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Second near-infrared photoactivatable
biocompatible polymer nanoparticles for effective
in vitro and in vivo cancer theranostics†

Fei Wang,‡a Xiaoju Men,‡b Haobin Chen, c Feixue Mi,c Mengze Xu,b

Xiaoxiao Men,c Zhen Yuan*b and Pik Kwan Lo *a,d

Photoacoustic imaging (PAI)-guided photothermal therapy (PTT) has drawn considerable attention due to

the deeper tissue penetration and higher maximum permissible exposure. However, current photothera-

nostic agents are greatly restricted by weak absorption in the second near-infrared (NIR-II,

1000–1700 nm) window, long-term toxicity, and poor photostability. In this report, novel organic NIR-II

conjugated polymer nanoparticles (CPNs) based on narrow bandgap donor–acceptor BDT-TBZ polymers

were developed for effective cancer PAI and PTT. Characterization data confirmed the high photothermal

conversion efficiency, good photostability, excellent PAI performance, and superior biocompatibility of

as-obtained CPNs. In addition, in vitro and in vivo tests demonstrated the efficient PTT effect of CPNs in

ablating cancer cells and inhibiting tumor growth under 1064 nm laser irradiation. More importantly, the

CPNs exhibited rapid clearance capability through the biliary pathway and negligible systematic toxicity.

Thus, this work provides a novel organic theranostic nanoplatform for NIR-II PAI-guided PTT, which

advances the future clinical translation of biocompatible and metabolizable conjugated nanomaterials in

cancer diagnosis and therapy.

1. Introduction

Cancer has currently been a great challenge to worldwide
public health as a life-threatening disease with a high mor-
tality rate.1 Due to serious side effects and poor therapeutic
outcome of the traditional cancer therapies, the development
of novel and efficient therapies with good patient compliance
is of urgency and importance. Among diverse cancer thera-
peutic modalities, photothermal therapy (PTT), in which light
is converted into thermal energy by PTT agents to ablate
cancer cells or deep tissue solid tumors, has attracted con-
siderable research interest due to its high specificity, minimal
invasiveness, easy operability, and favorable therapeutic
outcome.2,3 Another approach to mitigate the suffering of

patients is to facilitate therapeutic accuracy by introducing
molecular imaging technologies in the process of cancer treat-
ment and prognosis. Consequently, various medical imaging
methodologies have been widely exploited and utilized in a
variety of preclinical or clinical studies.4–6 Particularly, photo-
acoustic (PA) imaging (PAI), which integrates optical excitation
and ultrasonic detection based on the photoacoustic effect,
holds great promise for physiological and pathological visual-
ization because of the superior advantages of deeper tissue
penetration depth, better absorption contrasts, and higher
spatiotemporal resolution.7 Interestingly, both PTT and PAI
are developed based on the heat generation of the light-
absorbing agents, driving the integration of PTT and PAI into
one single platform for the beneficial imaging-guided cancer
therapy.8–10

Near-infrared (NIR) light has gradually been introduced
into the advancement of PAI-guided PTT owing to the unparal-
leled advantages of reduced scattering and absorption and
remote manipulation in the biological tissues, as compared to
visible light.11 Diverse NIR light-responsive PTT/PAI agents,
such as carbon nanoparticles,12,13 quantum dots,14–16 metal-
based nanomaterials,17–20 and small molecules,21–25 have been
investigated for proof-of-concept PAI-guided PTT applications.
However, some uncertainties in terms of in vivo long-term tox-
icity and metabolism of the inorganic nanoparticles, poor
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photostability and efficacy of the small molecules highly
restricted to their practical applications in clinical trials. In
addition, existing PTT/PAI agents are mainly focus on the first
NIR (NIR-I, 700–900 nm) biological window, urging the efforts
to extend the wavelength to the second NIR (NIR-II,
1000–1700 nm) window for deeper tissue penetration and
higher maximum permissible exposure (MPE).26,27 Therefore,
developing novel nanoplatforms functioning as both PTT and
PAI agents with superior biocompatibility and excellent photo-
stability, especially responsive to the NIR-II light, remains a
great challenge.

Conjugated polymer nanoparticles (CPNs), dominantly
composed of π-conjugated motifs, represent promising type of
organic nanoparticles because of their attractive character-
istics, including large absorption coefficients, high fluo-
rescence brightness, narrow size distribution, excellent col-
loidal stability, and superior biocompatibility.28–30 In the past
two decades, various CPNs have been designed and demon-
strated their utility in wide-ranging biological and biomedical
applications, including cell labeling and tracking,31,32

bioimaging,33–35 sensing and detection,36,37 drug delivery,38–40

photoacoustic imaging,7,41,42 and therapy.43,44 Because of the
versatile donor–acceptor (D–A) structure, the chemical and
optical properties of CPNs can be easily tuned by altering the
donor or acceptor moiety on the polymer backbone. More
importantly, CPNs with high photothermal conversion
efficiency (PCE) in the NIR region could be designed and pre-
pared as effective PTT and PAI nanoagents via the bandgap
engineering approach. For example, Chen and coworkers
demonstrated that CPNs exhibiting tunable NIR absorption
peaks can function as both PTT and PAI nanoplatforms for
cancer theranostics.45 Furthermore, Pu’s group reported the
attempt of utilizing conjugated polymer nanoparticles with
absorption peaks in both NIR windows for PTT applications,
indicating the superiority and importance of tuning the
absorptive wavelength from the NIR-I window into the NIR-II
window for deep-tissue cancer PTT.27 Up to now, CPNs display-
ing strong absorption in the NIR-II window received
extensive attention for cancer diagnosis and therapy but rele-
vant investigations are still limited and not adequately under-
stood. Accordingly, the development of CPNs with strong
absorption in the NIR-II window and the follow-up exploration
of their performance in PAI-guided cancer PTT is highly
desirable.

In this work, we designed and synthesized NIR-II highly
absorptive conjugated polymers (BDT-TBZ) with narrow
bandgap D–A form. The polymers were assembled into CPN
via a nanoprecipitation approach (Fig. 1), which possessed
strong absorption in the NIR-II window, remarkable colloidal
stability, excellent biocompatibility, and high photothermal
conversion efficiency under NIR-II 1064 nm laser irradiation.
The PAI tests further indicated the strong photoacoustic signal
generation ability of BDT-TBZ CPNs, showing higher PA signal
intensity enhancement than our previously reported PA nano-
agents for intratumoral injection. The in vitro cellular and
in vivo animal PPT experiments demonstrated the remarkable

photothermal therapeutic effect of BDT-TBZ CPNs under
1064 nm laser irradiation. In addition, the in vivo biodistribu-
tion and potential toxicology assays highlighted the body clear-
ance capability and negligible toxicity of as-obtained CPNs.
Taken together, our work demonstrates the capability of
BDT-TBZ CPNs as biocompatible nanoplatforms for NIR-II
PAI-guided PTT, broadening the diversity of the theranostic
nanoagents for cancer diagnosis and therapy.

2. Experimental
2.1 Materials

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), tetrahydrofuran (THF), and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich. Fetal bovine serum (FBS),
Dulbecco’s Modified Eagle Medium (DMEM), phosphate
buffered saline (PBS, pH 7.4), penicillin streptomycin solution,
trypsin, calcein acetoxymethyl ester (calcein/AM) and propi-
dium iodide (PI) were purchased from Invitrogen. The func-
tional polymer, polystyrene-polyethylene glycol-carboxyl
(PS-PEG-COOH) was purchased from Polymer Source Inc.,
Canada. Ultrapure H2O was used in this study. All chemicals
were used as received without purification unless indicated.

2.2 Synthesis of conjugated polymer BDT-TBZ

The new conjugated polymer BDT-TBZ was synthesized by con-
jugating the donor monomer benzodithiophene (BDT) and the
acceptor monomer thiadiazolobenzotriazole (TBZ) via a
reported Stille coupling polymerization.45 The detailed pro-
cedure is provided in the ESI.†

2.3 Preparation and characterization of BDT-TBZ CPNs

BDT-TBZ CPNs were prepared via a modified nanoprecipita-
tion approach as previously reported.46 Typically, 3 mL THF
homogeneous solution containing BDT-TBZ polymers (100 μg

Fig. 1 (a) Chemical structure of the conjugated polymer BDT-TBZ and
functional polymer PS-PEG-COOH and schematic illustration of CPNs
preparation via a nanoprecipitation approach. (b) Schematic illustration
of BDT-TBZ CPNs for second near-infrared photoacoustic imaging-
guided photothermal cancer therapy.
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mL−1) and PS-PEG-COOH (25 μg mL−1) was rapidly injected
into 10 mL ultrapure water under vigorous sonication. After
that, THF was removed from the dispersion by heated on a
hotplate with N2 stripping. The obtained BDT-TBZ CPNs were
filtered through a 0.22 μm membrane filter and then purified
with an Econo-Pac 10DG filtration column. The silicon 2,3-
naphthalocyanine bis(trihexylsilyloxide) (NIR775)-doped CPNs
were also prepared for fluorescence imaging. The as-prepared
BDT-TBZ CPNs were stored at 4 °C for further use. The mor-
phology of BDT-TBZ CPNs was studied using a transmission
electron microscopy (TEM) (Philips Technai 12). Dynamic light
scattering (DLS) measurements were conducted on a Malvern
Mastersizer (Malvern Zetasizer Nano ZS) to study the size dis-
tribution and surface zeta potential of BDT-TBZ CPNs. The
absorption spectra of BDT-TBZ CPNs was acquired on an ultra-
violet-visible-near infrared spectrophotometer (Evolution 300).
A 1064 nm diode-pumped solid-state laser system was
employed to determine the photothermal properties of
BDT-TBZ CPNs. The thermal images were collected using an
infrared camera (SC300, Fluke TiR), and then analyzed with
the Guide Infrared Analysis software.

2.4 Cell culture

Human breast cancer MCF-7 cell and mouse mammary carci-
noma 4T1 cell lines were obtained from the American Type
Culture Collection, USA. The cells were cultured in DMEM
medium supplemented with 10% FBS, penicillin (100 U
mL−1), and streptomycin (100 μg mL−1). The cells were incu-
bated at 5% CO2 in a humidified atmosphere at 37 °C, and
routinely passaged via a trypsin-dependent approach.

2.5 In vitro cytotoxicity assay

The in vitro cytotoxicity of BDT-TBZ CPNs was determined by
MTT assay. Typically, MCF-7 or 4T1 cells were seeded in a
96-well plate with 10 000 cells per well and incubated over-
night. The culture medium was refreshed with medium con-
taining BDT-TBZ CPNs of various concentrations (0, 10, 25, 50,
and 100 μg mL−1), and the cells were further incubated for
24 h or 48 h, respectively. Thereafter, 20 μL MTT of 5 mg mL−1

in PBS was added into each well and the cells were incubated
for another 4 h. The medium was then discarded, and 200 μL
DMSO was added into each well. The plate was incubated in
darkness for 30 min at 37 °C and the absorbance at 570 nm
was subsequently recorded with a Cytation 3 microplate reader
(Bio-Tek). The obtained data was calculated and shown as
mean ± SD deviation (n = 6).

2.6 In vitro PTT assessment

The in vitro PTT therapy of BDT-TBZ CPNs against cancer cells
was studied via MTT assays. For the MTT assay, MCF-7 or 4T1
cells were seeded in a 96-well plate and incubated to reach
80% confluent. Then, fresh medium containing BDT-TBZ
CPNs of various concentrations (0, 25, 50, and 100 μg mL−1)
was added and the cells were incubated for 12 h. Afterwards,
the cells were treated with irradiation of a 1064 nm laser with
a power density of 1 W cm−2 for 6 min, and cells were then

incubated for another 12 h. Cell viability was then determined
via described MTT approach. Cells incubated in darkness at
37 °C for 6 min were set as control groups.

2.7 Living/dead cell staining assay

The MCF-7 cells were plated into 35 mm glass-bottomed con-
focal dishes and incubated to reach 80% confluent. Then, the
culture medium was replaced with fresh medium containing
BDT-TBZ CPNs and the cells were incubated for another 12 h.
The cells were subsequently illuminated with a 1064 nm laser
(1 W cm−2) for 6 min, and cells were incubated for an
additional 4 h. Cells received no treatment or CPNs incubation
or laser irradiation were set as control groups. After that, cells
were washed twice with PBS solution and then stained with
calcein-AM and PI for 30 min. Living and dead cells could be
stained by calcein-AM (green fluorescence) or PI (red fluo-
rescence), respectively. Confocal cell imaging was conducted
immediately after cell staining with a Leica TCS SP5 laser con-
focal scanning microscope.

2.8 Tumor mouse model

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of City
University of Hong Kong and approved by the Animal Ethics
Committee of City University of Hong Kong. Female Balb/c
nude mice (6–8 weeks) were obtained from and then housed
in the Laboratory Animal Research Unit (LARU), City
University of Hong Kong in a pathogen-free environment. The
4T1 tumor mouse model was established via injection of 5 ×
106 4T1 cells in 100 μl PBS solution subcutaneously into left
flank of Balb/c nude mice.

2.9 Photoacoustic imaging

The in vitro and in vivo PAI studies of BDT-TBZ CPNs were con-
ducted at University of Macau with a designed PAI system at a
wavelength of 1064 nm. For in vitro PAI, an aqueous solution
of BDT-TBZ CPNs at different concentrations (0, 25, 50, 100,
and 200 μg mL−1) was placed in the designed PAI system for
PA signal collection. For in vivo PAI, Balb/c nude mice (n = 3)
bearing 4T1 tumor were intravenously injected with BDT-TBZ
CPNs at a dose of 2.0 mg kg−1, and the PA signal was recorded
at various time points after injection of CPNs. During the
in vivo PAI experiments, mice were anesthetized using the iso-
flurane anesthesia system all the time. Matlab software was
used to analyze the data and generate PA images.

2.10 In vivo photothermal therapy

When the 4T1 tumor reached approximately 60 mm3 in
volume, the Balb/c nude mice bearing 4T1 tumor were distrib-
uted randomly into four groups with 5 mice in every group: (1)
mice received an intravenous injection of 200 μL PBS solution
as a control group; (2) mice received an intravenous injection
of 200 μL BDT-TBZ CPNs solution in 1× PBS buffer as CPNs
group; (3) mice received irradiation of a 1064 nm laser (1 W
cm−2) for 6 min at the tumor site as laser group; (4) mice
received an intravenous injection of 200 μL BDT-TBZ CPNs
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solution in 1× PBS buffer, and at 8 h after the injection,
irradiation of a 1064 nm laser (1 W cm−2) for 6 min at the
tumor site as PTT group. The temperature profiles of mice in
the laser group and PTT group were recorded using an infrared
camera (SC300, Fluke TiR) during the laser irradiation treat-
ment. During the photothermal therapeutic experiments, mice
were anesthetized using the isoflurane anesthesia system all
the time. After the therapeutic treatment, the length and width
of the 4T1 tumors were recorded with an electronic caliper
every two days. Tumor volume was calculated according to the
formula: V (volume) = length × width2/2. The bodyweight of
mice was also measured during the therapeutic period. CO2

exposure was introduced for the sacrifice of the mice after 14
days of treatment. Selected organ tissues including the heart,
liver, spleen, lung, and kidneys were harvested for hematoxylin
and eosin (H&E) staining.

2.11 In vivo biodistribution and hematological analysis

To investigate the in vivo biodistribution of BDT-TBZ CPNs,
NIR775-doped CPNs were prepared and then intravenously
injected into nude mice at a dose of 2.0 mg kg−1 (n = 3). The
mice blood samples were harvested at designated time points
(0, 1, 6, 24, 72 h). The major organs (including the brain,
heart, lung, liver, spleen, and kidneys) were also collected at 6
and 72 h after the injection. The fluorescence intensity of the
blood samples was determined and analyzed. The organs were
also imaged using the Lumina XR III In Vivo Imaging System
(IVIS) to detect the fluorescence intensity. The obtained fluo-
rescence data was analyzed using IVIS Image Analysis
Software. To investigate the long-term in vivo toxicity, BDT-TBZ
CPNs were intravenously injected into nude mice at a dose of
2.0 mg kg−1 (n = 3). At day 1, 7, and 14, 20 μL blood was har-
vested from each nude mouse and subsequent hematological
analysis was performed using an HLIFE blood analyzer. Mice
blood samples collected before the CPNs injection were set as
control. The obtained mouse blood routine indexes were
shown as mean ± SD deviation.

3. Results and discussion
3.1 Preparation and characterization of BDT-TBZ CPNs

In this work, through the palladium-catalyzed Stille coupling
polymerization, we successfully designed and synthesized the
conjugated polymer poly([2,5-bis(2-decyltetradecyl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione-3,6-dithienyl]-co-[6-(2-ethyl-
hexyl)-[1,2,5]thiadiazolo [3,4-f ]benzotriazole-4,8-diyl]) (BDT-TBZ,
Fig. 1a) in accordance with the synthetic routes shown in
Fig. S1.† Benzodithiophene (BDT) is an excellent electron
donor that has been widely adopted for designing novel conju-
gated molecules and polymers, and thiadiazolobenzotriazole
(TBZ) is a strong electron-deficient acceptor.41,47 With a classic
D–A structure, the as-synthesized polymer would possess a
planar structure, large extinction coefficient, and narrow
energy bandgap, contributing to the strong optical absorption
in extended wavelength to NIR-II window. Gel permeation

chromatography (GPC) tests were firstly performed to investi-
gate the physical profile of obtained polymers. As shown in
Fig. S2,† the BDT-TBZ polymer has a number-average mole-
cular weight (Mn) of 472 Da and a weight-averaged molecular
weight (Mw) of 483 Da, with a polymer dispersity index (PDI)
of 1.02. The absorption spectra of BDT-TBZ polymer in THF
was also determined. The results indicated the strong absorp-
tion of BDT-TBZ polymer in the NIR region (Fig. S3†).

The BDT-TBZ CPNs were then prepared via a well-estab-
lished nanoprecipitation approach for in vitro and in vivo PTT
application, and functional polymers polystyrene-polyethylene
glycol-carboxyl (PS-PEG-COOH) were co-condensed with
BDT-TBZ polymers during the preparation of BDT-TBZ CPNs
(Fig. 1). PS-PEG-COOH with hydrophilic side chains not only
functions as a hydrotrope to improve the hydrophilia and col-
loidal stability but also significantly reduces nonspecific
adsorption of CPNs for biological studies.48 As shown in
Fig. 2a, dynamic light scattering (DLS) measurements indi-
cated that the hydrodynamic diameter of BDT-TBZ CPNs is
about 20 nm with narrow size distribution. The zeta potential
of BDT-TBZ CPNs was measured to be −50.4 mV in a translu-
cent aqueous solution, as shown in Fig. S4.† The representa-
tive transmission electron microscopy (TEM) image confirmed
the monodispersed spherical morphology of BDT-TBZ CPNs,
and the observed diameter size of BDT-TBZ CPNs was in good
agreement with the DLS results (Fig. 2b). The CPNs aqueous
solution remained clear and no significant change in hydro-
dynamic size was observed upon storage for about a month,
indicating the excellent long-term colloidal stability of
BDT-TBZ CPNs (Fig. S5†). The optical absorption spectra of
BDT-TBZ CPNs in aqueous solution was shown in Fig. 2c. As
expected, the BDT-TBZ CPNs exhibited strong absorption in
the NIR region with an absorption peak at about 970 nm,
extending the absorption wavelength into the NIR-II biological
window.

Given that the strong absorption of BDT-TBZ CPNs in the
NIR region, we proceeded to investigate the photothermal pro-
perties of BDT-TBZ CPNs. High laser power intensity could
cause damage to the healthy tissues, induce inflammation, or
cause cancer recurrence and metastasis.49 So it is essential to
control the laser power intensity within its maximum permiss-
ible exposure (MPE). Considering the distinct MPE for light in
different NIR windows, we measured and compared the temp-
erature elevations of BDT-TBZ CPNs under laser irradiation of
808 nm laser (NIR-I window) or 1064 nm laser (NIR-II window)
at their respective MPE (0.3 W cm−2 for 808 nm and 1 W cm−2

for 1064 nm).27,50 The 980 nm laser was not applied in this
study due to the strong water absorption peak at 980 nm,
which lead to a rapid increase in tissue temperature.51 As
shown in Fig. 2d, the temperature of BDT-TBZ CPNs aqueous
solution (100 μg mL−1) under 808 nm laser irradiation at its
MPE (0.3 W cm−2) was a little bit higher than that irradiated
under 1064 nm laser at the same power density. Nevertheless,
the temperature achieved by 808 nm laser irradiation at 0.3 W
cm−2 cannot fulfill the threshold temperature (42 °C) that is
required in PTT treatment to induce cancer cell apoptosis and
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necrosis.52 Thus, to achieve temperature higher than the
threshold temperature, employing a 1064 nm laser would be a
better choice due to its higher MPE. We also investigated the
temperature elevations of BDT-TBZ CPNs aqueous dispersion
solution (100 μg mL−1) under 1064 nm laser irradiation (1.0 W
cm−2) for loner time (10 min). As shown in Fig. S6,† the temp-
erature under 1064 nm laser irradiation can saturate in
10 min. Fig. 2d clearly revealed that increased temperature
could be achieved by increasing the power density of 1064 nm
laser up to its MPE. When the power density was fixed at its
MPE (1 W cm−2), the temperature of BDT-TBZ CPNs solution
exhibited concentration-dependent elevation, while little
change in temperature was observed for water (Fig. 2e). The
threshold temperature, 42 °C, could be fulfilled at a relatively

low concentration of 50 μg mL−1. A temperature higher than
60 °C was observed under irradiation of 1064 nm laser when
the concentration was increased to 200 μg mL−1. Fig. 2f dis-
plays the corresponding infrared thermal images of BDT-TBZ
CPNs dispersions of various concentrations under 1064 nm
laser irradiation, again indicating the concentration-depen-
dent photothermal effect of BDT-TBZ CPNs. We then studied
the photothermal stability of BDT-TBZ CPNs as it’s an essen-
tial consideration evaluating the practicality of obtained CPNs
for further PTT trials. A cycling laser irradiation process was
performed, and the temperature changes of BDT-TBZ CPNs
solution under 1064 nm laser irradiation was recorded. As
illustrated in Fig. 2g, no significant change in maximum temp-
erature was observed during the five heating/cooling cycles,

Fig. 2 Characterization of BDT-TBZ CPNs. (a) Size distribution of BDT-TBZ CPNs measured by DLS. (b) Representative TEM image of BDT-TBZ
CPNs. (c) The normalized absorption spectrum of BDT-TBZ CPNs aqueous dispersion. (d) The temperature evolution of BDT-TBZ CPNs aqueous dis-
persion (100 μg mL−1) under irradiation of 1064 nm laser at various power densities (0.3, 0.5, and 1.0 W cm−2) or 808 nm laser at relative MPE (0.3 W
cm−2). (e) The temperature evolution of BDT-TBZ CPNs aqueous dispersions of various concentrations (0, 25, 50, 100, 200 μg mL−1) under irradiation
of 1064 nm laser at 1.0 W cm−2. (f ) Corresponding infrared thermal images of BDT-TBZ CPNs aqueous dispersions under irradiation (1 W cm−2) for
6 min. (g) Temperature evolution of the BDT-TBZ CPNs solution (100 μg mL−1) under irradiation (1 W cm−2) for five laser on/off cycles. (h)
Photothermal heating and cooling of BDT-TBZ CPNs and water under 1064 nm laser irradiation. (i) Linear time data versus −ln θ obtained from the
cooling curve in (h).
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clearly manifesting the strong resistibility of BDT-TBZ CPNs
upon laser irradiation and temperature variation. Size distri-
bution and absorption spectra profiles of BDT-TBZ CPNs solu-
tion before and after laser irradiation were also measured. As
shown in Fig. S7 and S8,† negligible change was detected in
the above-mentioned properties, further confirming the excep-
tional photothermal stability of BDT-TBZ CPNs. The photo-
thermal conversion efficiency (PCE) of BDT-TBZ CPNs was also
determined as it is a key factor for the evaluation of the
capacity in converting light to heat. The PCE of BDT-TBZ CPNs
was calculated to be 55% in accordance with the previously
reported methods (Fig. 2h and i, the detailed calculation is
provided in the ESI†),45,53 which is comparable to previously
reported inorganic and organic NIR-II PTT nanoagents
(Table S1, ESI†).9,27,50,54–58 The strong absorption in the NIR-II
biological window, high photothermal conversion efficiency
and excellent photothermal stability assure the beneficial util-
ization of BDT-TBZ CPNs as NIR-II light-responsive PTT
nanoplatforms.

3.2 In vitro PTT of BDT-TBZ CPNs

Previous reports have demonstrated that CPNs could continu-
ously enter cells in an energy-dependent, caveolae-mediated
endocytosis pathway despite the negative surface charge,59,60

encouraging us to continue with the in vitro PTT of BDT-TBZ
CPNs. To employ the BDT-TBZ CPNs for in vitro and in vivo
PTT trials, we first evaluated the cytotoxicity of BDT-TBZ CPNs
via the typical 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assays. As shown in Fig. 3a and S9,† high
cell viability of MCF-7 breast cancer cells or 4T1 mammary car-
cinoma cells was observed (>95%) after incubation with
BDT-TBZ CPNs for 24 h or 48 h even when the concentration

reached as high as 100 μg mL−1, demonstrating the remark-
able biocompatibility of BDT-TBZ CPNs. Nevertheless, signifi-
cant growth inhibition of cancer cells was observed when
BDT-TBZ CPNs-incubated cells were exposed to 1064 nm laser
irradiation at a power density of 1 W cm−1, as illustrated in
Fig. 3b and c. Under laser irradiation, cell viability of MCF-7
and 4T1 cells dramatically declined with the increasing con-
centration of BDT-TBZ CPNs. Less than 10% of MCF-7 or 4T1
cells were ablated at the concentration of 25 μg mL-1, while
over 80% of cancer cells were eradicated after irradiation when
the concentration of BDT-TBZ CPNs was increased to 100 μg
mL−1. Considering that the laser irradiation itself had no sup-
pression effect on cell viability, we can conclude that the
decreased cell viability was a result of apoptosis or necrosis
induced by the temperature elevation due to the photothermal
conversion effect of BDT-TBZ CPNs. Previous reports demon-
strated that apoptosis and necrosis are the two fundamental
mechanisms of PTT-induced cancer cell death, depending on
the laser power density and irradiation time.61,62 The necrosis
triggered by the PTT treatment is considered to be a more
passive and immediate form of cell death, which is due to the
severe damage of the heat stimuli to the cancer cells.61 The
apoptosis induced by PTT treatment is shown to be mediated
by the intrinsic mitochondrial pathway through the activation
of the Bid protein.62 To further visualize the PTT efficacy of
BDT-TBZ CPNs, we performed the living/dead cell staining
assay. MCF-7 cells received various treatments were co-stained
with calcein-AM and PI so that living (green) and dead (red)
cells can be distinguished under fluorescence microscopy.
Strong green fluorescence can be observed for the cells incu-
bated with BDT-TBZ CPNs or irradiated under 1064 nm laser,
while cells were then stained by red fluorescence when treated
with BDT-TBZ CPNs incubation and subsequent laser
irradiation (Fig. 3d). The confocal fluorescence imaging result
was consistent with the MTT assays, confirming the remark-
able in vitro PTT efficacy of BDT-TBZ CPNs under 1064 nm
laser irradiation.

3.3 PAI performance of BDT-TBZ CPNs

Motivated by the efficient photothermal performance of
BDT-TBZ CPNs, we investigated the feasibility of the CPNs as
PAI contrast agents with a lab-built PAI system (Fig. S10†). The
photoacoustic imaging performance of BDT-TBZ CPNs in
aqueous solution was evaluated and the PA images of CPNs at
various concentrations were shown in Fig. 4a. The background
signal, laser intensity variation, and the sensitivity of the trans-
ducers of the PA imaging system result in the inhomogeneous
signal intensity in the reconstructed image. Similar findings
were also demonstrated in previous publications.9,50,57 The
obtained data were quantified and analyzed as Fig. 4b, clearly
indicating the excellent PA performance of the CPNs as PA
signal intensity dramatically increased with increasing concen-
trations of CPNs. It is worth pointing out that the PA signal
intensity of as-obtained CPNs exhibited an obvious linear cor-
relation with the concentration, which is essential for future
quantitative analysis of PAI. Thereafter, the in vivo PAI capa-

Fig. 3 In vitro PTT of BDT-TBZ CPNs. (a) MTT assays to access the rela-
tive cell viability of MCF-7 and 4T1 cells after incubation with different
concentrations of BDT-TBZ CPNs for 48 h. Error bars indicate standard
deviation (n = 6). MTT assays to access the relative cell viability of (b)
MCF-7 cells or (c) 4T1 cells treated with BDT-TBZ CPNs incubation for
12 h at various concentrations with or without subsequent 1064 nm
laser irradiation (1 W cm−1, 6 min). Error bars indicate standard deviation
(n = 6). (t test unpaired analysis, ** p < 0.01, *** p < 0.001) (d)
Representative confocal fluorescence images of MCF-7 cells co-stained
with by calcein-AM (living cells, green) and PI (dead cells, red) after
various treatments. Scale bar: 500 μm.
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bility of BDT-TBZ CPNs was examined in 4T1 tumor-bearing
nude mice. After intravenous administration of BDT-TBZ
CPNs solution in 1× PBS buffer in the mice, the tumor site
was monitored, and the PA signals were collected under
1064 nm laser irradiation at designated time points. The gen-
erated PA images and relevant quantified data were shown in
Fig. 4c and d. After administering the BDT-TBZ CPNs, the PAI
signal intensity at the tumor site gradually enhanced versus
time. The PAI contrast enhancement indicated the efficient
accumulation of the CPNs in the tumor mainly attributed to
the enhanced permeability and retention (EPR) effect.63 At
8 h post-injection, the PA signal intensity at the tumor site
reached to the maximum and started to gradually decline to
lower intensity, revealing that the optimal time for cancer
PTT is 8 h after the injection of the CPNs. We compared the
PA result with our previously developed PA agents that were
imaged with the same PA imaging system as in this work to
make sure the comparison is under the same standard. As
shown in Table S2 (ESI†), the BDT-TBZ CPNs used in this
work exhibited the highest PA signal intensity enhancement
even compared to the other PA nanoagents that were intra-
tumorally injected, indicating the superiority of the BDT-TBZ
CPNs as a PA imaging agent.45,64,65 The PTT efficacy could be
significantly improved under the guideline of PAI results via
the determination of the optimal time for cancer treatment,
further confirming the necessity and significance of the
development of theranostic nanoplatforms for PAI-guided
cancer PTT.

3.4 In vivo PTT of BDT-TBZ CPNs

Encouraged by the outstanding PTT and PAI performance, we
continued to study the in vivo PTT therapeutic efficacy of
BDT-TBZ CPNs on the 4T1 tumor xenograft model. When the
tumor size reached approximately 80 mm3, the mice were dis-
tributed in four random groups (n = 5). In the PTT group, the
mice received an intravenous injection of CPNs and followed
by irradiation of 1064 nm laser at a power density of 1 W cm−1

for 6 min. The laser irradiation at the tumor site was per-
formed at 8 h after CPNs injection according to the in vivo PAI
results. The other three groups included untreated mice
(Control group), CPNs-injected mice (CPNs group), and laser-
irradiated mice injected with PBS (Laser group). Temperature
change at the tumor site of the mice was monitored during the
1064 nm laser irradiation in both the Laser and PTT groups
(Fig. 5a). Accordingly, quantitative data in Fig. 5b indicated
that the temperature at the tumor site (56 °C) after irradiation
in the PTT group was significantly higher than that (40 °C) in
the Laser group. The rapid temperature elevation certifies the
sufficient accumulation of the CPNs in the tumor during the
blood circulation and the efficient in vivo photothermal con-
version. The tumor volume was monitored and recorded every
two days after different treatments. As shown in Fig. 5c and
S11,† the tumors in the PTT group were significantly sup-
pressed after the treatment and no recurrence was observed in
14 days, while the tumors in the other three groups showed a
similarly rapid growth tendency during the treatment period.
The harvested tumors and the corresponding tumor weight
data were shown in Fig. 5d and S12,† showing that the solid
tumors in 3 out of 5 mice were completely ablated in the PTT
group which proves the remarkable antitumor efficiency of the
PTT treatment. We added the laser power density for in vivo
experiments of the PTT agents listed in Table S1 (ESI†) for
comparison. As shown, the irradiation condition in this work
is milder than that of the majority listed PTT agents in
Table S1 (ESI†). In addition, the body weight data of mice from
these groups showed no obvious differences among the
various treatments throughout the entire therapeutic period,
revealing the insignificant systemic side effects of the CPNs-
medicated PTT cancer treatment (Fig. 5e). More importantly,
histological and histomorphometric analyses were also con-
ducted with collected organs after the treatment. As shown in
Fig. 5f, no appreciable histopathological abnormality in H&E
staining assays was observed in organs harvested from mice of
the PTT group and the Control group, demonstrating the favor-
able biocompatibility of the BDT-TBZ CPNs for normal tissues
in the case of no irradiation. The histological and histomor-
phometric assays demonstrated the superior biocompatibility
of the BDT-TBZ CPNs in the PTT cancer therapy. It should be
noticed that a relatively high temperature is required in the
PTT to achieve cancer cell death and tumor elimination,
driving scientists devoted to developing the nanoplatforms
that have the highest possible absorption, extinction coeffi-
cients, and photothermal conversion efficiency for a better
PTT effect.66 In addition, many strategies could be used to

Fig. 4 PAI performance of BDT-TBZ CPNs. (a) The PA images of
BDT-TBZ CPNs solutions at various concentrations (25, 50, 100, 150,
200, and 250 µg mL−1). (b) The PA signal intensity of BDT-TBZ CPNs at
various concentrations and the corresponding linear correlation
between PA intensity and concentrations (n = 3). (c) In vivo PA images of
the tumor site at various time intervals (0, 2, 4, 6, 8, 12, and 24 h) after
intravenous injection of BDT-TBZ CPNs (at a dose of 2.0 mg kg−1) into
nude mice. (d) The PA signal intensity variation at the tumor site after
intravenous injection of BDT-TBZ CPNs into nude mice. Error bars indi-
cate standard deviation (n = 3).
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reduce the side effects, such as, modification of CPNs with
active cancer cell-targeting ability to enhance the accumulation
of CPNs in the tumor, or combining PTT with other thera-
peutic modalities for enhanced therapeutic effect. In spite of
the potential challenge, NIR-II responsive PTT is still con-
sidered to be a compelling therapeutic modality holding great
clinical translational potential.2,30

3.5 In vivo metabolism and toxicity

The concern upon the long-term in vivo metabolism and tox-
icity of nanomedicines is still the dominant limitation for

their potential clinical utilizations. Thus, we conducted in vivo
tests to determine the above-mentioned properties of the
BDT-TBZ CPNs. To understand the metabolism pathway,
silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) (NIR775)-
doped CPNs were prepared so that the in vivo dynamic biodis-
tribution and clearance of CPNs could be imaged and tracked
via fluorescence imaging with the In Vivo Imaging System
(IVIS). The DLS profile suggested that the size of the CPNs
were negligibly influenced by NIR 775 doping (Fig. S13†).
Then, we investigated the fluorescence stability of NIR
775-doped CPNs solutions at different time intervals (0, 1, 2,

Fig. 5 In vivo PTT of BDT-TBZ CPNs. (a) Photothermal infrared thermal images of mice bearing 4T1 tumor under the 1064 nm NIR-II laser
irradiation (1 W cm−2) with intravenous injection of BDT-TBZ CPNs (200 μg mL−1) or PBS (at a dose of 2.0 mg kg−1). (b) Temperature changes at the
tumor site during the laser irradiation for the PTT and Control group in (a). (c) Relative tumor volume of mice after various treatments (t test unpaired
analysis, *** p < 0.001). (d) Photographs of tumors harvested at 14th day after various treatments. (e) Relative body weight of mice after various treat-
ments. (f ) Histology H&E staining of organ tissues harvested from the PTT and Control groups of mice at 14th day after various treatments. Scale
bar: 100 µm. Error bars indicate standard deviation (n = 5).
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and 3 d). As shown in Fig. S14,† the fluorescence intensity of
NIR 775-doped CPNs exhibited negligible changes in 3 days,
indicating the good stability of NIR 775-doped CPNs. After
intravenous injection of NIR 775-doped CPNs into Balb/c nude
mice, the blood samples at designated time points (0, 1, 6, 24,
72 h) were harvested and analyzed. As illuminated in Fig. 6a,
intense fluorescence signal was detected in the blood at 1 h
post-injection, and the fluorescence intensity declined fast
along the time. The major organs were also collected after the
intravenous injection and imaged. As shown in Fig. 6b, strong
fluorescence signal was detected in the liver at 6 h post-injec-
tion, whereas almost no fluorescence was observed from other
organs. The liver accumulation might be due to the uptake
and enrichment of the CPNs in the reticuloendothelial system
during the blood circulation, suggesting the potential clear-
ance of CPNs through the biliary pathway.10,50,67 Also, no fluo-
rescence could be detected at 72 h after injection, indicating
the quick removal of the CPNs from the body. Together, these
data demonstrates the rapid body clearance of the BDT-TBZ
CPNs, confirming the excellent metabolizability of the
obtained CPNs. Additionally, the long-term toxicology of the
BDT-TBZ CPNs was accessed by performing the hematological
analyses. After the intravenous injection of the CPNs, the
blood samples of nude mice were collected at designated time
points (0, 1, 7, 14 d) and analyzed. Blood samples at day 0
refer to the collected blood before the injection of CPNs.
According to the data shown in Fig. 6c, the blood routine
indexes of the CPNs-injected mice displayed no significant

difference compared to the control samples, demonstrating
the insignificant hepatotoxic effects of the CPNs.
Biocompatibility is an essential consideration for nano-
particles aimed at biological and biomedical applications. As a
class of nanomaterials completely composed of organic and
biologically inert components, conjugated polymer nano-
particles (CPNs) possess good biocompatibility by intrinsically
avoiding the potential toxicity of heavy metal ions.68 Rao and
coworkers conducted a pre-clinically systematic toxicity evalu-
ation, demonstrating that the intravenous injection of CPNs
did not lead to unusual behavior as well as acute or chronic
toxicity in balb/c mice.69 Ding et al. evaluated the toxicity of
CPNs in ICR mice and observed no obvious abnormality to the
functions of liver and kidney organs of mice.70 Taken together
with our in vivo metabolism and toxicity data, we can confirm
the favorable biological compatibility of the BDT-TBZ CPNs in
cancer theranostics.

4. Conclusions

In summary, we successfully synthesized the metabolizable
theranostic nanoagents of conjugated BDT-TBZ CPNs with
strong absorption in the NIR-II region, high photothermal con-
version efficiency, excellent thermal stability, and negligible
cytotoxicity. BDT-TBZ CPNs could also be employed as attrac-
tive PAI contrast agents due to the remarkable PA signal gene-
ration capability both in vitro and in vivo. Based on the PAI
guideline, BDT-TBZ CPNs achieved excellent photothermal
therapeutic performance under 1064 nm laser irradiation with
efficient cancer cell ablation and significant tumor suppres-
sion. Notably, BDT-TBZ CPNs exhibited rapid body clearance
property and demonstrated no systematic toxicity and side
effects, indicating superior biocompatibility. Therefore,
BDT-TBZ CPNs hold great potential for precise and efficient
near-infrared II PAI guided PTT and provide new insights into
the clinical translation of theranostic nanoplatforms for anti-
cancer therapy.
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