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Robust photosensitizers with strong red/NIR fluorescence, efficient reactive oxygen species (ROS) generation and high pho-
tostability are highly desired for photodynamic therapy (PDT). Herein, three novel red conjugated polyelectrolytes (CPEs) with
tetraphenylethene and 2,1,3-benzothiadiazole on the main chains and triphenylphosphonium on the side chains are developed.
These CPEs display apparent aggregation-induced emission feature and high fluorescence quantum yields in the aggregated
state. They can target lysosome in HeLa cells for fluorescence bioimaging. By virtue of the good retention effect and high
photostability, these CPEs show ultralong-term tracing performance of subcutaneous tumors, and the tumor site can still be
visualized for 20 days after injection. Owing to their good biocompatibility and strong ROS generation ability, the image-guided
PDT based on these CPEs can effectively inhibit the growth of subcutaneous tumor and significantly prolong the survival of
tumor bearing mice. The H&E and IHC staining reveal that the PDT of these CPEs depress the proliferation of tumor cells, and
promote apoptosis and necrosis process. These new CPEs may be employed both as fluorescent probes for in vitro and in vivo
long-term tracing and as photosensitizers for image-guided PDT of tumors.

conjugated polyelectrolytes, aggregation-induced emission, long-term tracing, fluorescence imaging, photodynamic
therapy
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1 Introduction

Fluorescence imaging has emerged as a powerful tool for
biomedical studies owing to its high sensitivity, excellent
spatial and temporal resolution, noninvasiveness, real-time
wide-field image acquisition, simple operation and low cost

[1–4]. To date, several types of fluorescent materials, such as
fluorescent proteins, small organic dyes, inorganic nano-
particles, have been explored for tracing and monitoring
biological process, and image-guided surgery of tumor via
fluorescence imaging technology [5–9]. Among them, in-
organic nanoparticles (e.g., gold nanoparticles, silicon na-
noparticles, carbon nanotubes and quantum dots) are highly
luminescent and resistant to photobleaching but commonly
require additional surface modification with surfactants,
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amphiphilic polymers, peptides and proteins [10–14].
Moreover, the potential cytotoxicity of nanoparticles con-
taining heavy metals and chalcogens (e.g., CdSe and PbS)
further limits their biological applications [15–18]. In com-
parison with inorganic nanoparticles, organic dyes and
fluorescent proteins generally possess good biocompatibility
but suffer from the drawbacks of poor photostability and fast
clearance from the body [16,19,20]. On the other hand, in
vivo fluorescence imaging of tumor in experimental animal
models and human patients has been hampered by the poor
photon penetration depth in most mammalian tissues, which
are usually opaque to light in the short-wavelength region
owing to the interferences from tissues scattering, absorption
and autofluorescence [21–23]. To overcome these problems,
red/near infrared (NIR) fluorescent organic probes are
widely studied for fluorescence imaging. These probes with
large Stokes shifts and great biocompatibility can minimize
damage to living cells, and increase penetration depth of
fluorescence [24–27].
Conjugated polyelectrolytes (CPEs), a kind of macro-

molecules generally comprised of π-electron delocalized
backbones and ionic side chains, have shown great potential
in biological applications [28–33]. In particular, the ionic
groups on the side chain not only endow CPEs with good
water solubility, but also enable CPEs to bind ion-labeled
substances in aqueous or biological environments through
electrostatic interaction [34,35]. Moreover, CPEs can also be
designed and developed to promising photosensitizers for
photodynamic therapy (PDT) in vitro and in vivo. An ideal
photosensitizer should emit red/NIR fluorescence and effi-
ciently produce reactive oxygen species (ROS) under light
illumination. Compared with fluorescent probes or photo-
sensitizers based on small organic molecules, the CPEs own
the merits of the amplification effects of fluorescence signal
and ROS caused by fast energy transfer on the conjugated
polymer backbone and large absorption coefficient [36–38].
It is also reported that conventional red/NIR photo-

sensitizers such as conjugated polymer nanoparticles, gen-
erally fabricated by encapsulating the neutral polymers
within biodegradable block copolymers or proteins, en-
counter the aggregation-caused quenching (ACQ) effect
[39–42]. Similarly, many CPEs are also inclined to aggregate
in polar environments, and display greatly decreased fluor-
escence, which will undermine the photosensitivity to impact
the application of bioimaging and therapy [43]. In 2001,
Tang’s group [44–46] reported a concept of aggregation-
induced emission (AIE) that is exactly opposite to the ACQ
effect. Non-emissive luminogens in dilute solutions were
induced to emit much brighter upon aggregate formation.
Amongst various AIE molecules, tetraphenylethene (TPE) is
a typical and popular one, sharing the common feature of a
propeller-like conformation and freely rotatable peripheral
phenyl rings. Its twisted conformation effectively prevents

close π-π stacking interactions that tend to induce non-
radiative excited-state decay and avoids fluorescence
quenching [47,48].
Recently, we reported several yellow-green AIE CPEs

with TPE-containing backbones and specific targeting pen-
dants, which exhibited great potentials in targeted fluores-
cence bioimaging [49], but CPEs with therapy functions
were barely explored. As significant part of our continuous
efforts in developing CPEs-based fluorescent probes, in this
contribution, we reported three red CPEs (P1-PPh3, P2-PPh3
and P3-PPh3) consisting of electron-accepting 2,1,3-ben-
zothiadiazole, 4,7-di(thiophen-2-yl)-2,1,3-benzothiadiazole
or 4,7-bis(4-hexylthiophen-2-yl)-2,1,3-benzothiadiazole),
and AIE-active TPE derivative that is modified with ether
side chains (Scheme 1). Triphenylphosphonium (PPh3)
groups are attached on the side chains to endow these CPEs
with positive charges and targeting ability for specific or-
ganelles. These CPEs have AIE characteristics with red
emission peaks at 638−649 nm and high fluorescence
quantum yields (ΦFs) of 25.0%−30.6% in the aggregated
state. They can specifically target lysosomes and trace ly-
sosomes in HeLa cells by up to 4 d in vitro. The CPEs-
labeled cells are further transplanted into the armpit of
BALB/c mice to monitor the tumor growth, which show the
capability for long-term (20 d) tracing of subcutaneous tu-
mors. Furthermore, owing to their biocompatibility and the
appealing ability of producing singlet oxygen under white
light irradiation, the photodynamic therapy based on these
CPEs can effectively inhibit the growth of subcutaneous
tumor and significantly prolong the survival of tumor bear-
ing mice (Scheme 2). This study demonstrates the feasibility
of directly using CPEs both as fluorescent probes for in vitro
and in vivo long-term tracing and as photosensitizers for PDT
treatment of tumors.

2 Results and discussion

2.1 Synthesis and characterization

The synthetic routes of three CPEs are given in the Scheme
S1 (Supporting Information online). The neutral polymers
P1, P2 and P3 were obtained by Suzuki coupling in toluene/
H2O mixture using Pd(PPh3)4 as the catalyst. Treatment of
these neutral polymers with an excess amount of PPh3 by
nucleophilic substitution reaction provided CPEs of P1-
PPh3, P2-PPh3 and P3-PPh3. The weight-average molecular
weights (Mw) of the P1, P2 and P3 are 15,470, 14,013 and
47,913, respectively, and their polydispersity index (PDI)
were 2.41, 2.22 and 1.53 respectively. P1, P2 and P3 are
readily soluble in common organic solvents, such as toluene,
dichloromethane and tetrahydrofuran (THF), while the cor-
responding P1-PPh3, P2-PPh3 and P3-PPh3 are soluble in
N,N-dimethyl formamide (DMF) and dimethyl sulfoxide
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(DMSO) but insoluble in THF. The detailed synthesis and
characterization results for all the monomers and polymers
are provided in supporting information.

2.2 Optical properties

Figure 1(a) shows the absorption spectra of P1-PPh3 in
DMSO and water solution. In DMSO solution, P1-PPh3
shows strong absorption maximum at 506 nm with absorp-
tion a tail extending to about 600 nm. P2-PPh3 and P3-PPh3
exhibit apparent absorption extending to about 600 nm, but
the absorption spectra show no strong absorption bands at
about 506 nm (Figures S1(a) and S2(a)), which should be
attributed to the greatly decreased ratios of 4,7-di(thiophen-
2-yl)-2,1,3-benzothiadiazole or 4,7-bis(4-hexylthiophen-2-
yl)-2,1,3-benzothiadiazole) in P2-PPh3 and P3-PPh3, re-
spectively. P1-PPh3, P2-PPh3 and P3-PPh3 show red fluor-
escence at 663, 664, and 650 nm, respectively, in DMSO

solution. The blue-shifted fluorescence of P3-PPh3 in com-
parison with that of P2-PPh3 is probably due to the decreased
planarity and lowered conjugation caused by the 4-hexyl
groups. To check whether P1-PPh3 shows AIE characteristic,
the PL spectra of P1-PPh3 are measured in the DMSO-THF
with different THF volume fractions (Figure 1(b, c)). As the
THF content is increased, a poor solvent of P1-PPh3, the P1-
PPh3 molecules start to form aggregate, and the PL intensity
of P1-PPh3 is enhanced gradually, because the active in-
tramolecular motions in solution can be suppressed by spa-
tial constraint in the aggregated state. So, the nonradiative
decay of the excited state can restricted, leading to enhanced
PL intensity. To further investigate the AIE characteristics of
P1-PPh3, the PL spectra of P1-PPh3 in mixtures of DMSO/
glycerol with glycerol volume fractions of 0, 50%, and 90%,
respectively, are measured (Figure 1(d)). As predicted, the
PL intensity of P1-PPh3 is gradually enhanced by increasing
solvent viscosity. This is because high viscosity can retard

Scheme 1 Molecular structure diagram of CPEs (color online).

Scheme 2 Schematic illustration of CPEs for in vitro fluorescence imaging, in vivo long-term tracing and photodynamic therapy of tumors (color online).
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the intramolecular motions, and thus block the nonradiative
decay pathway, giving rise to enhancement in PL intensity.
P2-PPh3 and P3-PPh3 display similar AIE characteristics,
and their PL spectra in the mixtures of DMSO-THF and
DMSO/glycerol are shown in Figures S1 and S2 (Supporting
Information online). P1-PPh3, P2-PPh3 and P3-PPh3 exhibit
higher ΦFs of 30.6%, 23.9% and 25.0% in the DMSO/THF
mixture (1:9, v/v) than in pure DMSO solution (9.8%, 7.6%
and 8.7%). The absorption peak of P1-PPh3 in DMSO so-
lution is located at 506 nm, while the PLmaximum of the P1-
PPh3 in the aggregated state is around 643 nm (Table S1,
Supporting Information online). This results in an obviously
large Stokes shift (137 nm), which is greatly favored for the
bioimaging applications with a high signal-to-noise ratio, as
the possible interference of tissues autofluorescence can be
efficiently reduced.

2.3 Cytotoxicity and photostability

Based on 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetra-
zolium bromide (MTT) assay, the cytotoxicity of P1-PPh3,
P2-PPh3 and P3-PPh3 in HeLa cells is evaluated. As shown in
Figure 2(a), over 95% cell viability is remained even when
HeLa cells are treated with 40 μg mL−1 P1-PPh3, P2-PPh3 or
P3-PPh3 for 24 h, indicating that these CPEs have low cy-
totoxicity. As high photostability is required for long-term

tracing applications, the photostability of P1-PPh3, P2-PPh3
and P3-PPh3 is also investigated under continuous irradiation
of 514 nm laser with 8% power. The signal intensity is re-
corded at every 10 s and the signal loss of the CPEs is less
than 20% of its initial value after continuous irradiation for
200 s, revealing their excellent photostability (Figure 2(b)).

2.4 Subcellular imaging and long-term tracing in vitro

Lysosome plays an important role in living cells, which
functions a waste disposal system with an abundance of the
hydrolytic enzymes and accessory proteins to digest the
biological substance [50–53]. And more and more researches
have shown that various diseases such as cancer and neu-
rodegenerative diseases are related to lysosomes [54–56].
Therefore, the development of efficient fluorescent probes to
monitor lysosomes has become a popular topic in bioima-
ging and biosensing. Herein, subcellular co-localization is
performed on HeLa cells co-stained with P1-PPh3, P2-PPh3,
P3-PPh3 and Lyso-tracker green, a commercial probe iden-
tifying of lysosomes from other organelles. As shown in
Figure 3, the merged images of P1-PPh3, P2-PPh3 and P3-
PPh3 with Lyso-tracker green show overlap coefficient va-
lues of 63%, 85% and 77%, respectively, indicating the good
lysosome-targeting ability of these CPEs. Although PPh3 is
generally considered as a mitochondrial targeting group, the

Figure 1 (a) Absorption spectra of P1-PPh3 in DMSO and water solution. (b) PL spectra of P1-PPh3 in DMSO/THF mixtures with different THF fraction
(fT). (c) Plots of I/I0 of P1-PPh3 versus the compositions of the solution mixtures. I0=PL intensity in pure DMSO solution. (d) PL spectra of P1-PPh3 in
DMSO/glycerol mixtures with different glycerol fraction (fG). Concentration: 10 μM; λex=506 nm (color online).
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PPh3 groups linked on the CPEs’ side chains should have
changed the lipophilicity and electrophoretic force, resulting
in the specific targeting of these CPEs toward lysosomes of
living cells.
The in vitro long-term tracing ability of P1-PPh3, P2-PPh3

and P3-PPh3 for HeLa cells is then evaluated. Labeled with
P1-PPh3, P2-PPh3 or P3-PPh3, HeLa cells are subcultured
continuously for different passages and monitored by con-
focal laser scanning microscopy (CLSM) at 0, 2, and 4 d. As
shown in Figure S3, the labeled cells show bright fluores-
cence at the 2nd day, when the cells have gone through 4
passages, demonstrating the long-term intracellular retaining
ability of P1-PPh3, P2-PPh3 and P3-PPh3. In addition, P1-
PPh3 exhibits the best tracing ability as indicated by the
distinct retained signal at the 4th day, when the cells have
gone through 8 passages.

2.5 ROS detection

In order to examine the photosensitivity of P1-PPh3, P2-PPh3
and P3-PPh3, 9,10-anthracenediyl-bis(methylene)dimalonic

acid (ABDA) is used as the indicator. When P1-PPh3, P2-
PPh3 or P3-PPh3 is present in the solution, the UVabsorption
peaks of ABDA are decreased rapidly under white light ir-
radiation (400−700 nm, 100 mW cm−2). On the contrary, the
absorption peaks are changed little in H2O (Figure 4(a–e)).
These results reveal that P1-PPh3, P2-PPh3 and P3-PPh3 can
promote the conversion of O2 to

1O2 (ROS) under white light
irradiation, which is probably attributed to the improved
intersystem crossing (ISC) process and enhanced light-har-
vesting ability of conjugated polymers [57,58].

2.6 Photodynamic therapy in vitro

As discussed above, in the solution experiments, P1-PPh3,
P2-PPh3 and P3-PPh3 have shown good ability of ROS
generation. Here, it is further verified from the cell level that
P1-PPh3, P2-PPh3 and P3-PPh3 form aggregates in living
cells and can also produce enough ROS under white light
irradiation. As shown in Figure 5(a), after addition of the
same amount of phosphate buffered saline (PBS) into the
culture medium and irradiation under white light

Figure 2 (a) Cell viability of HeLa cells after incubation with different concentrations of P1-PPh3, P2-PPh3 or P3-PPh3 for 24 h. (b) Photostability of
internalized P1-PPh3, P2-PPh3 or P3-PPh3 under continuous irradiation using 514 nm laser with 8% power (color online).

Figure 3 Co-localization experiments of HeLa cells stained with P1-PPh3, P2-PPh3 or P3-PPh3 (5 μg mL
−1) for 24 h and subsequently co-stained with Lyso-

tracker green (200 nM) for 30 min. For red channel, λex=514 nm, λem=600−720 nm. For green channel, λex=488 nm, λem=490−530 nm (color online).
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(200 mW cm−2) for 5 min, the CLSM imaging results reveal
that there is no ROS generated in HeLa cells. However, when
P1-PPh3, P2-PPh3 or P3-PPh3 is added to the culture med-
ium, the ROS level in HeLa cells is increased significantly
after white light irradiation (200 mW cm−2) for 5 min, con-
firming that P1-PPh3, P2-PPh3 and P3-PPh3 can efficiently
produce ROS in living cells under white light irradiation.
Subsequently, the phototoxicity of these CPEs is in-
vestigated. Similarly, HeLa cells are incubated with P1-PPh3,
P2-PPh3 or P3-PPh3 for 8 h, and irradiated with white light
(200 mW cm−2) for 5 min. Then, the probes of CMFDA
(living cell tracer) and PI (dead cell tracer) are added. As
shown in Figure 5(b), all the HeLa cells in the control group
(PBS is added to the culture medium and white light is given)
survived, while HeLa cells in P1-PPh3, P2-PPh3 and P3-PPh3
groups all die, indicating that P1-PPh3, P2-PPh3 and P3-PPh3
possess excellent PDT effect under white light irradiation.
Meanwhile, the phototoxicity of P1-PPh3, P2-PPh3 and P3-
PPh3 is further evaluated by MTT assay (Figure 5(c–e)).

HeLa cells are incubated with different concentrations of P1-
PPh3, P2-PPh3 and P3-PPh3, respectively, and exposed to
white light for 5 min. After 24 h of continuous culture, MTT
assay is conducted to detect the cell viability. The results of
MTT assay disclose that the PDT effect is increased gradu-
ally with the increase of the CPEs concentration, and the best
therapeutic effect is achieved when the concentration reaches
5 μg mL−1. So, P1-PPh3, P2-PPh3 and P3-PPh3 are good
photosensitizers that can efficiently produce ROS and induce
phototoxicity in living cells under white light irradiation.

2.7 Long-term tracing in vivo

Image-guided therapy makes tumor therapy more accurate
[59–62], however, many common tracers cannot trace tumor
for a long time because of their poor photobleaching re-
sistance [63–66]. In view of the good in vitro long-term
tracing ability of P1-PPh3, P2-PPh3 and P3-PPh3, it is env-
sioned that they could have ultra-long time for in vivo tra-
cing. Thereby, subcutaneous tumor model is established by
transplanting HeLa cells into the right armpit of BALB/c
mice. When the tumors grow to 200 mm3, 200 μg of P1-
PPh3, P2-PPh3 and P3-PPh3 are injected into the tumors,
respectively. IVIS spectrum imaging system is used to
monitor tumors in real time. As shown in Figure 6, owing to
the AIE characteristics and high ΦFs in the aggregated state,
bright and well-defined fluorescence can be observed at the
tumor site, indicating that P1-PPh3, P2-PPh3 and P3-PPh3
have high imaging efficiency. Interestingly, with the exten-
sion of tracing time, the fluorescence of P1-PPh3, P2-PPh3
and P3-PPh3 decreases very slowly until the 20th day of real-
time tumor monitoring. As P1-PPh3, P2-PPh3 and P3-PPh3
retain in HeLa cells by up to 4 d, the fluorescence from
tumors since the 5th day after injecting may be attributed to
the CPEs in tumor stroma which cannot be degraded com-
pletely in HeLa cells and are exocytosed into extracellular
matrix. After that, although some mice die, fluorescence in
the tumors can still be detected, meaning that P1-PPh3, P2-
PPh3 and P3-PPh3 only require one injection for life-long
tumor monitoring. These results clearly demonstrate that P1-
PPh3, P2-PPh3 and P3-PPh3 in the aggregated state degrade
very slowly in tumor. Therefore, they hold high imaging
efficiency and can achieve long-term tumor monitoring.

2.8 Photodynamic therapy in vivo

Encouraged by the strong phototoxicity in cancer cells and
excellent long-term tumor monitoring ability, we further
investigate the in vivo PDT performance of P1-PPh3, P2-
PPh3 and P3-PPh3. In order to measure the tumor size more
accurately, we establish a HeLa cell line with spontaneous
green fluorescence (EGFP-HeLa), and construct a sub-
cutaneous tumor model with this cell line [67,68]. On the

Figure 4 UV-vis absorption spectra of the ROS indicator ABDA (50 μM)
after mixed with (a) P1-PPh3 (8 μg), (b) P2-PPh3 (8 μg), (c) P3-PPh3 (8 μg)
and (d) H2O (8 μL) upon light irradiation (white light, 100 mW cm−2). (e)
UV absorption peaks of ABDA against the white light irradiation time of
P1-PPh3, P2-PPh3, P3-PPh3 or H2O (color online).
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10th day after transplantation of EGFP-HeLa cells, the
fluorescence in tumor is monitored. All mice are divided into
7 groups: PBS, P1-PPh3, P2-PPh3, P3-PPh3, P1-PPh3+light,
P2-PPh3+light and P3-PPh3+light, and each mouse is in-
jected with 200 μg of PBS, P1-PPh3, P2-PPh3 and P3-PPh3,
correspondingly. For the groups of P1-PPh3+light, P2-PPh3
+light and P3-PPh3+light, white light irradiation (intensity:
200 mW cm−2, time: 20 min) is performed after 24 h of in-

jection. The results of EGFP fluorescence signal monitoring
disclose that the tumors in PBS, P1-PPh3, P2-PPh3 and P3-
PPh3 groups grow rapidly, while the tumor growth in P1-
PPh3+light, P2-PPh3+light and P3-PPh3+light groups have
been significantly inhibited (Figure 7(a, b)). It can be con-
cluded from these results that P1-PPh3, P2-PPh3 and P3-PPh3
have good biocompatibility in the absence of light, but can
generate phototoxicity to inhibit the tumor growth under

Figure 5 (a) Detection of intracellular ROS generation by DCFH-DA in HeLa cells after incubation with PBS, P1-PPh3, P2-PPh3 and P3-PPh3 (5 μg mL
−1),

respectively, followed by white light irradiation (200 mW cm−2, 5 min). Scale bar: 20 μm. (b) CMFDA and PI staining are used to detect the viability of HeLa
cells after incubated with PBS, P1-PPh3, P2-PPh3 and P3-PPh3(5 μg mL

−1), respectively, followed by white light irradiation (200 mW cm−2, 5 min). Scale bar:
100 μm. The MTT assay is conducted to determine the viability of HeLa cells after incubated with different concentration of (c) P1-PPh3, (d) P2-PPh3 and (e)
P3-PPh3 for 8 h, respectively, and treated with white light (400–700 nm, 200 mW cm−2, 3 min). Data are reported as mean±SD and analyzed by two-sided
Student’s t-test. *, P< 0.05, ***, P<0.001, n.s.=not significant (color online).

Figure 6 The tumors in mice injected with 200 μg of P1-PPh3, P2-PPh3 and P3-PPh3, and monitored by IVIS spectrum imaging system for 20 d (color
online).
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light irradiation, with a significant statistical difference
(P<0.001) (Figure 7(c)). Meanwhile, the survival status of
mice is recorded. The results show that the survival time of
mice in P1-PPh3+light, P2-PPh3+light and P3-PPh3+light
groups is apparently longer than that in PBS, P1-PPh3, P2-
PPh3 and P3-PPh3 groups (Figure 7(d)). This means that the
PDT based on P1-PPh3, P2-PPh3 and P3-PPh3 has an im-
pressive effect of tumor treatment and can significantly
prolong the survival of tumor-bearing mice. More im-
portantly, this PDT does not affect the weight of mice, in-
dicative of the good biocompatibility again (Figure 7(e)).
The tumor tissues are stained with H&E and Im-

munohistochemistry (IHC) to investigate the photodynamic
effect of P1-PPh3, P2-PPh3 and P3-PPh3. As shown in Figure
8(a), the tumor tissues in PBS, P1-PPh3, P2-PPh3 and P3-
PPh3 groups are closely arranged and full of viability, while

those in P1-PPh3+light, P2-PPh3+light and P3-PPh3+light
groups are sparsely arranged and have a large number of
necrotic cells. Subsequently, Bcl-2 and Ki-67 in tumor tis-
sues by IHC staining are detected. The IHC staining results
show high expression of Bcl-2 in tumor cells in PBS, P1-
PPh3, P2-PPh3 and P3-PPh3 groups but low expression in P1-
PPh3+light, P2-PPh3+light and P3-PPh3+light groups. At the
same time, Ki-67 in tumor tissue is highly expressed in PBS,
P1-PPh3, P2-PPh3 and P3-PPh3 groups, but hardly expressed
in P1-PPh3+light, P2-PPh3+light and P3-PPh3+light groups.
These IHC staining results unveil that the PDT can down-
regulate the expression of Bcl-2 and Ki-67, thus inhibiting
tumor growth and promoting the apoptosis and necrosis of
tumor cells. What’s more, by analyzing the tissue morphol-
ogy of heart, liver, spleen, lung and kidney, it is found that
the PDT has good biocompatibility (Figure 8(b)), which is in

Figure 7 (a) In vivo fluorescence imaging of EGFP-HeLa tumor bearing mice in different treatment groups (one representative mouse was shown per
group). λex=500 nm, λem=560 nm. (b) Quantified fluorescence of tumors in different treatment groups. (c) Tumor growth kinetics in different groups (n=10).
Data are presented as mean±SD. Statistical significance is calculated via one-way ANOVA. ***, P<0.001. (d) Survival status of mice in different groups after
treatment (n=10). Statistical significance is calculated via the log-rank test. ***, P<0.001. (e) The weight changes of mice in different groups during the
treatment (n=10) (color online).
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good agreement with the above findings. Conclusively, these
results clearly validate that P1-PPh3, P2-PPh3 and P3-PPh3
are biocompatible and hold excellent PDT effect in HeLa
tumor-bearing mice.

3 Conclusions

In summary, we develop three novel AIE-active CPEs (P1-
PPh3, P2-PPh3 and P3-PPh3), which display red emission
peaks at 638–649 nm and good ΦFs of 25.0%–30.6% in the
aggregated state. They hold low cytotoxicity and high pho-
tostability, and can selectively target and stain lysosome in
HeLa cells for long-term fluorescence imaging. By virtue of
the great retention effect and high photostability, the CPEs
show ultralong-term tracing performance of subcutaneous
tumors, and the tumor site can still be visualized for 20 d
after injection. Owing to their good biocompatibility and

strong ROS generation ability, the image-guided PDT based
on these CPEs can effectively inhibit the growth of sub-
cutaneous tumor and significantly prolong the survival of
tumor bearing mice. The H&E and IHC staining reveal that
the PDT of these CPEs can promote apoptosis and necrosis,
and inhibit the expression of BCL2 and Ki-67 genes of
various tumor cells, thereby depressing the proliferation of
tumor cells and promoting apoptosis. These CPEs are pro-
mising fluorescent reagents for in vitro and in vivo long-term
tracing and imaging, and efficient photosensitizers for im-
age-guided PDT of tumors.
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