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  1. Introduction 

 The current chemotherapy of cancer suffers greatly by the lim-
ited treatment effi cacy and severe side effects in patients. [  1–3  ]  
A variety of strategies, including enhancing the targeting 
effi ciency of drug carriers, [  4  ]  increasing the cellular uptake of 
drugs, [  5  ,  6  ]  and developing other therapeutic approaches based 
on different mechanisms for combined cancer therapy, [  7  ,  8  ]  have 
been actively explored to circumvent these problems. In recent 
years, photothermal therapy by using nanomaterials absorbing 

light, particularly near-infrared (NIR) light 
with superior tissue penetration ability, to 
generate heat under light exposure, has 
received tremendous attention. [  9–11  ]  The 
NIR-light-induced phtotothermal heating 
can not only be used to directly kill 
cancer cell by hyperthermia, but is also 
able to remarkably improve the effi cacy 
of other therapeutics under mild heating 
(e.g.,  ≈ 43  ° C), by triggering the release 
of drugs loaded on nanomaterials, [  12–14  ]  
or enhancing the cellular uptake of drug 
loaded nanocarriers. [  8  ,  15  ]  The combination 
of photothermal therapy with traditional 
therapies may be an alternative approach 
to overcome certain limitations in current 
cancer treatment, and therefore merits a 
lot more future research. 

 However, most photothermal agents 
adopted currently are inorganic nano-
materials, such as various gold nanostruc-
tures and carbon nanomaterials, [  16–28  ]  
which are usually non-biodegradable and 
may arouse the long-term toxicity con-
cern because of their long body retention 
time. [  29–32  ]  The development of organic 
nanoparticles with strong NIR absorbance 

and the possibility of biodegradation has therefore received sig-
nifi cant attention in recent years. A number of NIR-absorbing 
organic conductive polymers, such as polypyrrole, [  33–35  ]  poly-
aniline, [  36  ]  and poly(3,4-ethylenedioxythiophene):poly(4-styre-
nesulfonate) (PEDOT:PSS) [  37  ]  have emerged as a new type of 
photothermal agent, showing encouraging cancer treatment 
effi cacy in a number of animal experiments. It has also been 
reported that water soluble conjugated polymers can be used as 
drug carriers to load drugs such as DOX and porphyrin. [  38–40  ]  
Therefore, we wonder whether these organic NIR-absorbing 
nanoparticles could be used for drug delivery and cancer com-
bination therapy, which has not yet been reported to our best 
knowledge. 

 In our previous study, we found that organic nanoparticles 
based on polyethylene glycol (PEG) coated PEDOT:PSS, a con-
jugated polymer with strong NIR absorbance, showed rather 
high passive tumor accumulation owing to the enhanced per-
meability and retention (EPR) effect of cancerous tumors, 
and could serve as a powerful photothermal agent with excel-
lent tumor ablation effect under NIR laser irradiation, in our 
mouse tumor model experiments. Importantly, no appreciable 
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and PEDOT:PSS-PEG-Ce6 were measured by UV-VIS-NIR 
absorbance spectroscopy. Encouragingly, all three types of 
molecules were effectively loaded on PEDOT:PSS-PEG nano-
particles, showing concentration-dependent loading capa-
bilities (Figure  1 b–g). The maximal drug loading capacities 
(weight ratios between the drug and PEDOT) were determined 
to be  ≈ 100% for DOX,  ≈ 40% for Ce6, and  ≈ 80% for SN38. 
Above those loading concentrations, the drug loading capacity 
became saturated (for Ce6 and SN38), or the drug loaded com-
plex became unstable (for DOX). Nevertheless, the rather high 
loading capacities achieved here suggest the high effi ciency of 
using PEDOT:PSS-PEG as a novel drug carrier for a variety of 
different therapeutic molecules.  

 We next tested the morphology and stability of three dif-
ferent drug loaded polymeric nanoparticles. Dynamic light 
scattering (DLS) data (Figure  1 h) showed that the loading 
of drugs did not signifi cantly affect the overall size of 
PEDOT:PSS-PEG nanoparticles, and the average diameters 
of PEDOT:PSS-PEG, PEDOT:PSS-PEG-DOX, PEDOT:PSS-
PEG-SN38, and PEDOT:PSS-PEG-Ce6 were measured to be 
about 141.9  ±  9.4 nm, 155.3  ±  12.5 nm, 149.7  ±  11.0 nm, 
and 139.3  ±  8.3 nm, respectively. The atomic force micros-
copy (AFM) images (Supporting Information, Figure S1) also 
revealed that PEDOT:PSS-PEG nanoparticles before and after 
different drug loadings exhibited similar sizes without notice-
able aggregation, although the AFM measured diameters of 
nanoparticles in the dried form on a rigid substrate might not 
accurately refl ect their hydrodynamic sizes in aqueous solu-
tions. Furthermore, the scanning electron microscope (SEM) 
images (Supporting Information, Figure S2) showed the sur-
face structure didn't change signifi cantly after loading of the 
three drugs. 

 One basic requirement for a usable drug delivery nanocar-
rier is that it should be highly stable in physiological envi-
ronments containing high concentrations of salts and pro-
teins. In our experiments, we uncovered that PEDOT:PSS-
PEG loaded with three different therapeutic molecules at 
their respective maximal loadings showed excellent sta-
bility in various physiologic solutions, without showing any 
agglomeration in phosphate buffered saline (PBS), serum-
containing RPMI-1640 cell medium, and fetal bovine serum 
(FBS) (Figure  1 i). It worth mention that SN38 itself is highly 
water-insoluble, making it impossible to be directly used in 
the clinic. [  45  ]  Loading of SN38 on PEDOT:PSS-PEG dramati-
cally enhances the water solubility of this drug to be up to 
 ≈ 1.6 mg mL  − 1 , which is a remarkable advantage of our drug 
delivery system. 

 Drug release experiments under different pH conditions 
were conducted to investigate the drug release profi les of the 
three drug-loading systems. From Supporting Information, 
Figure S5a–c, PEDOT:PSS-PEG-Ce6 and PEDOT:PSS-PEG-
SN38 were stable in both pH 7.4 and pH 5.0 buffers without 
signifi cant drug release within 24 h. In contrast, an obvious pH-
dependent drug release behavior was observed for PEDOT:PSS-
PEG-DOX, which showed much accelerated DOX release under 
the acidic pH at 5.0. This phenomenon is probably due to the 
protonation of the amino group in the DOX molecule, which 
weakens the interaction between PEDOT and DOX by gener-
ating a positive charge on the DOX molecule. 

toxicity of PEDOT:PSS-PEG nanoparticle was found in our in 
vitro cell culture assays and in vivo animal experiments, as evi-
denced by both histology and hematology data. [  37  ]  Therefore, 
in this work, we want to test if the same type of conjugated 
polymeric nanoparticles, PEDOT:PSS-PEG, could be used as a 
drug carrier for combined cancer combination therapy. Inter-
estingly, we fi nd that a number of therapeutic molecules with 
aromatic structures, including a water-soluble anti-cancer drug 
doxorubicin (DOX), a water-insoluble drug SN38 (a camptoth-
ecin derivative), and a photosensitizer chlorine 6(Ce6), could 
all be effectively loaded on PEDOT:PSS-PEG nanoparticles 
with good stability and high loading capacity. It is speculated 
that the aromatic drug loading behaviors in our conjugated 
polymer system could be similar to that on carbon nanotubes 
and graphene with delocalized   π  -electrons. [  41  ,  42  ]  More impor-
tantly, loading of those therapeutics on PEDOT:PSS-PEG has 
a number of unique benefi ts, including improving water-solu-
bility for the water-insoluble drug, accelerating cellular uptake 
of the photosensitizer for enhanced effi cacy in photodynamic 
therapy, enabling combined photothermal- and chemotherapy 
for synergistic cancer cell killing, as well as allowing for co-
loading and co-delivery of multiple therapeutic molecules 
simultaneously. Our work presents a novel type of drug carrier 
based on NIR-absorbing organic nanoparticles with a number 
of different functionalities, which could be integrated together 
in future studies to develop new cancer treatment approaches. 

   2. Results and Discussion 

  2.1. Loading of Therapeutics on PEDOT:PSS-PEG Nanoparticles 

 PEDOT:PSS-PEG nanoparticles were prepared from commer-
cial PEDOT:PSS polymeric nanoparticles via layer-by-layer 
assembly of charged polymers and subsequent PEGylation, 
following our previously established protocol. [  37  ]  The obtained 
PEDOT:PSS-PEG nanoparticles were in a dark blue color, 
and showed great stability in various physiological solutions. 
Detailed preparation procedure and characterization data of 
PEDOT:PSS-PEG have been described in our previous report. [  37  ]  

 A large number of previous studies have uncovered that 
nano-surfaces with delocalized   π  -electrons, such as that of 
carbon nanotubes and graphene, are able to adsorb aromatic 
molecules via   π  –  π   stacking and hydrophobic interaction, ena-
bling effi cient loading of various aromatic drug molecules. [  42  ,  43  ]  
Since PEDOT is also a conjugated polymer with delocalized   π  -
electrons, [  44  ]  we thus wondered whether our PEDOT:PSS-PEG 
could also serve as a nanocarrier to load aromatic therapeutic 
molecules for drug delivery. Three types of aromatic molecules 
including two anticancer drugs DOX (water-soluble) and SN38 
(water-insoluble), as well as a photosensitizer Ce6, widely used 
for photodynamic therapy, were chosen in our experiments 
( Figure    1  a). The loading of DOX, Ce6, and SN38 was conducted 
in pH 8.0 phosphate buffer, pH 7.4 phosphate buffer, and a 
mixture of water and dimethylsulfoxide (DMSO) (10%), respec-
tively (see the Experimental Section for details). After removal 
of excess drug molecules, the purifi ed drug loaded samples 
including PEDOT:PSS-PEG-DOX, PEDOT:PSS-PEG-SN38, 
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concentrations, PEDOT:PSS-PEG after PEGylation was not toxic to 
cells, and more importantly rendered no appreciably toxicity to the 
treated animals such mice at the tested dose. In this study, we also 
found that bare PEDOT:PSS-PEG without drug loading showed no 
obvious toxicity to 4T1 cells (Supporting Information, Figure S3). 

   2.2. PEDOT:PSS-PEG Nanoparticles for the Delivery of 
Chemotherapy 

 Our previous study evidenced that although PEDOT:PSS 
before PEG coating exhibited certain toxicity to cells at high 

     Figure  1 .     Loading of therapeutic molecules on PEDOT:PSS-PEG. a) A schematic drawing showing DOX, Ce6, and SN38 loaded on PEDOT:PSS-PEG. 
b–d) UV-vis-NIR spectra of PEDOT:PSS-PEG-DOX, PEDOT:PSS-PEG-Ce6, and PEDOT:PSS-PEG-SN38 with various drug loading concentrations. e–f) 
The drug loading capacities in three drug loaded PEDOT:PSS-PEG systems as the function of feeding drug concentrations. h) Hydrodynamic diameters 
of PEDOT:PSS-PEG, PEDOT:PSS-PEG-DOX, PEDOT:PSS-PEG-Ce6, and PEDOT:PSS-PEG-SN38. i) Photos showing PEDOT:PSS-PEG, PEDOT:PSS-PEG-
DOX, PEDOT:PSS-PEG-Ce6, and PEDOT:PSS-SN38 (from left to right) in PBS, cell medium, and serum after 24 h of incubation.  
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 To see if therapeutic molecules loaded on PEDOT:PSS-
PEG were still effective, we fi rstly examined the cytotoxicity of 
PEDOT:PSS-PEG-DOX and PEDOT:PSS-PEG-SN38 towards 
4T1 cells, in comparison to free drugs.  Figure    2  a,b shows the 
half maximum inhibitory concentration (IC50) of PEDOT:PSS-
PEG-DOX to 4T1 cells after 48 h of incubation was measured to 
be about  ≈ 3.2  μ  M , while that of free DOX was  ≈ 0.7  μ  M . Similar 
to many other drug delivery systems, the slightly reduced in 
vitro cell toxicity of PEDOT:PSS-PEG-DOX in comparison to 
free DOX is not surprising and likely due to the fact that DOX 
molecules have to be released from the carrier to be effective, 
and this release process happens gradually. 

 SN38 as a camptothecin analogue is a potent topoisomerase 
I inhibitor. Despite its strong cancer cell killing effi cacy, SN38 
has rather poor water-solubility and cannot be directly admin-
istrated into patients. Irinotecan, also named as CPT-11, is 
a water-soluble prodrug for SN38, and has been approved by 
the US Food and Drug Administration (FDA) for cancer treat-
ment. [  46  ]  In our experiments with 4T1 cells, both the water sol-
uble PEDOT:PSS-PEG-SN38 and free SN38 dissolved in DMSO 

showed similar IC50 values at  ≈ 1.2  μ  M , which was much lower 
than that of CPT11 (IC50  ≈ 17  μ  M ). The remarkably enhanced 
water solubility with retained cytotoxicity of PEDOT:PSS-PEG-
SN38 present the advantage of our drug delivery system for 
water-insoluble drugs. 

   2.3. PEDOT:PSS-PEG Nanoparticles for the Delivery of 
Photodynamic Therapy 

 Photodynamic therapy (PDT) as a promising way for tumor 
treatment relies on the singlet oxygen ( 1 O 2 ) produced by photo-
sensitizer (PS) molecules under light irradiation at the appro-
priate wavelength. However, the limited lifetime and low 
diffusion rate of  1 O 2  require the cell internalization of PS mol-
ecules to achieve the optimal effect. [  8  ,  47  ]  Various nanocarriers 
have been developed to increase the water solubility of PS mol-
ecules and enhance their cellular uptake. [  48  ]  We thus wondered 
whether PEDOT:PSS-PEG-Ce6 nanoparticles developed in our 
work would offer any signifi cant advantage in the delivery of 
PDT. 

 Firstly, we measured the  1 O 2  production by a singlet oxygen 
sensor green (SOSG), whose fl uorescence would increase in 
the presence of  1 O 2 . It was found that the  1 O 2  generation by 
PEDOT:PSS-PEG-Ce6 decreased by a half in comparison to 
free Ce6 (Supporting Information, Figure S6), likely due to the 
direct contact between Ce6 and PEDOT that partially quenched 
the light-induced  1 O 2  generation, consistent to the quenching 
of Ce6 fl uorescence after loading on PEDOT:PSS-PEG nanopar-
ticles (Supporting Information, Figure S4b). 

 Next, we studied the in vitro photodynamic cancer cell killing 
effi ciencies of Ce6 loaded PEDOT:PSS-PEG.  Figure    3  a shows 
the relative viabilities of 4T1 cells after being exposed to the 
660 nm laser (0.1 W cm  − 2 , 10 min) as a function of equivalent 
Ce6 concentrations. It was found that PEDOT:PSS-PEG-Ce6, 
which showed no appreciable dark toxicity, was much more 
toxic than free Ce6 under laser irradiation. Considering the 
reduced singlet oxygen generation ability for PEDOT:PSS-PEG-
Ce6, we speculated that our Ce6-carrying nanoparticles would 
exhibit accelerated cellular uptake compared with free Ce6 mol-
ecules. In order to prove this hypothesis, we carefully studied 
the cellular uptake behaviors of Ce6-loaded nanoparticles in 
comparison to free Ce6. Confocal fl uorescence imaging of cells 
(Figure  3 b) uncovered that the Ce6 fl uorescence inside cells 
incubated with PEDOT:PSS-PEG-Ce6 was much stronger than 
those treated with free Ce6, even though the fl uorescence of 
Ce6 in the former formation was partially quenched due to its 
loading on PEDOT:PSS-PEG (Supporting Information, Figure 
S4b). To quantitatively determine the cellular uptake of Ce6, we 
extracted the Ce6 molecules from cell lysate samples following 
the Ogura procedure. [  49  ]  Ce6 molecules loaded on PEDOT:PSS-
PEG were completely detached after the strong base treatment 
as indicated by the  ≈ 100% fl uorescent recovery, likely owing to 
the deprotonation of carboxyl group of Ce6 molecules under 
the basic condition. Ce6 extraction data (Figure  3 c) further con-
fi rmed that the cellular uptake of Ce6 in PEDOT:PSS-PEG-Ce6 
incubated cells was 5.6- and 5.8-fold higher than cells treated 
with free Ce6, after 2 and 6 h of incubation, respectively. There-
fore, we conclude that our PEDOT:PSS-PEG nanocarrier could 

     Figure  2 .     In vitro cell viability test. a) Relative viabilities of 4T1 cells after 
incubation with various concentrations of free DOX and PEDOT:PSS-
PEG-DOX for 48 h. b) Relative viabilities of 4T1 cells after incubation 
with various concentrations of free SN38 and PEDOT:PSS-PEG-SN38 for 
48 h. The water-insoluble SN38 was pre-dissolved in DMSO and diluted 
by PBS before being added into cell cultures. Error bars are based on 
triplicated samples.  

Adv. Funct. Mater. 2013, 23, 6059–6067



FU
LL P

A
P
ER

6063

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in PEDOT:PSS-PEG-DOX treated cells could be remarkably 
enhanced by laser irradiation, and was higher than that in cells 
incubated with DOX, despite the signifi cant quenching of DOX 
fl uorescence after loading on nanoparticles (Supporting Infor-
mation, Figure S4a). To further confi rm that the increased DOX 
fl uorescence upon laser irradiation was indeed resulted from 
the photothermally enhanced intracellular drug delivery, cells 
after various treatments were solubilized by a lysis buffer with 
DOX extracted by a HCl/isopropanol solution, which could 
allow complete detaching of DOX molecules from PEDOT:PSS-
PEG nanoparticles. Quantitative measurement of intracellular 
DOX levels revealed that the DOX uptake of PEDOT:PSS-PEG-
DOX increased by as much as 5.1-fold after laser exposure 
(Figure  4 e). Those result suggest that the photothermal effect 
of PEDOT:PSS-PEG could be utilized to accelerate the cellular 
uptake of chemotherapeutic agents for remotely controlled 
drug delivery and combined cancer therapy. 

 Then, we wondered whether the photothermal effect of 
PEDOT:PSS-PEG and chemotherapeutic effect of DOX could 
be combined together to realize a synergistic effect in cancer 
cell killing. 4T1 cells were treated by free DOX, PEDOT:PSS-
PEG, and PEDOT:PSS-PEG-DOX for 20 min, with or without 
laser irradiation at different power densities. After removal of 
excess reagents, cells were re-incubated in fresh cell medium 

remarkably promote the intracellular shuttling of PS molecules 
such as Ce6, to improve the photodynamic therapeutic effi cacy. 

     2.4. Photothermally Enhanced Chemotherapy 

 It has been reported that mild heating can greatly enhance cel-
lular uptake of nanomaterials due to the increased cell mem-
brane mobility at a temperature (e.g., 43  ° C) slightly above 
the physiological temperature. [  15  ,  50–52  ]  Since PEDOT:PSS-PEG 
has already been proven to be a powerful photothermal agent 
( Figure    4  b), we wondered whether the photothermal effect of 
this NIR-absorbing nanocarrier could be utilized to accelerate 
the endocytosis process of PEDOT:PSS-PEG-DOX and enhance 
the chemotherapeutic effi cacy (Figure  4 a).  

 Cells were incubated with free DOX, PEDOT:PSS-PEG-DOX 
at the equivalent DOX concentration. While one group of cells 
was immediately irradiated by an 808 nm laser at the power 
density of 0.15 W cm  − 2  for 20 min, the other group was left 
in dark. After irradiation, cells were washed with PBS three 
times, to remove the excess materials. Both confocal fl uores-
cence images and fl ow cytometry data uncovered that, while 
DOX incubated cells with or without laser irradiation showed 
similar levels of DOX fl uorescence, the DOX fl uorescence 

     Figure  3 .     Delivery of photodynamic therapy. a) Photodynamic cancer cell killing. 4T1 cells were incubated with various concentrations of Ce6 or 
PEDOT:PSS-PEG-Ce6 for 6 h and then exposed to the 660 nm laser at a power density of 0.1 W cm  − 2  for 10 min. Cells without laser irradiation were 
used as the control. Error bars are based on standard deviations of 4 parallel samples.  P  values:  ∗   p   < 0.01. b) Confocal fl uorescence images of 4T1 
cells incubated with free Ce6 or PEDOT:PSS-PEG-Ce6 (2  μ  M  Ce6) for 2 or 6 h. c) Quantitative Ce6 cellular uptake measurement determined by Ce6 
fl uorescence intensities of the cell lysates for samples in (b).  
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for 24 h before their relative viabilities were determined. While 
free DOX at our experimental conditions only showed a low 
level of toxicity which was independent from laser irradia-
tion, cells incubated with PEDOT:PSS-PEG-DOX (at the same 
DOX equivalent concentration) showed greatly decreased via-
bilities at the increase of 808 nm laser power densities from 

0.1 to 0.2 W cm  − 2  (Figure  4 f). As for plain PEDOT:PSS-PEG 
without DOX loading, its direct photothermal effect would not 
signifi cantly induce cell death at laser power densities at 0.1 
and 0.15 W cm  − 2 . Under a high power density at 0.2 W cm  − 2 , 
the photothermal effect of plain PEDOT:PSS-PEG resulted in 
signifi cant cell killing, which, however, was still less effective 

     Figure  4 .     Photothermally enhanced chemotherapy. a) A scheme showing photothermally enhanced cellular uptake of PEDOT:PSS-PEG-DOX. b) Tem-
perature elevation curves of free DOX, PEDOT:PSS-PEG-DOX, and PEDOT:PSS-PEG solutions exposed to the 808 nm laser at the power density of 
0.25 W cm  − 2 . Inset: IR thermal images of the three different samples after laser irradiation for 5 min. c,d) Flow cytometry measurement of cellular 
DOX fl uorescence for cells incubated with c) PEDOT:PSS-PEG-DOX or d) free DOX, with or without laser irradiation (808 nm, 0.15 W cm  − 2 , 20 min). 
e) DOX fl uorescent intensities of cell lysates for samples in (c,d). f) Relative viabilities of 4T1 cells after various treatments indicated. The MTT assay 
was conducted 24 h after incubation and laser irradiation.  

Adv. Funct. Mater. 2013, 23, 6059–6067



FU
LL P

A
P
ER

6065

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

drug. Figure  5 b further demonstrates all 
three types of drug molecules, DOX, Ce6, 
and SN38 could be co-loaded on PEDOT:PSS-
PEG nanoparticles, at the individual loading 
capacities at 35.3%, 43.6%, and 26.9%, 
respectively, as determined by spectral decon-
volution of the absorbance spectrum of 
PEDOT:PSS-PEG-DOX-SN38-Ce6. In order 
to study the intracellular delivery behaviors of 
our multiple drug co-loaded system, we mon-
itored the fl uorescence of DOX and Ce6 in 
cells after 6 h of incubation with PEDOT:PSS-
PEG-DOX-Ce6, PEDOT:PSS-PEG-DOX, and 
PEDOT:PSS-PEG-Ce6. Confocal fl uorescence 
images (Figure  5 c) show that the DOX fl uo-
rescence (red color) mainly accumulated in 
the nuclei of PEDOT:PSS-PEG-DOX incu-
bated cells, likely due to the pH-induced 
DOX release from the nanocarriers located 
inside cell lysosomes, and the fact that the 
fl uorescence of unreleased DOX retained on 
nanoparticles was largely quenched, while 
Ce6 fl uorescence (green color) mainly accu-
mulated in the cytoplasm of cells incubated 
PEDOT:PSS-PEG-Ce6. Our data suggest that 
both types of therapeutic molecules could 
simultaneously delivered into cells by our 
multifunctional nanocarrier, promising for 
potential applications in cancer combination 
therapy.  

    3. Conclusions 

 We uncovered that NIR-absorbing conju-
gated polymers, such as PEDOT:PSS in this 
case, with appropriate surface coating (e.g., 
PEGylation), could serve as a versatile drug 
delivery platform with a number of inter-
esting advantages. Aromatic therapeutic 
molecules, even including water-insoluble 
drugs such as SN38, can be effectively loaded 
on those PEDOT:PSS-PEG nanoparticles 

with high loading capacity, obtaining drug loaded nanoparti-
cles with high water solubility, excellent physiological stability, 
and retained therapeutic effi ciency. As for the delivery of pho-
todynamic agent, loading of Ce6 on PEDOT:PSS-PEG could 
remarkably enhance the cellular uptake of this PS molecule, 
resulting in dramatically improved photodynamic cancer cell-
killing effi ciency. Using DOX loaded nanoparticles as the 
model system, we further demonstrate that the photothermal 
effect of PEDOT:PSS-PEG-DOX could be utilized to promote 
the delivery of chemotherapeutic agent, and thus to realize the 
combined cancer therapy with an obvious synergistic effect. 
Moreover, multiple types of therapeutic molecules can be 
simultaneously co-loaded on PEDOT:PSS-PEG nanoparticles, 
for potential applications in combined chemo-, photodynamic, 
and photothermal therapy of cancer. Our results demonstrate 
for the fi rst time the great promise of using NIR-absorbing 

than the combined photothermal- and chemotherapy delivered 
by PEDOT:PSS-PEG-DOX. Our results collectively demonstrate 
that the mild photothermal heating could remarkably enhance 
the effi cacy of chemotherapy by promoting the cellular uptake 
of drug molecules, realizing a synergistic effect in the cancer 
combination therapy. 

   2.5. Co-Loading and Co-Delivery of Therapeutics 

 In consideration of the successful loading of individual drug 
molecules on PEDOT:PSS-PEG, at last, we wondered whether 
different therapeutic agents could be packed together in a 
single drug carrier system simultaneously. Indeed,  Figure    5  a 
shows that DOX and Ce6 could be co-loaded on PEDOT:PSS-
PEG, according to the characteristic absorbance peaks for each 

     Figure  5 .     Co-loading of therapeutic molecules on PEDOT:PSS-PEG. a) UV-vis-NIR spectra of 
PEDOT:PSS-PEG, PEDOT:PSS-PEG-Ce6, PEDOT:PSS-PEG-DOX, and PEDOT:PSS- PEG-DOX-
Ce6. b) UV-vis-NIR spectra of PEDOT:PSS-PEG-DOX-SN38-Ce6, PEDOT:PSS-PEG, free DOX, 
free Ce6, and free SN38 (in methanol). c) Confocal fl uorescence images of 4T1 cells incubated 
with PEDOT:PSS-PEG-DOX-Ce6, PEDOT:PSS-PEG-DOX, and PEDOT:PSS-PEG-Ce6 at equiva-
lent drug concentrations ([DOX]  =  12 m M , [Ce6]  =  10 m M ). Green and red colors indicated Ce6 
and DOX fl uorescence recorded under 633 nm and 488 nm excitations, respectively.  
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pre-seeded into the 96-well plates were added with series concentrations 
of PEDOT:PSS-PEG-Ce6 and free Ce6. After 6 h of incubation, the cells 
were exposed to a 660 nm laser at the power density of 0.1 W cm  − 2  for 
10 min. 24 h later, the standard MTT test was conducted to measure the 
relative cell viabilities. 

  Quantitative Measurement of Ce6 and DOX Cellular Uptake : To 
quantitatively determine the cellular uptake of Ce6 and PEDOT:PSS-
PEG-Ce6, 4T1 cells cultured in a 24-well plate (1  ×  10 5  per well) 
were incubated with Ce6 or PEDOT:PSS-PEG-Ce6 at the same Ce6 
concentration (2  μ  M ). After incubation for 2 h or 6 h, the cells were 
washed with PBS for 3 times and then lyzed by 1 mL 2% sodium dodecyl 
sulfate (SDS) for 2 h to obtain homogeneous solutions, into which 1 mL 
0.2  M  NaOH was added to induce complete detachment of Ce6 from 
nanoparticles, as evidenced by the  ≈ 100% recovery of Ce6 fl uorescence 
in the PEDOT:PSS-PEG-Ce6 sample after treatment. Fluorescent 
intensities of Ce6 in the obtained solutions were measured under the 
excitation of 404 nm. 

 To quantitatively determine the cellular uptake of DOX, cells 
incubated with free DOX or PEDOT:PSS-PEG-DOX with or without 
laser irradiation were lyzed by SDS following a similar protocol as 
described above. A solution of hydrochloric acid-isopropanol (HCl-IPA) 
mixtureafter HCl-IPA treatment. Fluorescent intensities of DOX in the 
obtained solutions were measured under the excitation of 490 nm. 

  Photothermally Enhanced Chemotherapy Using PEDOT:PSS-PEG-DOX : 
4T1 cells pre-seeded in 96-well plates were added with free DOX, 
PEDOT:PSS-PEG, or PEDOT:PSS-PEG-DOX at 0.030 mg mL  − 1  DOX 
equivalent concentration. The cells were then immediately irradiated 
by the 808 nm laser at power densities of 0.1, 0.15, and 0.2 W cm  − 2  
for 20 min. After another 24 h of incubation, the standard MTT test 
was conducted to measure the relative cell viabilities compared with 
untreated cells. 
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conjugated polymers as a novel class of multifunctional drug 
carrier, and encourage further exploration of those polymeric 
nanoparticle systems for cancer combination therapy. 

   4. Experimental Section 
  Synthesis of PEDOT:PSS-PEG : PEDOT:PSS (CLEVIOS PH1000) was 

purchased from Baier Chemical Industrial Co. PEGylated PEDOT:PSS 
was synthesized according to the protocol previously reported by our lab 
with slightly modifi cations. [  37  ]  Firstly, the newly purchased PEDOT:PSS 
was dialyzed through 3.5 kDa molecular weight cut-off (MWCO) dialysis 
membrane to remove salts. 5 mL PEDOT:PSS solution (2.14 mg mL  − 1 ) 
was then dropwisely added to 10 mL poly(allylamine hydrochloride) 
(PAH) solution ( M  w   =  15 000, 2 mg mL  − 1 ) under ultrasonication. After 
stirring for 6 h at room temperature, the above solution was purifi ed 
by ultra-fi ltration fi lters (Millipore, MWCO  =  100 kDa) to remove excess 
PAH. The obtained PEDOT:PSS/PAH solution was then dropwisely 
added to 10 mL poly(acrylic acid) (PAA solution) ( M  w   =  1800, 
2 mg mL  − 1 ) under ultrasonication, stirred for 3 h, and then purifi ed 
through ultra-fi ltration fi lters (MWCO  =  100 kDa). After adjusting the 
pH of the above solution to 7.4, 5 mg of N-(3-dimethylaminopropyl-N ′ -
ethylcarbodiimide) hydrochloride (EDC, Fluka Inc.) was added to induce 
the crosslink between PAH and PAA layers coated on PEDOT:PSS. 
Finally, 5 mL of PEDOT:PSS/PAH/PAA solution at the concentration of 
2 mg mL  − 1  were mixed with 30 mg mPEG-5K-NH 2  under ultrasonication 
for 30 min before 10 mg EDC were added. After overnight reaction, 
the prepared PEDOT:PSS-PEG was purifi ed by ultra-fi ltration fi lters 
(MWCO  =  100 kDa) and stored at 4  ° C until use. 

  Loading of DOX, Ce6, and SN38 on PEDOT:PSS-PEG : For DOX loading, 
the PEDOT:PSS-PEG solution (fi nal concentration  =  0.04 mg mL  − 1 ) was 
mixed with DOX at various concentrations at pH 8.0 overnight under 
stirring. Excess unbound DOX was removed by ultra-fi ltration (MWCO  =  
100 kDa) and repeated water washing. Ce6 loading and purifi cation was 
conducted by using the same protocol, except that Ce6 was dissolved 
in DMSO before being added into PEDOT:PSS-PEG, and the loading 
pH was 7.4 instead of 8.0. The obtained PEDOT:PSS-PEG-DOX and 
PEDOT:PSS-PEG-Ce6 samples were stored under 4  ° C until use. 

 For the loading of SN38, various volumes of SN38 dissolved in 
DMSO (4 mg mL  − 1 ) was added into the PEDOT:PSS-PEG solution (fi nal 
concentration  =  0.04 mg mL  − 1 ) under ultrasonication to get a clear 
solution, which was stirred for overnight. For purifi cation, the majority 
of un-loaded free SN38 was precipitated and removed by centrifugation 
at 5000 rpm for 5 min, obtaining a clear supernatant which was further 
purifi ed by ultra-fi ltration (MWCO  =  100 kDa) and repeated water 
washing. The obtained PEDOT:PSS-PEG-SN38 was also stored under 
4  ° C until use. 

  Characterization : Atomic force microscopy (AFM) images were taken 
by MultiMode V atomic force microscopy (Veeco, USA). The sizes of 
nanoparticles were measured using ZEN3690 zetasizer (Malvern, USA). 
Fluorescence spectra were obtained on a FluoroMax 4 luminescence 
spectrometer (HORIBA Jobin Yvon). UV-vis-NIR spectra were acquired 
by using a PerkinElmer Lambda 750 UV-vis-NIR spectrophotometer. 

  Cell Culture Experiments : 4T1 murine breast cancer cell line was 
originally obtained from American Type Culture Collection (ATCC) and 
cultured under recommended medium under 37  ° C within 5% CO 2  
atmosphere. Confocal fl uorescence images were taken by a Leica SP5 
confocal laser scanning microscopy. The excitation wavelengths were 
488 nm for DOX and 405 nm for Ce6. Flow cytometry data was obtained 
by fl ow cytometry analysis (FACS Calibur from Becton, Dickinson and 
Company). The obtained data was analyzed using the FlowJo software. 

  Cell Toxicity Assay : 4T1 cells pre-seeded into 96-well plates (1  ×  10 4  per 
well) were incubated with series concentrations of PEDOT:PSS-PEG, free 
DOX, free SN38, PEDOT:PSS-PEG-DOX, and PEDOT:PSS-PEG-SN38. 
After incubation for 48 h, the standard thiazolyl tetrazolium (MTT, 
Sigma-Aldrich) test was conducted to measure the relative cell viabilities 
compared with the untreated cells. For photodynamic therapy, 4T1 cells 
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