysosomes to nucleus and interacting with DNA,
which had the potential of controllable nuclear accessibility
and DNA binding with photo-selectivity to improve the
treatment specificity for tumor.[5, 16] To validate this, the in-
tracellular behavior and cytotoxicity of Pt2L were further
investigated. By observing the intracellular distribution of
Pt2L within 30 h, we found that Pt2L can effectively enter the
cytoplasm of living A549 cells in 2 h, and can remain in the
cytoplasm for over 30 h without entering the nucleus (Fig-
ure S18). These results indicate that Pt2L can be isolated in
the cytoplasm and cannot enter the nucleus for a long time
under dark conditions, and further demonstrate the selectivity
of photoactivated nuclear accessibility. The cell uptake of
Pt2L in A549 cells was then performed under different in-
cubation conditions in the dark. Compared with the control
group (incubation at 37 8C), the luminescence intensity of
Pt2L in the low-temperature group (incubation at 4 8C) was
decreased obviously, while that in the experimental group
(preincubation with endocytosis inhibitor chloroquine) re-
mained unchanged (Figure S19). These results suggest that
Pt2L enters the cell by energy-dependent non-endocytosis.
Furthermore, Pt2L possesses high singlet oxygen quantum
yield and photoinduced ROS production ability, showing the
potential to be used as a photodynamic therapy (PDT) pho-
tosensitizer in the treatment of tumors.[19] So the dark and
light cytotoxicity of Pt2L were performed using MTT assay.
The results showed that Pt2L did not exhibit obvious cytoto-
xicity at the concentration of 0–12.5 mm for 48 h in the dark
with the viability over 70% for all cell lines tested. As the
concentration increased, Pt2L showed some cytotoxicity to
cells with IC50 about 141 mm for A549 cells and 33.9 mm for
HeLa cells. With 425 nm and 525 nm photoirradiation
(15 min, 40 mWcm�2; corresponding to the high-energy ab-
sorption band of Pt2L at � 400 nm and the low-energy ab-
sorption band at� 490 nm), the IC50 values of A549 cells were
about 3.3 and 2.4 mm, respectively, and those of HeLa cells
were about 2.5 and 1.9 mm, respectively (Figure S20 and
Table S5). The IC50 values upon 525 nm irradiation is slightly
lower than that upon 425 nm irradiation, possibly due to the
higher singlet oxygen quantum yield upon 525 nm irradiation
(Figure S16). The light-induced cytotoxicity of Pt2L is higher
than that of cisplatin, and shows comparable phototoxicity to
the reported photosensitizers for PDT.[5, 16a, 18] These suggest
that Pt2L has significant photoactivated cytotoxicity, and can
improve tumor specificity by selectively irradiating the tumor
tissue for tumor treatment. Compared with the reported Pt-
BDPA utilizing lysosome sequestration for platinum complex
silencing as prodrug,[5] we verified that autolysosomes also
can be used for platinum complex sequestration, further
opening up new ways for the design of this kind of platinum
complexes. Since autophagy plays a very important role in
tumor and shows environmentally dependent, the real-time

Figure 5. Co-localization of Pt2L co-stained with a)–c) endosome, d)–
f) autolysosome, g)–i) lysosome and j)–l) mitochondria under SIM 640
and 561 or 488 nm channels, and the co-localization coefficient (Pear-
son’s correlation coefficient, PCC).
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tracking of autolysosomes by Pt2L simultaneously allows us to
detect the level of autophagy in cells to assist in diagnosis.

Conclusion

In summary, we designed a multiple-color platinum
complex Pt2L with super-large Stokes shift, which can be used
for super-resolution imaging. On the technique side, due to its
super-large Stokes shift and excellent photophysical pro-
perties, Pt2L can achieve super-resolution imaging with an
extremely low luminescence background and shows a high
photobleaching resistance. On the biological side, our ability
to study matter flux in live cells can be significantly enhanced
by super-resolution imaging with Pt2L. Under light stimula-
tion, as a new transportation path, a matter flux escaping from
autolysosomes to the nucleus was observed for the first time.
By exploiting the photoactivated escape from autolysosomes
to the nucleus, Pt2L shows the potential to improve the

treatment specificity with photo-selectivity, providing a new
way to reduce the side effects of platinum drugs. Our work
provides building blocks (L) for the construction of platinum
complexes, and provides design guidance of platinum com-
plexes with excellent optical properties and super-large Sto-
kes shift for the research of platinum complex behavior in
vivo with super-resolution to promote the development of
platinum drugs.
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Super-Resolution Imaging
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Multiple-Color Platinum Complex with
Super-Large Stokes Shift for Super-
Resolution Imaging of Autolysosome
Escape

A multiple-color platinum complex (Pt2L)
with super-large Stokes shift was des-
igned for super-resolution imaging, sho-
wing an extremely low luminescence
background and high photobleaching
resistance. Moreover, upon light stimu-
lation, a matter flux of Pt2L escaping from
autolysosomes to the nucleus is detected,
which represents a new transportation
path.
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