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biosensing and bioimaging applica-
tions, [ 1 ]  as they possess combined advan-
tages of π-conjugated polymers (CPs), 
such as having π-delocalized backbones 
and fast electron or energy transfer, [ 2 ]  
and nanoparticles with small particle 
size, fi ne biocompatibility and high fl uo-
rescent brightness. [ 3 ]  The CPNPs could 
be called as polymer dots (Pdots) when 
they have ultrasmall particle size (less 
than 20 nm) and high brightness. [ 1b ]  So 
far, only a few studies based on the Pdots 
in biosensing and fl uorescence imaging 
have been reported, [ 4 ]  and most of them 
are non-water soluble CPs with short-life-
time fl uorescent emission. In addition, 
the sensing and imaging performance of 
Pdots often suffers the interferences from 
the background fl uorescence, such as 
some organic dyes in the sensing media 
or fl uorescent bio-substrates. Thus, 

developing novel Pdots with high utilization effi ciency is still 
challenging. 

 Phosphorescent Ir(III) complexes with high quantum effi -
ciency, tunable luminescent color from blue to near infrared, 
large Stokes shift, visible excitation, excellent photostability, 
and long emission lifetime represent a class of promising opto-
electronic materials in the family of phosphorescent transition-
metal complexes. [ 5 ]  All of these features endow the Ir(III) com-
plexes as excellent candidates in optical sensing and imaging 
applications. [ 6 ]  The long emission lifetime, above all, paves an 
effective way to eliminate the auto-fl uorescence interferences 
via time-resolved photoluminescence technique [ 7 ]  and fl uores-
cence lifetime imaging microscopy, [ 8 ]  which opens a unique 
possibility for sensing and imaging in complicated media. 
Thus, it is expected to introduce the Ir(III) complex into the CP 
main chain to obtain the phosphorescent CPNPs. [ 9 ]  Recently, 
we reported a series of cationic conjugated polyelectrolyte mate-
rials with phosphorescent Ir(III) complexes for time-resolved 
luminescent heparin sensing and fl uorescence lifetime 
imaging, in which some design principles for phosphorescent 
CP-based biosensors were summarized. [ 9a ]  McNeill et al. [ 10 ]  also 
reported a two-component phosphorescent Pdot by mixing pol-
yfl uorene and platinum(II) complex PtOEP for oxygen sensing 
and bioimaging. However, there is still very limited research on 
developing phosphorescent Pdots based on single-component 
CPs for the applications in sensing, bioimaging, and cancer 
therapy. 
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  1.     Introduction 

 The past several years have witnessed the rapid development 
of conjugated polymer nanoparticles (CPNPs) in the chemo/
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 Moreover, the phosphorescent Ir(III) complexes can 
be utilized not only as optical sensors for oxygen because 
the ground state of oxygen is triplet state that can quench the 
triplet phosphorescence, [ 11 ]  but also as photosensitizers for 
photodynamic therapy (PDT). [ 12 ]  PDT has been developed as 
one of the most powerful methods in cancer therapy, which 
is, for certain cancers, superior to chemotherapeutic ways 
with systematic toxicity and long-term side effects. The pho-
tosensitizer, irradiation light, and molecular oxygen are the 
three primary components in the PDT process to generate 
reactive oxygen species (ROS) that are highly toxic to cancer 
cells. [ 13 ]  

 In this work, we report a novel class of phosphorescent 
CPNPs containing the Ir(III) complexes for optical oxygen 
sensing and photodynamic cancer therapy. Two CPs containing 
the Ir(III) complexes were designed and synthesized via Suzuki 
coupling reaction, which were composed of phosphorescent 
Ir(III) complexes and fl uorescent fl ourene units as shown in 
 Figure    1  a. An effi cient energy transfer from the polymer main 
chain to the Ir(III) complex occurs in this system. On account of 
the amphiphilic structures, these polymers could self-assemble 
to form phosphorescent Pdots with ultrasmall particle size of 
(6 ± 2) nm in aqueous solution without any further modifi ca-
tions and other auxiliary components (Figure  1 b). By utilizing 
the energy transfer from the excited state of phosphorescent 
Pdots to the ground state of molecular oxygen (triplet state), 
these Pdots could be applied in the optical sensing for oxygen. 
Furthermore, the singlet oxygen ( 1 O 2 ) was produced in the 
energy transfer process to cause oxidative cellular damage, 
leading to the apoptosis and cell death to realize PDT as illus-
trated in Figure  1 c.   

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization 

 The CPs with different phosphorescent Ir(III) complex con-
tents were obtained after the quaternization of their precur-
sors, which were synthesized via Suzuki coupling reactions 
in high yields (65–75%). The synthetic routes were shown in 
Scheme S1 of the Supporting Information (SI). As the feed per-
centages of the Ir(III) complexes in the polymers were 4 and 
8 mol%, the polymers are named as WPF-Ir4 and WPF-Ir8, cor-
respondingly. These polymers were characterized by  1 H NMR, 
 13 C NMR and gel permeation chromatography (GPC) (see the 
SI). Their photophysical properties were investigated through 
UV-visible absorption and photoluminescent (PL) spectroscopy, 
and their morphologies in aqueous solution were measured by 
high resolution transmission electron microscopy (HR-TEM). 
The absorption and emission spectra of the polymers in both 
aqueous solution and the solid fi lms are shown in Figure S1 
of the SI. The concentrations of the polymers were calculated 
using the repeating units based on their feed percentages. The 
main absorption bands for WPF-Ir4 and WPF-Ir8 centered at 
380 nm in aqueous solution (15 µ M ), which were assigned to 
the absorption of π–π* transitions of the polymer backbones. 
A weak absorption band around 400–550 nm attributed to the 
metal-to-ligand charge-transfer (MLCT) transition of the Ir(III) 
complex was observed, which became much more intense 
in the solid fi lms. In PL spectra, a major emission peak at 
425 nm and a shoulder at 450 assigned to the polyfl uorene 
main chain, together with a red emission peak at 630 nm due 
to phosphorescent Ir(III) complex, were recorded for both 
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 Figure 1.    a) Chemical structures of phosphorescent CPs with the Ir(III) complexes; b) HR-TEM of WPF-Ir4 in aqueous solution; and c) mechanisms 
illustrating the oxygen sensing and PDT.
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polymers in aqueous solution. The red emission intensity of 
WPF-Ir8 is higher than that of WPF-Ir4, because of more effi -
cient Förster resonance energy transfer (FRET) from the donor 
to acceptor for the polymer with higher Ir(III) complex content. 
This FRET phenomenon becomes more obvious in the solid 
state. As shown in Figure S1 of the SI, even for the WPF-Ir4 
fi lm with lower content of Ir(III) complex, the red emission at 
630 nm was the dominated one and a shoulder peak at 675 nm 
appeared. For the WPF-Ir8 fi lm, there was a strong red emis-
sion band at 630 nm with a shoulder. These results indicate 
that the aggregated state in the polymer fi lms favors more effi -
cient energy transfer from the polyfl uorene donor to the Ir(III) 
acceptor. [ 14 ]  

 The Pdots possess the average particle size smaller than 
10 nm determined by HR-TEM as shown in Figure S2a. The 
hydrodynamic diameter and zeta potential of the Pdots were 
determined by dynamic light scattering (DLS). The mean dia-
meter of the Pdots is 19 nm and their average zeta potential 
is 45.9 mV (Figure S2b). It is reasonable that hydrodynamic 
diameter of the Pdots measured by DLS is larger than their size 
obtained by TEM, because the hydrodynamic diameter is the 
hydrated diameter combined by the Pdot cores together with 
the solvent coating layer, while for TEM, this hydration layer 
is not present. The Pdots in this work are positively charged in 
aqueous solution, which makes the cellular uptake of the Pdots 
easier through electrostatic interaction between the Pdots and 
negatively charged phospholipid cell membrane.  

  2.2.     Oxygen Sensing 

 Next, the oxygen sensing experiments were conducted for 
WPF-Ir8 (as an example) in 10 m M  phosphate buffered saline 
(PBS, pH = 7.0 at 25 °C) solution at a polymer concentration of 
60 µ M . The changes of PL spectra from WPF-Ir8 under various 
oxygen partial pressures at room temperature are revealed in 
 Figure    2  a. Under the nitrogen atmosphere (0% oxygen), the PL 
spectrum of the WPF-Ir8 solution was dominated by the triplet 
emission (T 1 -S 0 ) at 630 nm with a shoulder band at 675 nm 
from phosphorescent Ir(III) complex, and the blue emission 
(S 1 -S 0 ) at around 450 nm from the polyfl uorene unit was quite 
weak due to the effi cient FRET. The red emission intensity 
of the polymer solution around 630 nm, however, decreased 
remarkably with an enhancement of the oxygen pressure, and 
quenched at 100% oxygen atmosphere. The emission color of 
the solution changed from red to blue upon the increase of 
the oxygen pressure, which could be visualized by naked eyes 
under a UV lamp excited at 365 nm (inset image of Figure  2 b). 
Thus, a ratiometric and colorimetric oxygen nanosensor was 
realized based on the phosphorescent Pdots.  

 Using the PL spectral changes, quantitative analysis of 
oxygen sensing from the ratiometric probe was illustrated by 
the Stern-Volmer plot as shown in the inset of Figure  2 a. Here, 
we defi ned  R  0  I  and  R  I  as the emission intensity ratios between 
the phosphorescence at 630 nm and fl uorescence at 450 nm in 
the absence and presence of oxygen, respectively. The Stern-
Volmer equation is shown as follows: [ 11a ] 

 / 1I
0

I SV O2= +R R K p   

 where  K  SV  is the Stern-Volmer constant, and O2p  is the oxygen 
partial pressure. From the trend line in the inset of Figure  2 a, a 
good linear relationship between  R  0  I / R  I  and O2p  was presented. 
Based on the slope of the trend line,  K  SV  was estimated to be 
6.3 × 10 −3  mmHg. By using the  K  SV  value, the oxygen concen-
tration in unknown aqueous solution in the range of 0–50% 
oxygen level can be detected through the optical response. [ 15 ]  

 To study the oxygen quenching effi ciency, the PL spectra of 
WPF-Ir8 in aqueous solution saturated with N 2  and O 2  were 
measured (Figure S3 in the SI). According to the following 
equation:  [ 10 ] 

 ( )/N O N2 2 2= −Q R R R   

 where  Q  is the oxygen quenching effi ciency, and  R  N2  and  R  O2  
are the emission intensity ratios between phosphorescence at 
630 nm and fl uorescence at 450 nm for the WPF-Ir8 solution 
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 Figure 2.    a) PL spectra of WPF-Ir8 in 10 m M  PBS solution under different 
oxygen pressures. Inset: Stern−Volmer plot and linear correlation of the 
ratiometric fl uorescent/phosphorescent response to O 2  partial pressure; 
b) Fluorescence decays of WPF-Ir8 in aqueous solution saturated with N 2 , 
air and O 2 , respectively. Inset: emission images of WPF-Ir8 in aqueous 
solution saturated with N 2 , air and O 2 .
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saturated with N 2  and O 2 , the  Q  value was estimated to be 0.967, 
suggesting high sensitivity of WPF-Ir8 for oxygen as compared 
with previous report. [ 10 ]  As a control, we also synthesized the 
polyfl uorene polymer (PFP) without the phosphorescent Ir(III) 
complex (Scheme S3). Simultaneously, the same experiment 
was carried out for PFP in aqueous solution (Figure S4 in the 
SI), and around 30% spectral decrease under oxygen atmos-
phere was detected, indicating dominant role of the Ir(III) com-
plex in oxygen sensing. 

 The lifetimes of phosphorescent emission at 630 nm for the 
Pdots solution in different gas atmosphere were obtained based 
on the fl uorescence decay as shown in Figure  2 b. The emission 
lifetimes at 630 nm for the Pdots aqueous solution saturated 
with N 2 , air and O 2  decreased from 0.60 µs to 0.23 µs, which 
further confi rmed the potent phosphorescence quenching by 
molecular oxygen.  

  2.3.     Cellular Imaging 

 In order to demonstrate the application potential of phos-
phorescent Pdots in PDT, cellular imaging experiments were 

conducted by a confocal laser scanning microscopy (CLSM), 
the photodynamic cytotoxicity was evaluated by (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, 
and the cell apoptosis was studied through fl ow cytometry 
technique. 

 The confocal images of HeLa cells (human cervical carci-
noma cells) after incubation with Pdots (WPF-Ir4 at 7.5 µ M ) 
in 10 m M  PBS at pH 7.0 are shown in  Figure    3   and Figure S6 
in the SI. The emission collected at 420–460 nm is assigned 
to the fl uorescence from polyfl uorene segment (Figure  3 a), and 
that at 600–650 nm is due to phosphorescent Ir(III) complex 
(Figure  3 b). From the overlay image (Figure  3 c), both the blue 
and red luminescence was observed from the cell cytoplasm, 
indicating that the Pdots can pass across the cell membrane 
and enter into the cytoplasm. Although considerable Pdots 
were endocytosed by HeLa cells, we observed the differentiation 
of the cells, demonstrating the healthy status of the cells in the 
presence of Pdots. The low cytotoxicity was further proven by 
the MTT assay. To highlight the long emission lifetime of phos-
phorescent Pdots ( τ  = 0.41 µs in aqueous solution), the fl uo-
rescence lifetime imaging microscopy (FLIM) was applied. As 
shown in Figure  3 d and Figure S7, a high-quality long emission 

Adv. Funct. Mater. 2014, 24, 4823–4830

 Figure 3.    Confocal images of HeLa cells collected at a) 420–460 nm and b) 600–650 nm, c) overlay image of (a) and (b), and d) fl uorescent lifetime 
imaging. The excitation wavelength was 405 nm. HeLa cells were incubated with 7.5 µ M  WPF-Ir4 at 37 °C for 12 h.
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lifetime signal ( τ  = 150 ns) was observed, which allowed the 
phosphorescent Pdots to be recognized from the short-lived fl u-
orescent background interferences in the complicated media.  

 To evaluate the cytotoxicity of the Pdots in living cells, 
standard MTT assay was carried out for Pdots (WPF-Ir4) in dif-
ferent concentrations. Cell viability values (%) were assessed 
by MTT proliferation test versus incubation concentrations of 
Pdots (0–90 µ M ) in living HeLa cells at 37 °C for 12, 24, and 
36 h ( Figure    4  ). The cell viability was more than 80% for very 
high concentration of Pdots (90 µ M ) after incubation for 36 h. 
Thus, both the confocal images and MTT assay results indicate 
that the Pdots have low cytotoxicity and fi ne biocompatibility 
for biological applications.   

  2.4.     Photodynamic Therapy 

 Upon photoexcitation, an energy transfer between the triplet 
state of the Ir(III) complex in the Pdots and the ground state of 
molecular oxygen could lead to the generation of an electroni-
cally excited state of molecular oxygen, that is, singlet oxygen 
( 1 O 2 ), the process which is called triplet-triplet annihilation (TTA) 
mechanism. [ 16 ]  The photogenerated  1 O 2  is able to kill cancer 
cells under the PDT process. [ 17 ]  Thus, the phosphorescent Pdots 
we studied in this work were further applied as a photo sensitizer 
in PDT for cancer therapy. A chemical trap, 
2,2′-(anthracene-9,10-diylbis(methylene))
dimalonic acid (ADMA, Scheme S2), [ 18 ]  was 
utilized to capture  1 O 2  photogenerated by the 
Pdots. When  1 O 2  is produced from the system, 
the photodegradation of ADMA is revealed by 
its absorption spectral quenching. [ 19 ]  There-
fore, the  1 O 2  generation effi ciency can be indi-
rectly measured by monitoring the absorption 
spectral changes of ADMA. The experiment 
was conducted for Pdots (WPF-Ir4, 15 µ M ) 
in 10 m M  PBS solution containing ADMA 
(50 µ M ). The absorption spectra were recorded 
at ten-minute intervals under irradiation at 
488 nm, and the ratios of absorbance between 
Pdots at 375 nm and ADMA at 259 nm were 
plotted as a function of the irradiation time. 
As shown in  Figure    5  a, upon the irradiation, 

the absorbance at 259 nm assigned to ADMA decreased remark-
ably, while the one at 375 nm attributed to the Pdots showed neg-
ligible changes. The common logarithm of the ratios between 
the absorbance at 375 nm and 259 nm was taken to investigate 
the relative  1 O 2  photogeneration effi ciency upon irradiation time 
from 0 to 50 min. As shown in the inset plot of Figure  5 a,  1 O 2  
was generated effi ciently with a linear relationship upon the 
photoexcitation of the Pdots in PBS buffer solution.  

 The capability of the Pdots for photogenerating  1 O 2  was 
expected to induce the oxidative cellular damage and cancer 
cell death. HeLa cells were chosen as a model to study the PDT 
effect in vitro. The photodynamic cytotoxicity was evaluated 
by the MTT assay for Pdots (WPF-Ir4) at various concentra-
tions (0–30 µ M ). The HeLa cells were fi rst incubated with the 
Pdots for 12 h. After changing the old medium, the cells were 
exposed to a light at 488 nm with the irradiation power as low 
as 2.5 mW cm −2  for 30 min. The MTT assay was performed 
after another 24 h incubation. As shown in Figure  5 b, a promi-
nent photocytotoxicity was revealed under the PDT process. At 
a concentration of 7.5 µ M  used for the Pdots, the cell death rate 
reached around 50%. Upon increasing the sample concentra-
tion to more than 15 µM, the cell viability decreased to less than 
20%. Further prolonging the light exposure time to one hour at 
488 nm caused little increase of the cell death rate (Figure S8 
in the SI). 

 To evaluate the photostability of the Pdots and the  1 O 2  
detector ADMA, PL spectra were collected for WPF-Ir4 
(15 µM) and ADMA under the irradiation at 488 nm for 
90 min (Figures S9 and S10 in the SI). Almost no spectral 
change for the Pdots even after persistent illumination for 
90 min was observed, indicating its high photostability. For 
ADMA, its absorption and PL spectra kept stable after 90 min 
of irradiation (Figure S10). In the dark control and light con-
trol without any Pdots, the morphologies of HeLa cells main-
tained normal ( Figure    6  a). After incubation with Pdots (15 µ M ) 
upon light irradiation, however, the cell morphologies changed 
dramatically, showing the cell membrane breach, cytoplasm 
and nuclear condensation, and a large amount of fl oating 
dead cells in the media. As a control, the same experiments 
were conducted using the PFP without phosphorescent Ir(III) 
complex (Scheme S3) for cell imaging and PDT. First, the 
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 Figure 4.    MTT cell viability values (%) of HeLa cells incubated with WPF-
Ir4 at various concentrations for 12, 24, and 36 h.

 Figure 5.    a) Absorption spectra of single oxygen trap ADMA (50 µ M ) alone, and ADMA 
(50 µ M ) with Pdots (15 µ M ) in 10 m M  PBS buffer under irradiation at 488 nm for different 
times (0–50 min); inset: plot of common logarithm for the absorbance at 259 nm and 375 nm 
[log( A  375nm / A  259nm )] as a function of light irradiation time in a PBS buffer solution containing 
WPF-Ir4 (15 µ M ) and ADMA (50 µ M ); b) MTT cell viability values (%) of HeLa cells incubated 
with WPF-Ir4 for 12 h and then irradiated at 488 nm for 30 min.
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 1 O 2  photogenerated by PFP under irradiation at 405 nm for 
90 min was monitored in the presence of ADMA. As shown 
in Figure S11, the  1 O 2  generation effi ciency by PFP was quite 
low. Then, PFP (30 µ M ) was incubated with HeLa cells for 12 h, 
and then confocal images were taken as shown in Figure S12. 
The emission collected at 420–460 nm was assigned to the PFP 
fl uorescence. From the overlay image, it was observed that PFP 
could pass across the cell membrane and label the cytoplasm. 
Furthermore, the photodynamic cytotoxicity of PFP was con-
ducted by MTT assay under the same PDT procedure used for 
the phosphorescent Pdots. As shown in Figure S13, the cell 
viability was more than 70% under the irradiation at 405 nm 
for 60 min, indicating that the PFP itself showed low photocyto-
toxicity for living HeLa cells. These results demonstrate that the 
phosphorescent Pdots explored could be used as a promising 
anticancer agent under PDT.  

 To further confi rm the anticancer activity of the phospho-
rescent Pdots as well as to quantify the cell apoptosis, fl ow 

cytometry experiments were carried out. Living HeLa cells 
were incubated with the Pdots (WPF-Ir4) at two concentra-
tions (7.5 µ M  and 15 µ M ) for 12 h. After irradiation at 488 nm 
for 30 min, the cells were cultured for another 24 h. Before 
the fl ow cytometry analysis, the cells were stained by Annexin 
V-FITC cell apoptosis kit. Annexin V-FITC was used to stain 
the apoptotic cells, where it could bind with phosphatidylserine 
(PS), a protein located on the cytoplasmic surface of normal 
cell membrane, but translocated to the outside surface of cell 
membrane during the cell apoptosis process. Thus, the normal 
cells present weak or no green fl uorescence after staining, 
while Annexin V-FITC binds with the exposed PS in apoptotic 
cells to cause higher green fl uorescence intensity from the 
apoptotic cells. HeLa cells without any treatment were used as 
the blank control. For blank dark control group, the cells were 
incubated in the dark, while for blank light control group, the 
cells were exposed to light irradiation at 488 nm for 30 min. 
In blank dark control and light control groups, cells were also 
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 Figure 6.    a) Phase contrast bright-fi eld images of HeLa cells in dark control, light control and incubated with the Pdots (15 µ M ) under irradiation at 
488 nm for 30 min. Flow cytometry of HeLa cells incubated with the Pdots (0–15 µ M ) at 37 °C for 24 h. Hela cells were b–d) in the dark control and 
e,g) irradiated at 488 nm for 30 min. FL1-H: Annexin V-FITC fl uorescence intensity.
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stained with Annexin V-FITC under the same procedure. After 
the PDT and staining experiments were conducted followed by 
24 h incubation, the cells might be in different apoptotic stages. 
Because the apoptosis process is a continuous process, the cells 
at different apoptotic stages could all be observed. For early 
apoptotic cells, less PS would be translocated to result in weak 
green fl uorescence. For late apoptotic cells, more translocated 
PS led to higher green fl uorescence intensity. As seen from 
Figure  6 b,e, the apoptotic cells were only 5.78 and 5.76% in 
blank dark and blank light control groups. For the dark control 
groups with the Pdot samples, the apoptosis rates were around 
12% (Figure  6 c,d). Signifi cantly, the apoptosis rates reached 
over 50% for the sample groups upon irradiation for 30 min 
(Figure  6 f,g). These results indicate that the Pdots can effec-
tively induce the apoptosis and lead to the cell death through 
the PDT process.   

  3.     Conclusions 

 In summary, a novel type of phosphorescent polymer dots con-
taining the Ir(III) complex have been developed. An effi cient 
energy transfer from the polymer main chain to the phospho-
rescent Ir(III) complex has been observed in the system. Inter-
estingly, the polymer dots could serve as an optical probe for 
monitoring oxygen in aqueous solution with a high sensitivity, 
which could be visualized by naked eyes. The energy transfer in 
the triplet-triplet annihilation process enables the  1 O 2  genera-
tion, causing effective apoptosis and death of cancer cells under 
the photodynamic therapy process. To our best knowledge, 
this is the fi rst example by using single-component phospho-
rescent polymer dots to carry out the photodynamic therapy in 
cancer therapy. Thus, this study may provide a new platform for 
designing multifunctional polymer nanoparticles towards bio-
sensing, imaging and therapy applications in the future.  

  4.     Experimental Section 
  Materials and Methods : All chemical reagents, unless otherwise 

specifi ed, were purchased from Sigma Aldrich Chemical Company. 
All solvents for reactions and photophysical investigations were of 
HPLC grade. IrCl 3 ·3H 2 O was an industrial product and used without 
further purifi cation. The polymer concentrations were determined 
by the molecular weight of the polymer repeat unit (RU), which was 
calculated through the feed ratios of the polymers. Taking WPF-
Ir4 as an example: its molecular weight is 679.0 g mol –1 , including 
0.04 mol Ir(III) complex unit and 0.96 mol fl uorene unit. Stock 
solutions for the polymers (1 m M ) were prepared in MilliQ water, 
which were diluted to different concentrations in 10 m M  PBS solution. 
Photoluminescence (PL) and PL excitation spectra were measured on 
a Shimadzu RF5300 with Xe lamp excitation source and Edinburgh FL 
920 instrument. The UV-vis absorption spectra were recorded on a 
UV-3600 Shimadzu UV-vis spectrophotometer. The nuclear magnetic 
resonance (NMR) spectra were recorded on Bruker ACF400 (400 MHz) 
instrument. Mass spectra were obtained on a Bruker autofl ex matrix-
assisted laser desorption ionization time-of-fl ight (MALDI-TOF/
TOF) mass spectrometer (MS3) and a Shimadzu GCMS-QP2010. 
The gel permeation chromatography (GPC) analysis of the polymers 
was conducted on a Shimadzu 10 Å with THF as the eluent and 
poly(styrene) as the standard. The data were analyzed by using the 
software package provided by Shimadzu Instruments. Photographs 

of the solution samples were taken by a Cannon EOC 400D Digital 
camera under a hand-held UV lamp excited at 365 nm. Hydrodynamic 
diameter was determined by dynamic light scattering (DLS) with 
particle sizing software (90 plus, Brookhaven Instruments Co. USA) at 
a fi xed angle of 90° at room temperature. Zeta potential was measured 
by Zeta-plus zeta potential analyzer. Phosphorescence lifetimes were 
determined by an Edinburgh instrument laser impulse fl uorometer 
with picosecond time resolution. High resolution transmission electron 
microscopy (HR-TEM) images were taken by JEOL 2010 TEM at 200 kV. 
A microplate reader (infi nite 200 PRO, Tecan) was employed for the 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay. Confocal microscopy images were taken by a Leica TCS confocal 
microscope (Nikon, Eclipse TE2000-E, 60 × oil objective). Bright-fi eld 
images of cells were obtained by an inverted microscope Olympus 
CKX41. The fl uorescent lifetime images were obtained by Olympus 
IX81 laser scanning confocal microscope. The fl uorescence signal 
was detected by confocal microscope, and correlative calculation 
of the data was performed by a professional software provided by 
PicoQuant S19 company. The light from the pulse diode laser head 
(PicoQuant, PDL 800-D) with excitation wavelength of 405 nm 
and frequency of 0.5 MHz was used to focuse on the samples with a 
40x/NA 0.95 objective lens. Flow cytometry experiments were conducted 
by BD FACS Calibur Flow Cytometer. 

  Cell Culture : HeLa cells were cultured in DMEM medium containing 
10% FBS (Gibco) and penicillin (1%) at 37 °C under 5% CO 2  
atmosphere. The cell culture medium was changed every 48 h. 

  CLSM : The HeLa cells were seeded into a 6-well plate (Nunc) at an 
initial cell density of 2 × 10 4  cells cm -2 . After 24 h growth, the cells 
were treated with the Pdots (15 µ M ) for 12 h. Then, the cell culture 
medium was removed and HeLa cells were washed with PBS (pH = 
7.4) before fi xed by 4.0% formaldehyde (1 mL) at room temperature. 
The fi xed cells were again washed with PBS buffer (pH = 7.4) for 
three times before observation by confocal laser scanning microscope 
(60 × oil objective). 

  MTT Assay : The cytotoxicity of Pdot itself and the photocytotoxicity 
effect of the Pdots were evaluated by MTT assay. HeLa cells were seeded 
into a 96-well plate at a density of 1 × 10 4  cells per well and cultured 
for 24 h. Pdots were added into each well at a series of concentrations 
(0, 7.5, 15, 30, 60, and 90 µ M ). After incubation for 12, 24, and 36 h, 
respectively, the medium was removed, and the cells were washed by 
PBS twice to remove free Pdots in the medium. Fresh complete DMEM 
medium (100 µL) containing MTT (5 mg mL −1 ) was added into each 
well. After 4 h incubation, the medium was removed and DMSO 
(100 µL) was added into each well. The plate was gently shaken for 
5 min and the absorbance intensity at 565 nm was recorded using a 
microplate reader. The relative cell viability related to control wells 
treated with medium only was calculated by [ A ] test /[ A ] control , where [ A ] test  
and [ A ] control  are the average absorbance of the test and control samples 
( n  = 8), respectively. 

 The photodynamic cytotoxicity experiment was conducted using 
a similar procedure. HeLa cells were seeded into a 96-well plate and 
cultured in DMEM for 24 h. Then, the Pdots at a series of concentrations 
(0, 7.5, 15, 22.5, and 30 µ M ) were added and incubated for 12 h. Then, 
the medium was replaced by fresh medium. The cells were further 
cultured for 4 h before exposure to 488 nm light (2.5 mW cm −2 ) for 
30 min, followed by further incubation for 24 h before the MTT assay. 

  Cell Apoptosis Assay by Flow Cytometry : HeLa cells were seeded in 
6-well plates and grown in complete DMEM medium for 24 h. The 
Pdots (0, 7.5, and 15 µ M ) were added into each well. After incubation 
for 12 h, the medium was removed and fresh complete medium 
was added. Then, the plates were irradiated at 488 nm laser light 
(2.5 mW cm −2 ) for 30 min. After 24 h further incubation, the medium 
was removed and cells were harvested by trypsin treatment. The 
collected cells were centrifuged and washed by PBS twice before 
staining by the apoptosis/death cell assay kit (Invitrogen) according to 
the product’s protocol. Annexin V-FITC was used to stain the apoptotic 
cells. Finally, fl ow cytometry analysis was performed by BD FACS 
Calibur Flow Cytometer.  
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