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Enhanced efficacy of photothermal therapy by
combining a semiconducting polymer with an
inhibitor of a heat shock proteiny

Tingting Sun, 2 2° Xingxing Chen,®® Xin Wang, Shi Liu,® Jun Liu@? and
Zhigang Xie (2 %@

Photothermal therapy (PTT) is a highly effective therapeutic modality in tumor therapy. Nevertheless, the
PTT of cancer is also accompanied by thermoresistance of cells, which may alleviate the PTT efficacy or
even lead to tumor recurrence. Heat shock protein 90 (HSP90) is closely related to the resistance, so a
combination of inhibitors of HSP90 and photothermal agents could improve the PTT efficacy. In this
work, gambogic acid (GA), an inhibitor of HSP90, is incorporated into a photothermal nanoagent, so as
to reduce the influence of thermoresistance and maximize the PTT efficiency. Poly((2,5-diyl-2,3,5,6-
tetrahydro-3,6-dioxo-pyrrolo(3,4-c)pyrrole-1,4-diyl)-alt-(2,2":5',2" -terthiophene-5,5"-diyl)) (PDPP3T) s
selected as the robust photothermal material, and polymer-GA nanoparticles (PGNPs) incorporating
both GA and PDPP3T are prepared. The PGNPs exhibit excellent photothermal activity with a high
photothermal conversion efficiency of 36%, and great heating reproducibility and photoacoustic imaging
performance. Besides, PGNPs are stable enough in water, in physiological conditions or under irradiation.
The inhibition of HSP90 dramatically increases the apoptosis rate of cells, accordingly promoting the
efficacy of PTT. Mice treated with PGNPs under 808 nm laser irradiation possess the most effective tumor
inhibition, while no obvious systemic toxicity has been observed. Our study provides a valid approach to
improve the PTT efficacy for more potent cancer therapy.

with strong absorbance in the NIR window have been extensively
studied as photothermal agents (PTAs).>''*> Among them,

Photothermal therapy (PTT), as a non-invasive therapeutic
technique, has been extensively studied in recent years because
of its high efficiency and specificity in tumor destruction.'™?
PTT is based on the photothermal conversion materials which
convert the absorbed near-infrared (NIR, 700-1100 nm) light
to heat in tumor tissues and cells, sequentially ablating the
tumors.”™"® NIR light is less harmful to normal tissues and
possesses deeper penetration depth than ultraviolet or visible
light."® An 808 nm laser is the most widely selected light source
because of the low absorption of water in this region, which can
significantly mitigate the heating effect of normal tissues.'®® In
the last decade, a myriad of organic or inorganic nanomaterials
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semiconducting polymer nanoparticles (SPNs) possess high
photothermal ability to convert light into heat for PTT and
photoacoustic (PA) imaging.>®™*® More recently, the photo-
thermal features of SPNs have also been combined with other
therapeutic methods, for instance, controlling the thermo-
sensitive ion channels® or enzyme activity.'

In order to ablate tumors thoroughly, harsh photothermal
heating (high temperature over ~50 °C) is required to induce
complete necrosis of cells.”’>* However, due to inevitable heat
diffusion, photothermal treatment at a high temperature may
threaten the healthy tissues and cells nearby.’®> Normally, when
the temperature reaches the “hyperthermia range” (42-47 °C),
tumor cells die, probably due to the degeneration of proteins.>*
Nevertheless, the tumor cells are able to activate their cyto-
protective pathways such as the induction of heat shock proteins
(HSPs), which might rapidly repair thermal damage to proteins
and lead to the thermotolerance of tumor cells upon laser
irradiation."*"*>"° For example, HSP90, as a molecular chaperone
regulating the function and stability of several signaling proteins,
is closely related to antiapoptosis and tumor growth."®° It is
reasonable that the inhibition of overexpressed HSP90 might

Mater. Chem. Front., 2019, 3, 127-136 | 127


http://orcid.org/0000-0001-5285-3169
http://orcid.org/0000-0003-1487-0069
http://orcid.org/0000-0003-2974-1825
http://crossmark.crossref.org/dialog/?doi=10.1039/c8qm00459e&domain=pdf&date_stamp=2018-11-27
http://rsc.li/frontiers-materials
https://doi.org/10.1039/c8qm00459e
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM003001

Published on 20 November 2018. Downloaded on 7/28/2025 10:49:45 AM.

Research Article

a or
Con
'\ _N_o - SSv
<} N =
oAy Bt PR
ro PDPP3T F-127
s ——
o OoH Nanoprecipitation
Q
o
p .
w2 GA PGNPs

Scheme 1 Schematic illustration of (a) the preparation and (b) the enhanced
PTT efficacy of PGNPs.

surmount tumor thermoresistance thus improving the PTT
efficacy of SPNs,">7»>461763

Herein, gambogic acid (GA), a natural product, was selected
as the inhibitor for HSP90.°* Poly((2,5-diyl-2,3,5,6-tetrahydro-
3,6-dioxo-pyrrolo(3,4-c)pyrrole-1,4-diyl)-alt-(2,2":5' 2" -terthiophene-
5,5"-diyl)) (PDPP3T) with branched oligo(ethylene glycol) (OEG) as
the side chains and strong absorption in the NIR region was
employed as the photothermal material. PDPP3T structures
have already been used for photovoltaic devices,*>*° but their
application in the PTT field has not been studied in detail yet.
In this work, PDPP3T and GA were co-encapsulated in pluronic
F-127 (F-127) to form nanoparticles (PGNPs), and the PTT
potential of the PGNPs was demonstrated both in vitro and
in vivo (Scheme 1). Nanoparticles without encapsulation of GA
(PNPs) or PDPP3T (GNPs) were also prepared as controls.
PGNPs which integrate PTA and HSP90 inhibitors could stress-
fully block the overexpressed HSP90 upon laser irradiation,
thereby enhancing both early and late apoptosis of cells to
ultimately improve the PTT efficiency.

Experimental
Materials and reagents

PDPP3T was synthesized according to previous methods (yield:
50.0%).°°°® GA was purchased from Dalian Meilun Biotech
Co., Ltd. F-127 was purchased from Shanghai yuanye Bio-
Technology Co., Ltd. The cell viability (live-dead cell staining)
assay kit and Annexin V-FITC/propidium iodide (PI) apoptosis
detection kit were purchased from Jiangsu KeyGEN Biotechnol-
ogy Co., Ltd. Anti-HSP90 antibody was purchased from Abcam
Corporation. FITC-labeled Goat Anti-Mouse IgG (H + L) was
purchased from Beyotime Biotechnology Co., Ltd. The
DeadEnd™ Fluorometric TUNEL System was purchased from
Promega Corporation. The other chemicals were used as
obtained commercially.
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Preparation of PGNPs

For the preparation of PGNPs, PDPP3T, GA and F-127 were all
dissolved in 2 mL of tetrahydrofuran (THF). Then the solution
was quickly dispersed into 10 mL of deionized water under
sonication and sonicated for 5 min. After THF was fully
evaporated, it was dialysed for 24 h. For the preparation of Nile
red (NR) labeled PGNPs (NR@PGNPs), NR, PDPP3T, GA and
F-127 were all dissolved in the organic phase. PNPs and GNPs
were prepared with the same method in the absence of GA or
PDPP3T, respectively.

Photothermal effects of PGNPs

PGNPs with different concentrations (0-5 ug mL™ ') were irra-
diated with an 808 nm laser (1.0 W cm™?) for 10 min, and the
temperature was recorded every 10 s. Besides, for a fixed con-
centration of PGNPs (5 pg mL™ "), the influence of different
power densities (0.3-1.7 W cm™ ) was also recorded. The photo-
thermal response of the PGNPs in water (5 g mL~") was recorded
with irradiation for 10 min and the temperature during the
cooling down period was also measured to determine the photo-
thermal conversion efficiency in accordance with previous
methods.®®’® The temperature variations of the PGNPs
(5 pg mL™") in water over 6 cycles of heating and natural
cooling were measured to investigate their photostability.

Cellular uptake

For investigation of the cellular uptake of PGNPs by human
liver hepatocellular carcinoma (HepG2) cells, NR@PGNPs were
employed. Firstly, cells were seeded in 6-well culture plates with
clean coverslips (1 x 10° cells per well) for 24 h. The medium
(Dulbecco’s modified Eagle’s medium, DMEM) was then
replaced with NR@PGNPs in culture medium and the cells
were incubated at 37 °C for 0.5 or 2 h. After the cells were
washed with phosphate-buffered saline (PBS, pH 7.4) three
times, they were fixed with 4% formaldehyde. Hoechst 33258
was used to stain the nuclei. The samples were examined via
confocal laser scanning microscopy (CLSM) by using a Zeiss
LSM 700. Flow cytometry (FCM) was also performed to quantify
the cellular uptake.

In vitro PTT efficacy

The cytotoxicity of the nanoparticles was measured via 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays. HepG2 cells were harvested in a logarithmic growth
phase and seeded in 96-well plates (8 x 10° cells per well)
followed by incubation in DMEM for 24 h. After that, cells were
treated with DMEM, PNPs, GNPs or PGNPs at various concentra-
tions for 4 h at 37 °C. Then laser irradiation (808 nm, 1.0 W cm ™2,
10 min) was performed. After incubation for another 20 h, 20 uL
of MTT solution (5 mg mL ™" in PBS) was added and the plates
were incubated at 37 °C for another 4 h, followed by removal of
the culture medium containing MTT and addition of 150 pL of
dimethyl sulfoxide to each well. Finally, the absorbance of the
formazan product at 490 nm was measured via a microplate
reader after being shaken for 5 min.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Cell apoptosis detection assays

Cells were seeded in 6-well culture plates and pretreated with
the same conditions as in MTT assays. After treatment, the cells
were harvested, washed and stained with the Annexin V-FITC/PI
detection kit for about 20 min. Finally, the ratio analysis of
apoptosis was determined via FCM.

Live-dead cell staining

Cells were pretreated with the same conditions as in the MTT
assays. After treatment, calcein-acetoxymethyl (calcein-AM)/PI were
used to stain the cells for 30 min at room temperature. Finally, cell
staining results were obtained by using a fluorescence microscope.

Immunofluorescence staining

Cells were seeded in 6-well culture plates with clean coverslips
and pretreated with the same conditions as in the MTT assays.
After laser irradiation for 1 h, the cells were firstly stained with
a mouse primary anti-HSP90 antibody and then Alexa Fluor
488-labeled goat anti-mouse secondary antibody. Finally, the
cells were stained with Hoechst 33258 for CLSM.

PA imaging

In vitro and in vivo PA imaging were all performed with the
reported methods.”" For in vivo PA imaging, tumor-bearing nude
mice were injected with PGNPs (1.5 mg kg™ ') intravenously, and
PA images were acquired at 0, 1, 5, 7, 12 and 24 h. The images were
analyzed using ViewMOST"™ software. After injection for 24 h, the
mice were sacrificed, and the major organs (heart, liver, spleen,
lungs and kidneys) of the mice were harvested for PA imaging.

In vivo antitumor activity and biosafety

Animal care and handling procedures were according to the guide-
lines of the Regional Ethics Committee for Animal Experiments.

1 10 100 1000 10
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Female Kunming (KM) mice were obtained and maintained under
required conditions. To evaluate antitumor effects, the animal
model we used was subcutaneous hepatocarcinoma H22 tumor
xenografts. The tumor-bearing mice were divided into eight groups
(four in each group) randomly. They were intravenously injected
with PBS, GNPs (0.15 mg kg™~ ' of GA), PNPs (1.5 mg kg™ ' of
PDPP3T) or PGNPs (1.5 mg kg~ " of PDPP3T and 0.15 mg kg™~
of GA) respectively with or without laser irradiation. After
different treatments, the tumor dimensions (length and width)
were measured every 2 d. Tumor volumes were calculated via
length x width*/2 (mm?®). 10 d later, they were all sacrificed and
the tumors and main organs were collected. The main organs
(heart, liver, spleen, lungs and kidneys) and tumors were fixed
in 4% paraformaldehyde solution and then embedded in para-
ffin, sliced and stained using haematoxylin and eosin (H&E)
and TUNEL.

For biosafety analysis, 4 KM mice in each group were
injected with PGNPs (1.5 mg kg ') intravenously and then
irradiated with an 808 nm laser. After 10 d, the liver/kidney
function makers were obtained from an automatic biochemical
analyzer. Besides, the complete blood of the mice was obtained
for hematology analysis.

Results and discussion
Preparation and characterization of PGNPs

The synthetic routes of PDPP3T®® and the chemical structure of
GA are shown in Scheme S1 (ESIf). The chemical structure of
PDPP3T was confirmed by proton nuclear magnetic resonance
("H NMR) and elemental analysis. The number-average mole-
cular weight (Mn) of PDPP3T is about 30 000 g mol . GA is not
only an inhibitor of HSP90 but also a chemotherapeutic
agent,”” which can inhibit the proliferation of many kinds of
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Fig. 1 Basic characterizations and photothermal performance of PGNPs. (a) DLS result (Inset: Picture of PGNPs in water) and (b) TEM image of PGNPs.
(c) Absorption spectra of PDPP3T in THF and PGNPs in water. Photothermal conversion behavior of PGNPs by varying (d) concentrations (0-5 pug mL™)
and (e) laser power densities (0.3-1.7 W cm™2). (f) Heating reproducibility of PGNPs (5 pg mL™) in water over 6 cycles of heating—cooling.
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malignant cells, including hepatoma,” lung cancer,”* leukemia,””
breast carcinoma’® and gastric carcinoma.”” The cytotoxicity of
GA against HepG2 cells was first evaluated to determine the
dosage of administration under the premise of ignoring its
chemotherapeutic effect. As shown in Fig. S1 (ESI{), a maxi-
mum concentration of 0.5 ug mL ™" would be applicable. Then,
PGNPs were prepared via a nanoprecipitation method. After
optimizing the conditions, the loading contents were 15 wt% of
PDPP3T and 1.5 wt% of GA, accompanied by loading efficien-
cies of 91 and 73%, respectively. The contents of PDPP3T and
GA in the PGNPs were determined from the standard curves
(Fig. S2 and S3, ESIf). The obtained solution of PGNPs is in
dark green, and the hydrodynamic diameter of the PGNPs is
134.9 nm with a polydispersity index (PDI) of 0.15 as deter-
mined by dynamic light scattering (DLS) (Fig. 1a). The nano-
particles in the transmission electron microscopy (TEM) image
(Fig. 1b) exhibit a uniform spherical morphology with sizes
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smaller than that measured by DLS, probably resulting from the
volume shrinkage during the drying process of the TEM sample.
PGNPs possess good stability both in water and PBS (pH 7.4)
containing 10% fetal bovine serum (FBS) (Fig. S4, ESIT), which is
of great importance for their storage and practical application.
Besides, the hydrodynamic diameters of PNPs and GNPs are
148.8 and 133.8 nm with PDI of 0.172 and 0.166, respectively
(Fig. S5, ESIY).

As shown in Fig. 1c, PGNPs in water have strong absorption
in the NIR region, with a bathochromic shift relative to PDPP3T
in THF, which is ascribed to the aggregation of PDPP3T mole-
cules. The absorption coefficient of PGNPs in water at 808 nm
is as high as 60.0 L g~* em™, which is favorable for their
photothermal application. To evaluate the photothermal per-
formance of PGNPs in water, the temperature of the solution
was recorded and compared with the variation of the con-
centrations and laser power. When the concentrations were
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Fig. 2 Cytotoxicity against HepG2 cells. Cell viabilities of HepG2 cells treated with PNPs or PGNPs (a) without or (b) with 808 nm laser irradiation
(1.0 W cm™2, 10 min). Statistical significance: ** P < 0.01. (c) Fluorescence images of live (green) and dead (red) HepG2 cells co-stained with Calcein-AM
and Pl after being incubated with DMEM, PNPs (5 ug mL™ of PDPP3T), GNPs (0.5 ng mL™* of GA) or PGNPs (5 ng mL~* of PDPP3T and 0.5 ng mL~* of GA)
respectively, and then treated with or without laser irradiation (1.0 W cm™2) for 10 min. Scale bars, 100 um. (d) FCM analysis of early and late apoptosis of

HepG2 cells after the same treatments as in (c).
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increased from 0 (pure water) to 5 ug mL~" and the power density
of the 808 nm laser was fixed at 1.0 W cm ™2, the increase in
temperature revealed an obvious concentration-dependent ten-
dency, as shown in Fig. 1d. The temperature elevation of the
PGNPs could reach 28 °C at a low concentration of 5 g mL ™" after
laser irradiation for 10 min. A laser power-dependent temperature
increase was also detected with a constant concentration of
5 ug mL~"' (Fig. 1e). The photothermal conversion efficiency of
the PGNPs calculated referring to previous methods®”° is 36%
(Fig. S6, ESIt), further demonstrating their excellent photothermal
performance. To validate the photothermal stability of PGNPs,
6 cycles of heating—-cooling were conducted, and the elevation in
temperature (Fig. 1f) and the sizes of the PGNPs (Fig. S7, ESIY)
remained consistent. The high absorption coefficient, the
excellent photothermal conversion behavior and the great photo-
thermal stability of the PGNPs are beneficial to the potential
application of the PGNPs in PTT.

Cellular uptake

To demonstrate the efficient cellular uptake of PGNPs by HepG2
cells, NR was selected as the fluorescent probe”® and loaded in
the PGNPs (NR@PGNPs). As indicated in Fig. S8 (ESIt), the
photoluminescence (PL) spectra of the PGNPs and NR@PGNPs
as well as the picture of the NR@PGNPs in water substantiated
the successful loading of NR. Then, CLSM was employed to
observe the internalization of HepG2 cells incubated with
NR@PGNPs for 0.5 and 2 h. The cell nuclei were stained with
Hoechst 33258. As shown in Fig. S9a (ESIt), the fluorescence
intensity of NR@PGNPs in the cells increases from 0.5 to 2 h,
indicating efficient cellular uptake of PGNPs by HepG2 cells.
FCM was also carried out to quantify the cellular uptake, and a
time-dependent internalization of NR@PGNPs was detected
(Fig. S9b, ESIt). The efficient internalization of PGNPs by cells
is the firm foundation to exert their therapeutic effect.

In vitro PTT efficacy

To evaluate the influence of GA on cytotoxicity, the viabilities of
cells treated with PNPs or PGNPs with or without 808 nm laser
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irradiation were determined by MTT assays. For cells treated
with PNPs or PGNPs (0-5 ug mL™ ") for 24 h in the absence of
laser irradiation, there was no significant cytotoxicity detected
(Fig. 2a). After laser irradiation (1.0 W cm ™2, 10 min), a dramatic
decline in viability was observed with the increase in concen-
tration (3-5 ug mL ") (Fig. 2b). More importantly, the existence
of GA in the PGNPs significantly decreased the viabilities of
HepG2 cells relative to PNPs, with half maximal inhibitory
concentration (ICs,) values of 4.3 and 3.4 pg mL ™" for PNPs
and PGNPs, respectively, demonstrating that the inhibition
of HSP90 could enhance the PTT effect observably. However,
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Fig. 4 (a) PA images of the tumor (in the white dashed circles) taken at
specified time points after systemic administration of PGNPs (1.5 mg kg™*
of PDPP3T). Scale bar, 3 mm. (b) Quantified signal intensities of the tumor.

PNPs + PGNPs - PGNPs +

Fig. 3 The expression of HSP90 in HepG2 cells 1 h post various treatments determined by immunofluorescence staining. The HepG2 cells were treated
with DMEM, GNPs, PNPs or PGNPs under 808 nm laser irradiation (1.0 W cm™2, 10 min) or not.
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laser irradiation makes no difference to the viability of cells
treated with GNPs (Fig. S10, ESIT).

In order to visualize the in vitro PTT effect, cells were stained
with calcein-AM and PI to differentiate live cells (green) and
dead ones (red). Cells were treated with PBS (Control group),
PNPs (5 pg mL™" of PDPP3T), GNPs (0.5 pug mL™~ " of GA) or
PGNPs (5 g mL~" of PDPP3T and 0.5 pg mL " of GA), followed
by laser irradiation (Laser +) or not (Laser —). Fig. 2c showed
that most cells in the Control (Laser —/+), PNPs (Laser —), GNPs
(Laser —/+) and PGNPs (Laser —) groups were alive with green
fluorescence. Nearly all the cells in the PGNPs (Laser +) group
were dead and exhibited red fluorescence, and the cell death
was much more than that for the PNPs (Laser +) group (Fig. 2¢),
which was in line with the MTT results (Fig. 2b). Then, cell
apoptosis induced by different treatments was examined quan-
titatively with an Annexin-V FITC/PI staining assay via FCM
analysis. It could be seen from Fig. 2d that there was no obvious
difference between cells treated with PBS without or with

View Article Online
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laser irradiation, indicating that the laser irradiation only has
a negligible effect on cell apoptosis. The cells incubated with
PNPs, GNPs or PGNPs without laser irradiation also exhibited
insignificant apoptosis. For the PTT effect of PDPP3T alone,
cells treated with PNPs and laser irradiation showed early and
late apoptosis of 9.24% and 8.40%, respectively. In contrast,
PGNPs caused the early and late apoptosis of 58.4% and 23.4%,
respectively upon laser irradiation, probably due to the syner-
gistic effect of PDPP3T and GA. The results in Fig. 2 intuitively
confirmed the enhanced PTT efficacy of PGNPs with 808 nm
laser irradiation by inhibiting HSP90.

The expression of HSP90

To determine the expression level of HSP90 in HepG2 cells,
cells from various treatments were applied for immunofluores-
cence staining analysis. For conciseness, ‘“Laser +/—" is abbre-
viated as “+/—". As shown in Fig. 3 and Fig. S11 (ESIY), the
expression of HSP90 was significantly upregulated in the cells
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Fig. 5 In vivo therapy of tumors. (a) IR images of mice irradiated by 808 nm laser irradiation (1.0 W cm

,2)

after intravenous injection of PBS, PNPs or

PGNPs (1.5 mg kg~* of PDPP3T). (b) A photograph of the excised tumors from each group. (c) Growth profiles of tumors and (d) changes of body weight
after different treatments. (e) TUNEL staining of tumor slices from mice subjected to various treatments 2 d later. Statistical significance: *P < 0.05;

***p < 0.001
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incubated with PNPs after PTT treatment (PNPs +), demonstrat-
ing that PTT-induced heating stress could indeed upregulate the
expression of HSP90 by cancer cells. Much lower HSP90 level was
observed for cells treated with PGNPs under laser irradiation
(PGNPs +) relative to that for cells in the PNPs + group, although
it was higher than that for other groups, especially the GNPs —/+
groups. These results should be ascribed to the GA-mediated
inhibition of the temporarily stressfully overexpressed HSP90
during PTT of cancer.

PA imaging performance of PGNPs

As reported, the process of photothermal transformation is
accompanied by the generation of PA waves.*” Therefore, the
PA imaging performance of the PGNPs was further employed
to investigate the biodistribution of the nanoparticles. Firstly,
the PA signals of PGNPs of varying concentrations were deter-
mined, exhibiting a linearly strengthened tendency with increas-
ing concentration (Fig. S12, ESIT). Next, in vivo PA imaging was
implemented on HepG2 tumor-bearing nude mice after intra-
venous injection with PGNPs (1.5 mg kg~' of PDPP3T) for
different time periods (0, 1, 5, 7, 12 and 24 h). As shown in
Fig. 4, the PA signals of PGNPs in the tumor region displayed a
time-dependent variation with the maximum accumulation at
7 h post injection, which was very important for determining
the optimal time for laser irradiation to guarantee the best
therapeutic effect. After injection for 24 h, the mice were sacri-
ficed, and the major organs (heart, liver, spleen, lungs and
kidneys) of the mice were harvested. The ex vivo PA data in
Fig. S13 (ESIY) illustrate that PGNPs are mainly accumulated in
the liver and spleen. These results well certified the PA imaging
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ability of the PGNPs, suggesting the probability of employing
the nanoparticles for PA imaging-guided cancer therapy.

In vivo antitumor activity and biosafety

Encouraged by the enhanced cytotoxicity of PGNPs in PTT
in vitro and their tumor accumulation, we then studied the
in vivo PTT on H22 tumor bearing KM mice. When the tumor
volumes of mice reached 100-150 mm?, they were randomly
divided into eight groups the same as in the in vitro experi-
ments: Control —/+; GNPs —/+; PNPs —/+ and PGNPs —/+. The
mice were intravenously injected with PBS, GNPs (0.15 mg kg~
of GA), PNPs (1.5 mg kg~ " of PDPP3T) or PGNPs (1.5 mg kg
of PDPP3T and 0.15 mg kg~ of GA) respectively, and then
they were treated with or without 808 nm laser irradiation
(1.0 W em ™2, 10 min). Upon laser irradiation, an infrared (IR)
thermal camera was employed to monitor the temperature
changes of mice in the Control +, PNPs + and PGNPs + groups
(Fig. 5a). The tumors in the Control + group showed a slight
increase in temperature upon laser irradiation. The temperature
of the tumors in the PNPs + and PGNPs + groups manifested
a rapid rise in the first 5 min, then kept nearly unchanged
between 46 and 47 °C, which validated the photothermal activity
of the PNPs and PGNPs in vivo. The tumor volumes and body
weight of the mice were measured every 2 d during the sub-
sequent 10 d. The mice of the eight groups were sacrificed, and
the tumors were collected at day 10. The tumor sizes in the
PNPs + and PGNPs + groups were much smaller than those in
other groups, and the tumors in the PGNPs + group were the
smallest or even disappeared completely (Fig. 5b and Fig. S14,
ESIY). As shown in Fig. 5¢, the tumor volumes of the mice in the

Spleen

Lung Kidney

@@ Control -
8 PGNPs +

Level of Biochemical Marker

A > A
¢ ¥ & ¢

Fig. 6 (a) H&E staining of major organs (heart, liver, spleen, lungs and kidneys) of mice in the Control — and PGNPs + groups. Scale bars: 200 um.
(b) Hematology data and (c) serum biochemical analysis of kidney and liver function parameters of the mice (n = 4) in the Control — and PGNPs + groups
after treatment for 10 d. PLT, platelet; MCHC, mean corpuscular hemoglobin concentration; WBC, white blood cell count; MCV, mean corpuscular
volume; MCH, mean corpuscular hemoglobin; RDW, red cell distribution width; RBC, red blood cell; MPV, mean platelet volume; AST, aspartate
aminotransferase; UA, uric acid; CREA, creatinine; ALT, alanine transaminase; and UREA, urea nitrogen.
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Control —/+, GNPs —/+, PNPs — and PGNPs — groups increased
rapidly during the entire period. Under irradiation, PNPs could
inhibit the growth of tumors upon irradiation to a large extent,
but a mild increase in tumor volume was also observed. While
PGNPs could decrease the volumes of all the tumors under
irradiation, and some of them were even completely ablated.
Next, the H&E staining of H22 tumor slices collected 2 d post
treatment further verified the most severe cell damage in the
PGNPs + group with that of the PNPs + group in second place,
while no remarkable damage was detected in the other groups
(Fig. S15, ESIT). To determine the cell apoptosis levels of tumor
cells, the terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL) staining assay was
carried out on tumor slices (Fig. 5e). As expected, the slice from
the PGNPs + group showed the brightest green fluorescence,
standing for the highest level of cell apoptosis, followed by that
from the PNPs + group. However, the tumor slices from the
other groups possessed a negligible level of TUNEL positive
cells. It can be concluded that PGNPs are more effective than
PNPs in inducing apoptosis of cancer cells under 808 nm laser
irradiation in the hyperthermia range. The body weight of all
the mice was in a slow upward trend (Fig. 5d), suggesting that
these treatments had no significant acute toxicity to the animals.
Moreover, as revealed by the H&E staining of normal tissues
(heart, liver, spleen, lungs and kidneys) (Fig. 6a), the complete
blood panels (Fig. 6b) and serum biochemistry (Fig. 6¢), there is
no obvious differences between the Control — and PGNPs +
groups, indicating the great systemic safety of treatment with
PGNPs and laser irradiation.

Conclusions

In summary, we have constructed PGNPs integrating the photo-
thermal properties of PDPP3T with inhibition towards HSP90
for highly potent cancer therapy. PGNPs possess a high photo-
thermal conversion efficiency of 36% under 808 nm laser
irradiation, and have excellent physiological stability as well
as photostability. Furthermore, the PA imaging ability of the
PGNPs makes imaging-guided cancer therapy possible. More
importantly, the PGNPs could induce more severe cell apopto-
sis in vitro and effective inhibition of tumor growth in vivo than
PNPs without the inhibitor of HSP90. This work demonstrates
a new design to improve the PTT efficacy of PTAs based on
semiconducting polymer nanoparticles, thus realizing more
effective cancer therapy.
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