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Water-soluble conjugated polymer with near-
infrared absorption for synergistic tumor therapy
using photothermal and photodynamic activity†

Sirong Zhou,a Changgang Yang,b Lixia Guo,a Yunxia Wang,*a Guofeng Zhang*b and
Liheng Feng *a

A novel near-infrared absorbing photo-agent based on a water-

soluble conjugated polymer (PTDBD) is reported for synergetic

photothermal/photodynamic therapy with single near-infrared

light (808 nm) irradiation. In vitro and in vivo studies demonstrated

the superior therapeutic effect of the single NIR-irradiated PTT/PDT

by using PTDBD.

Cancer, as a major cause of death,1–4 has been the research focus
for numerous researchers. Considerable strategies have been
developed to treat cancers, such as surgery, chemotherapy,
photodynamic therapy (PDT), photothermal therapy (PTT), and
immunotherapy.5–7 Among these therapies, phototherapy
based on light and photo-agents shows outstanding advantages
including reduced side effects, negligible drug resistance, and
spatiotemporal control.8–11 However, some deficiencies still
remain. For PDT, the low penetration depth and oxygen depen-
dence limit further application.12–15 For PTT, the biosafety,
water solubility, photostability and photothermal conversion
efficiency (PCE) of the photothermal agents are critical factors
influencing the therapeutic effect.16–18 Therefore, combining
two phototherapies together could overcome the shortages of a
single therapy.19–22 Although some efforts have been made to
realize a combined therapy, using two different light sources
and photo-agents makes the therapy process complicated.23–26

It is imperative to develop a photo-agent with simultaneous
photothermal and photodynamic activity at a single near-
infrared (NIR) light irradiation for improved and deeply pene-
trating cancer therapy.27–29

Conjugated polymers (CPs) with outstanding optical and elec-
trical properties have been widely used in chemistry, materials
science, and the biological areas.30–35 Recently, CPs have emerged

as potential photo-agents for biomedical applications, especially
for PDT and PTT.36,37 Compared to inorganic materials and small
organic molecules, CPs show better biocompatibility, photostabil-
ity, and degradation in living organisms.30 Furthermore, their
tunable spectra achieved by altering the backbone structures
make CPs more appealing to light sources with deep tissue
penetration ability, especially for the ‘‘therapeutic window’’
(600–900 nm).37 There is a great potential to design novel and
superior CPs for cancer therapy based on the use of noninvasive
light. However, CPs are mostly hydrophobic owing to the large
p-conjugated backbone structure. To enhance the water solubility
of CPs, amphiphilic polymers are commonly employed to form
nanoparticles through mini-emulsions or nanoprecipitation.38

For a simplified process, water-soluble CPs (WSCPs) were designed
by modifying the side chains, which is beneficial for biological
application without further encapsulation. Although a series of
WSCPs have been reported for bioimaging, gene/drug delivery,
antimicrobial and antitumor therapy,30 NIR-absorbing WSCPs
for the phototherapy of tumors with a simultaneous PTT/PDT
effect under a single-wavelength and long-wavelength light
irradiation are still scarce and warrant further investigation.

In this work, we report a novel water-soluble and NIR-
absorbing conjugated polymer (CP) for synergistic antitumor
phototherapy (see Scheme 1). By designing the backbone
structure via a donor–acceptor (D–A) strategy and employing
electron-rich thiophene and electron-deficient benzothiadiazole
and diketopyrrolopyrrole (DPP), the synthesized CP denoted as
PTDBD has an intense absorption in the range of 600–1000 nm,
which is just located in the ‘‘therapeutic window’’. Notably,
under the irradiation of an 808 nm laser, the PTDBD could
efficiently convert light into heat and generate reactive oxygen
species (ROS) simultaneously, which circumvent the reduced
penetration depth and the inconvenience of multiple light
sources. Furthermore, the ROS generated by PTDBD is much
greater than that of indocyanine green (ICG) even at a dosage
ratio of 1 : 25 (n : n). This could be partly due to the distinct
photostability of PTDBD. In addition, the attached cationic
quaternary ammonium (QA) groups could enhance the aqueous
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solubility of CPs by the self-assembly process. In addition, it also
endows PTDBD with the qualities needed to interact with cell
membranes. In vitro and in vivo experiments demonstrated that
PTDBD could kill cancer cells and inhibit tumor growth in mice
through the synergistic PTT/PDT effect.

Hence, we utilized thiophene as the electron-rich unit and
benzothiadiazole and DPP as the electron-deficient units to con-
struct a novel NIR-absorbing CP using the Suzuki coupling reaction
(Fig. 1a). Before the polymerization, DPP was modified to synthesize
monomer 2 using the respective reaction of 1,6-dibromohexane
and N-bromosuccinimide according to a previously published
report (Fig. S1, ESI†).39 To improve the aqueous solubility of the
hydrophobic DPP-containing polymer, cationic QA groups were
introduced onto the side chains. In addition, the facile modification
of QA can also facilitate the interaction between polymers and
the negatively charged membrane of the tumor cells.

To identify the feasibility of our design, we investigated the
photophysical properties of PTDBD. As shown in Fig. 1b,

PTDBD has a broad absorption from 600 to 1000 nm in water
owing to the strong push–pull electronic effect. Compared to
monomers, the absorption of polymer PTDBD was remarkably
red-shifted (Fig. S2a, ESI†), which demonstrated that the mono-
mers were conjugated together forming a p-conjugated struc-
ture. The emission spectrum of PTDBD was also monitored and
no obvious fluorescence emission was observed in the range of
720–900 nm at an excitation wavelength of 700 nm (Fig. S2b,
ESI†). The cyclic voltammograms (CV), electron density distri-
butions, and energy band were all investigated (Fig. S3, ESI†),
and were found to match the photophysical properties well,
demonstrating the low bandgap of the CPs. These results
showed that the electron-deficient unit could reduce the lowest
unoccupied molecular orbital (LUMO) energy and also the
bandgap, which results in the bathochromic shift of the
spectrum and facilitates the generation of heat.37 The hydro-
philic side chain and hydrophobic backbone made from the
polymer form nanoparticles by self-assembly in water, which
can be observed using scanning electron microscopy (SEM)
(Fig. 1c). The dynamic light scattering (DLS) measurement also
indicated that the hydrodynamic diameter of PTDBD was
280 nm and the solution was clear and stable (Fig. 1d).

Considering the fact that PTDBD has a strong absorption in
the NIR range and no obvious fluorescence emission, we
further investigated the photothermal performance of PTDBD.
As shown in Fig. 2a, obvious temperature changes to the
PTDBD solution with various concentrations were observed
upon irradiation with an 808 nm laser at a power density of
1 W cm�2 for 8 min. At a low concentration of 60 mg mL�1, the
temperature of the solution increased to 65 1C, which demon-
strated the good photothermal conversion capability of PTDBD.
Thermal images were also collected to visualize the temperature
changes of the PTDBD solution with different concentrations
and prolonged time (Fig. 2b). Furthermore, we investigated the
photothermal response of the PTDBD solution to different laser

Scheme 1 Schematic illustration of the single NIR-laser-irradiated syner-
gistic PTT/PDT therapy using PTDBD.

Fig. 1 (a) Synthetic route for the water-soluble PTDBD. (b) UV-vis-NIR
absorption spectrum of PTDBD in water (20 mg mL�1). (c) SEM image of
PTDBD. (d) Hydrodynamic size distribution of PTDBD in water measured
using DLS. The inset shows a photograph of the PTDBD aqueous solution
(50 mg mL�1).

Fig. 2 (a) Temperature elevation and (b) thermal images of the PTDBD
aqueous solution with various concentrations under laser irradiation
(808 nm, 1 W cm�2). (c) Temperature elevation of the PTDBD aqueous
solution (60 mg mL�1) under irradiation at different power densities of an
808 nm laser. (d) Photothermal response of the PTDBD aqueous solution
(60 mg mL�1) under laser irradiation (808 nm, 1 W cm�2) for 8 min and then
the laser was shut off. (e) Temperature profiles of the PTDBD aqueous
solution (60 mg mL�1) for five cycles of ON/OFF laser irradiation. (f) ROS
generation of PTDBD aqueous solution (4 mg mL�1) under the irradiation of
an 808 nm laser (1 W cm�2).
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densities, which demonstrated that the photothermal profile
was power density-dependent (Fig. 2c). Next, we investigated the
PCE of PTDBD according to the previously reported method,37

and the PCE was calculated to be 31% (Fig. 2d and Fig. S4, ESI†).
This was higher than those reported for the inorganic photo-
thermal materials, such as Au nanorods and CuS nanocrystals.37

Furthermore, the photothermal stability of PTDBD was evaluated
as shown in Fig. 2e, PTDBD gave almost the same photothermal
effect after irradiation using a 808 nm laser for 8 min and the
same irradiation was repeated four times after cooling the
solution back to the original temperature. The result showed
the excellent photothermal capability of PTDBD and the potential
for it to be used as a photothermal material for PTT. It has been
reported that DPP-based molecules can generate ROS,24 therefore
we used a classic assay based on 2,7-dichlorofluorescein diacetate
(DCFH-DA) to evaluated the ROS generating ability of PTDBD
under the irradiation of an 808 nm laser. As shown in Fig. 2f,
the fluorescence intensity of DCF in the presence of PTDBD
increased with prolonged time, indicating the generation of
ROS. Compared with ICG, a typical NIR sensitizer, PTDBD
could generate more ROS, even after increasing the dosage of
ICG to 25-fold (Fig. S5a, ESI†). It was also found to be better
than our previously reported polymer,40 and generated signifi-
cantly more ROS in white light (Fig. S5b and c, ESI†). These
results illustrate that PTDBD has good ROS generation cap-
ability under the irradiation of light from the long wavelength
NIR region, which could circumvent the reduced penetration
depth of common photosensitizers for PDT. The dual photo-
conversion ability of PTDBD under the irradiation of a NIR laser
make it a promising photo-active agent for the killing of cancer
cells with a synergetic PTT and PDT effect.

After verification of the photo-active properties of PTDBD,
we used a standard methyl thiazolyl tetrazolium (MTT) assay to
evaluate the synergetic killing ability against HeLa cells (Fig. 3a).
The cells treated with PTDBD were mostly alive (480%) without
light irradiation, even at concentrations of up to 100 mg mL�1.
However, those cells exposed to NIR light (1 W cm�2) for 8 min
were killed with different degrees of success using different
therapies. When the PTDBD concentration increased, the ther-
apeutic effect of PDT showed no remarkable change, while the
effect of PTT increased obviously. At an incubation concen-
tration of 100 mg mL�1 the cells were almost killed using the
synergetic PDT/PTT effect. To further visualize the cell viability,
confocal laser scanning microscopy (CLSM) was performed
(Fig. 3b). Only cells treated with PTDBD and irradiated using
the NIR laser were stained with ethidium bromide (EB) and
emitted red fluorescence, which indicated the cells were dead. In
contrast, treatment with PTDBD and NIR laser irradiation did
not damage the cell viability, and cells were stained with acridine
orange (AO), a live cell dye, and emitted a green fluorescence. By
changing the power density of the laser and the irradiation time,
the cell viability was affected (Fig. S6, ESI†). The temperature
changes of the HeLa cells treated with PTDBD (100 mg mL�1)
were monitored, as shown in Fig. 3c, and the photothermal
images are also shown. The living cells could not survive at the
high temperature of 60 1C. The intracellular ROS generation by

PTDBD under NIR irradiation was verified using a DCFH-DA
assay. As shown in Fig. 3d, the green florescence of DCF was
observed in the cells irradiated by the laser, indicating ROS
generation inside the cell. All of these results showed that
PTDBD could kill cancer cells by the synergetic phototherapy
of PTT and PDT.

To investigate the potential of PTDBD for practical antitu-
mor applications, we established a HeLa tumor-bearing nude
mouse model. All mice were divided into four groups, these
were: saline, saline + laser, PTDBD, and PTDBD + laser. After
intratumoral injection, the laser and PTDBD + laser groups
were irradiated with an 808 nm laser at a power density of 1 W
cm�2 for 10 min. The infrared thermal images and temperature
changes were recorded and are shown in Fig. 4a and b. In the
presence of PTDBD, the temperature of the tumor rapidly
increased to 51 1C upon irradiation, while the saline in the
tumor could not generate heat resulting in a tumor tempera-
ture of 41 1C. After 21 days of treatment, the tumors of the mice
in the phototherapy group were effectively ablated (Fig. 4c and
Fig. S7, ESI†). Laser and PTDBD alone could not inhibit the
growth of the tumor as evidenced by measuring of the tumor
sizes (Fig. 4d). All of the mice in the four groups showed no
change in their body weight (Fig. 4d), indicating the biosafety of
laser irradiation, PTDBD, and phototherapy. Furthermore, the
major organs of the mice were extracted and stained using
hematoxylin and eosin (H&E). As shown in Fig. S8 (ESI†), no
noticeable damage was observed in all groups, indicating that
PTDBD is safe for antitumor therapy.

In summary, we synthesized a novel water-soluble and NIR-
absorbing conjugated polymer PTDBD for the synergetic photo-
therapy of cancers. By conjugating the ‘‘D–A’’ and ‘‘A–A’’ structural
units, PTDBD has a broad and strong NIR absorption, ranging

Fig. 3 (a) Cell viability of HeLa cells using different therapies under
irradiation from a 808 nm laser (1 W cm�2, 8 min) after treatment with
various concentrations of PTDBD. (b) CLSM images of HeLa cells stained
with AO (live cells, green fluorescence) and EB (dead cells, red fluores-
cence) after various treatments. (c) Photothermal curves of HeLa cells with
and without treatment with PTDBD (100 mg mL�1) under the irradiation of
an 808 nm laser (1 W cm�2, 8 min). The inset images show the corres-
ponding thermal images. (d) Fluorescence images of the HeLa cells
incubated with DCFH-DA, DAPI and PTDBD after different treatments.
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from 600–1000 nm. Cationic QA group modified side chains
allow the CPs to easily assemble to form nanoparticles in water
and facilitate the interaction with the membrane. These photo-
stable nanoparticles could effectively convert NIR light (808 nm)
into heat and ROS simultaneously at both the molecular and
cellular level. In vitro and in vivo experiments demonstrate that
PTDBD can effectively kill HeLa cells and eliminate tumors in
mice using synergetic PTT/PDT treatment with good biosafety.
This research provides a theoretical foundation for the design of
NIR-responsive agents with superior dual photothermal and
photodynamic activity, and offers promising photo-agents for
simplified clinical tumor therapy.
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Fig. 4 (a) Thermal images of HeLa tumor-bearing mice under the irradia-
tion of an 808 nm laser (1 W cm�2) after injection of saline and PTDBD,
respectively. (b) Photothermal profiles of tumors in mice under the
irradiation of an 808 nm laser (1 W cm�2). (c) Representative photographs
of HeLa tumor-bearing mice after different treatments for different time
periods. (d) Tumor volume and (e) body weight changes of mice during
different treatments.
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