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Developing selectively targeted photothermal agents to reduce side effects in photothermal therapy re-
mains a great challenge. Inspired by the key role of endoplasmic reticulum in the protein synthesis and
intracellular signal transduction, particularly for the immunogenic cell death induced by endoplasmic
reticulum stress, we developed an endoplasmic reticulum-targeted organic photothermal agent (Ts-PT-
RGD) for enhancing photothermal therapy of tumor. The photothermal agent was covalently attached
with 4-methylbenzenesulfonamide and cyclic Arg-Gly-Asp (cRGD) peptide for realizing the targeting of
endoplasmic reticulum and tumor cell. Owing to its amphiphilic properties, it readily self-assembles in
water to form nanoparticles. The photothermal agent possesses excellent photophysical properties and
biological compatibility. In vitro and in vivo experiments demonstrate that it can actively target endoplas-
mic reticulum and effectively ablate tumor with near-infrared laser.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Selective tumor targeting for reducing damage to normal tis-
sue and efficiently realizing tumor ablation have always occupied
the central topic in the cancer therapy [1-4]. Compared to con-
ventional chemotherapy, radiotherapy and surgery, phototherapy
including photodynamic therapy (PDT) and photothermal therapy
(PTT) possesses inherent advantages of high specificity, minimum
invasiveness and negligible drug resistance [5-8], which can di-
rectly act on the tumor tissues upon irradiation using near-infrared
(NIR) laser. To date, great advances have been made on the devel-
opment of novel photosensitizers. However, many studies have il-
lustrated that PDT suffered from some drawbacks such as off-target
sensitizing effects and irreversible oxidative damage to normal tis-
sues [9]. Meanwhile, it needs an adequate tumor oxygen supply,
which limits its applications in hypoxic environments. In view of
the above problems, PTT has emerged as a potential safe alter-
native, because it just demands light and photothermal agent for
killing cancer cells via converting light energy into hyperthermia
[10]. A great number of photothermal materials, including organic
and inorganic photothermal agents, have been developed for anti-
cancer therapy [11,12]. But, high intensity irradiation and poor tu-
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mor aggregation in the PTT could also damage surrounding normal
tissues [13]. It is highly desirable to design and synthesize novel
photothermal agent to overcome these challenging problems.
Recently, organelle-targeted PTT of cancer has attracted ex-
tensive attention because of its enhanced therapeutic efficacy
[14,15]. Particularly for the organic molecule-based photothermal
materials, they can be easily and covalently functionalized with
organelle-targeted units, which showed excellent biological com-
patibility and tumor inhibition efficacy [16]. For example, in con-
sidering of the susceptibility of mitochondria to temperature, Kim
and co-workers pioneered a cryptocyanine dye bearing a tri-
arylphosphonium cation for targeting mitochondrial in order to en-
hance photothermal therapeutics using NIR laser irradiation [17].
Considerable efforts have also been devoted on the investigations
of nuclear-targeting organic photothermal agents because of the
thermolabile structure of nuclear matrix [18]. Although much at-
tention has been paid on the mitochondria or nuclear targeted
PTT, few advances have been made on the investigation of en-
doplasmic reticulum (ER)-targeted organic photothermal agent. As
we all know, ER as an important organelle plays crucial roles in
the protein synthesis, intracellular signal transduction and calcium
homeostasis [19]. In addition, it has the largest surface area in cell,
which is advantageous for the influx rates of theranostic mate-
rials [20]. Furthermore, immunogenic cell death can be induced
by ER stress via activating intracellular signaling pathways [21-
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Scheme 1. (a) The target and treatment principle of Ts-PT-RGD. (b) Synthesis of Ts-PT-RGD. HATU: 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluo-

rophosphate; DIPEA: N,N-diisopropylethylamine.

23]. Notably, You and co-workers recently reported an ER-targeting
gold nanosphere combing with PDT/PTT for enhancing immuno-
genic cancer cell death [21]. Therefore, ER has been recognized
as an ideal target for developing organelle-targeted cancer treat-
ment [24]. To our knowledge, ER-targeted PTT based on organic
photothermal agent still remains unexplored.

Our group has always focused on the development of efficient
theranostic agents for cancer therapy, including the design of or-
ganic and inorganic photosensitive materials [25-28]. In particu-
lar, we have been interested in the active-targeting cancer ther-
apy, which is favorable for enhancing therapeutic efficacy and re-
ducing damages to the normal tissues [27,28]. In this pursuit,
we herein decided to develop an ER-targeted organic photother-
mal agent, which could be selectively delivered to cancer cells via
active-targeting system (Scheme 1a). Recent studies have shown
that cRGD peptide possesses excellent biological compatibility and
hydrophilicity in vivo, which functionalizes as a targeting ligand of
integrins ayf3 and ayfBs [29,30]. Due to the superior properties
of cRGD, it was then selected for realizing the goal of specifically
targeting cancer cell membranes. In addition, for targeting ER, 4-
methylbenzenesulfonamide (Ts) was selected because of its out-
standing targeting ability [31,32]. Hemicyanine dye (PT) was se-
lected as the main part of dual-targeted photothermal agent for
heat generation [27].

The ER-targeted photothermal agent (Ts-PT-RGD) was firstly
prepared via simple operations from readily available materials
(Scheme 1b). It could be directly purified by high performance lig-
uid chromatography (HPLC). The detailed synthesis steps and char-
acterizations of the compound were shown in Supporting informa-
tion (Scheme S1, Figs. S1-S3). Subsequently, we explored the physi-
cal properties of Ts-PT-RGD including its hydrophilicity and diame-
ter. To our delight, this photothermal agent as an amphiphilic com-
pound could self-assemble in water to form well dispersed spheri-
cal nanoparticles (average diameter, 75 nm) (Fig. 1a). The dynamic
light scattering experiment showed that the diameter of Ts-PT-RGD
was mostly distributed in 122 + 15 nm, and Ts-PT-RGD possessed
good stability (Figs. S6 and S7 in Supporting information). After
that, the photophysical properties of Ts-PT-RGD were also investi-
gated. Fig. 1b showed that the maximum absorption of Ts-PT-RGD
was 610 nm, and its fluorescence emission was 651 nm (Fig. S9a in
Supporting information). The time-dependent temperature changes
of Ts-PT-RGD (0.5 mmol/L) at different power densities were also
explored under irradiation of 635 nm laser (Fig. 1c). The temper-
ature increased higher as increasing the power density of laser
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Fig 1. (a) Transmission electron microscope image of Ts-PT-RGD nanoparticles.
Scale bar is 200 nm. (b) UV-vis absorption spectra of Ts-PT-RGD with different con-
centrations. (c) Time-dependent temperature changes of Ts-PT-RGD (0.5 mmol/L) at
different power densities under irradiation of 635 nm laser. (d) Time-dependent
temperature changes of Ts-PT-RGD at different concentrations under irradiation
of 635 nm laser (0.5 W/cm?2). (e) Temperature cycling curves of Ts-PT-RGD (0.5
mmol/L) over three on-off cycles of 635 nm laser (0.5 W/cm?) irradiation. (f) Ther-
mal images of Ts-PT-RGD (0.5 mmol/L) under 635 nm laser (0.5 W/cm?) irradiation
for 10 min.

at the same time, and the temperature could increase by 30.3 °C
when the power density was 0.5 W/cm?. In view of the safety of
the adjacent normal tissues, the irradiation intensity was chosen at
0.5 W/cm?. Subsequent examination of the effect of concentration
of Ts-PT-RGD under irradiation of 635 nm (0.5 W/cm?) revealed
the best choice at 0.5 mmol/L for PTT (Fig. 1d). According to the
method reported by Yang et al.,, the photothermal conversion effi-
ciency of Ts-PT-RGD was calculated as 38.91% (Fig. S10 in Support-
ing information). Furthermore, temperature cycling curves experi-
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Fig 2. (a) The location of Ts-PT-RGD and PT-RGD with ER. Scale bar is 7.5 pm. (b) CLSM images of 4T1 and TC-1 cells treated with Ts-PT-RGD. Scale bar is 100 um. (c)
The fluorescence intensity of 2’,7'-dichlorofluorescin diacetate (DCFH) solutions with different treatments. And CLSM images of 4T1 cells treated under different conditions
to evaluate ROS production based on Reactive Oxygen Species Assay Kit (DCFH-DA) fluorescence intensity. Scale bar is 100 pm. (d) Thermal image of 4T1 cells incubated
with Ts-PT-RGD (50 pmol/L) or PBS under 635 nm laser irradiation (0.5 W/cm?2) for 5 min. (e) MTT assays of 4T1 cells with different concentrations of Ts-PT-RGD with or
without laser (n = 3). (f) Live/dead cell staining assays of 4T1 cells with different treatments. Scale bar is 100 pm. (g) Western blot analysis of caspase-3 and CHOP proteins
expressed in 4T1 cells after treatment with 1 (PBS), 2 (Laser), 3 (Ts-PT-RGD, 50 pmol/L), 4 (PT-RGD+Laser, 50 pmol/L), and 5 (Ts-PT-RGD+Laser, 50 pmol/L) for 8 h. A: CHOP;

B: Cleaved-caspase-3; C: Pro-caspase-3; D: GAPDH. Laser power: 0.5 W/cm?, 5 min.

ments showed that Ts-PT-RGD still exhibited excellent photother-
mal conversion efficiency after three on-off cycles (Fig. 1e). Under
635 nm laser irradiation for 10 min, Ts-PT-RGD (0.5 mmol/L) had
a significant temperature increase compared with water (Fig. 1f).
In addition, no significant change in fluorescence intensity was ob-
served within 30 min, which suggested that the photostability of
Ts-PT-RGD fulfilled the requirement of the subsequent cancer ther-
apy (Fig. S9b in Supporting information).

Next, in vitro antitumor effect of Ts-PT-RGD was further inves-
tigated under irradiation of 635 nm (0.5 W/cm?). To evaluate the
ER-targeting ability of Ts-PT-RGD, cells were firstly incubated with
Ts-PT-RGD or PT-RGD under the same culture conditions, and then
ER was stained with ER-tracker red to perform subcellular local-
ization experiments. As shown in Fig. 2a and Fig. S11 (Support-
ing information), Ts-PT-RGD overlapped well with ER-tracker red,
while PT-RGD failed to overlap with it. Meanwhile, immunofluo-
rescence staining also confirmed the same results (Fig. S12 in Sup-
porting information). Subsequently, the endoplasmic reticulum flu-
orescence assay showed that the fluorescence intensity of the Ts-
PT-RGD group was 12.4 times that of the PT-RGD group (Fig. S13
in Supporting information). All results indicated that the Ts moi-
ety of Ts-PT-RGD played crucial role in targeting ER. The cancer-
targeting ability of Ts-PT-RGD was examined by the cellular uptake
behavior of 4T1 or TC-1 cells (Fig. 2b). The fluorescence intensity
of 4T1 cells was significantly higher than that of TC-1 cells, in-
dicating that Ts-PT-RGD was more inclined to be internalized by
cancer cells than normal cells, which also elaborated the ability of
Ts-PT-RGD to target cancer cells. In addition, DCFH and DCFH-DA
were used to illustrate the ability of Ts-PT-RGD to generate reactive
oxygen species in aqueous solution and cells respectively (Fig. 2c).
These results showed that no noticeable reactive oxygen species
were generated using Ts-PT-RGD. So it also suggested that PDT and
oxygen have little effect on the cytotoxicity. Subsequently, the tem-
perature change of the cells after incubation with Ts-PT-RGD before
and after laser irradiation was investigated. As shown in Fig. 2d,
Ts-PT-RGD exhibited excellent photothermal effect in vitro. The cy-
totoxicity of different concentrations of Ts-PT-RGD with or without
laser irradiation were continued to be examined in order to inves-
tigate the biocompatibility of materials. No significant damage to
the cells were observed when Ts-PT-RGD was used in the range
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of 0-50 pmol/L without laser irradiation. When the cells were in-
cubated with 50 pmol/L Ts-PT-RGD, the cell viability was higher
than 90% without laser irradiation. Contrarily, the cell viability was
less than 20% upon NIR laser irradiation (Fig. 2e). Meanwhile, the
cell-killing ability of PT-RGD was also examined. As shown in Fig.
S14 (Supporting information), PT-RGD could kill tumor cells after
laser irradiation, but the Killing ability of PT-RGD was lower than
that of Ts-PT-RGD under the same experimental conditions. After
that, the cytotoxicity of Ts-PT-RGD (50 pmol/L) was also confirmed
by live/dead cell staining assays (Fig. 2f and Fig. S15 in Support-
ing information). Control experiments including PBS, laser and Ts-
PT-RGD groups showed no obvious cell damages. Moreover, Ts-PT-
RGD had better cell killing ability than PT-RGD under the same
conditions. Based on the previous works [33], we proposed that
ER stress induced by PTT activated intracellular signaling pathways
to promote immunogenic cell death. To get preliminary insights of
the mechanism of ER-targeting PTT, western blot experiments were
performed to detect apoptotic signaling molecules (Fig. 2g). Pre-
vious research suggests that CHOP (C/EBP-homologous protein) as
an important apoptotic signaling molecule in the apoptosis path-
way could be activated by ER stress [34], so we subsequently ex-
plored the CHOP expression of cells via Western blot experiments
at different conditions. No changes were detected when cells were
treated with PBS, laser and Ts-PT-RGD, but the CHOP expression of
cells incubated with Ts-PT-RGD plus laser group was significantly
increased. Especially, it is higher than PT-RGD plus laser group.
Mitochondrial apoptotic proteins casepase-3 was also investigated
in this process, and Ts-PT-RGD plus laser group also exhibited the
highest cleaved-caspase-3 expression. All the results suggested that
ER-targeting PTT could induce more severe ER stress, and these
apoptotic signaling molecules could promote cancer cell apoptosis
(uncropped scants of western blots were presented in Fig. S16 in
Supporting information).

To verify the antitumor efficacy of Ts-PT-RGD in vivo, active tar-
geting ability of Ts-PT-RGD for cancer therapy was firstly explored
through fluorescence imaging. As shown in Fig. 3a, 6 h after the
intravenous injection of Ts-PT-RGD in mice, the fluorescence in tu-
mor was significantly higher than that in other sites, indicating
that Ts-PT-RGD had excellent tumor targeting ability. As the fluo-
rescent intensity of the tumor intravenously injected with Ts-PT-
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Fig 3. (a) Fluorescence imaging at different time points of 4T1 tumor bearing mice after intravenous injection of Ts-PT-RGD (0.5 mmol/L). (b) Thermal images of 4T1 tumor
bearing mice after intravenous injection of Ts-PT-RGD (0.5 mmol/L) or PBS under 635 nm laser (0.5 W/cm?) irradiation for 10 min. (c) Pictures of different groups mice
on day 1/15 after different treatments. (d) Relative tumor volume curves, (e) Body weight change curves and (f) blood biochemistry analysis of different groups mice after
different treatments (n = 3). ALT: alanine aminotransfease; AST: aspartate aminotransferase; BUN: blood urea nitrogen; CR: creatinine

RGD reached a maximum after 12 h (Fig. S17 in Supporting in-
formation), the laser irradiation was initiated for PTT after 12 h
in subsequent experiments. We found that the fluorescence inten-
sity of Ts-PT-RGD in the mouse was disappeared after 48 h, so
the material could be metabolized well in the body without long-
term toxicity. In particular, fluorescence imaging of major organs
and tumors at different time points also confirmed these results
(Fig. S18 in Supporting information). Thermal imaging in vivo illus-
trated that the maximum temperature was higher than 46 °C via
laser irradiation for 10 min after intravenously injected with Ts-PT-
RGD, so it also confirmed that Ts-PT-RGD was suitable for cancer
therapy (Fig. 3b). To test the tumor inhibition effect of Ts-PT-RGD,
4T1 tumor-bearing mice were randomly divided into five groups
and intravenously injected with different materials at the same
time. The relative tumor volume of group 1 (PBS), group 2 (Laser)
and group 3 (Ts-PT-RGD) grew rapidly without inhibitory effect,
thus suggesting that Ts-PT-RGD possesses low biotoxicity. Although
group 4 (PT-RGD+Laser) showed obvious tumor inhibition ability
at first, tumor recurrence was observed at the later stage of treat-
ment. Only group 5 (Ts-PT-RGD+Laser) exhibited excellent sup-
pression, and the tumor almost disappeared at last via PTT. These
results indicated that the ER- and tumor-targeting PTT had supe-
rior therapeutic effect, importantly, it could effectively prevent tu-
mor recurrence (Figs. 3c and d). In vivo PTT with Ts-PT-RGD sig-
nificantly improved the survival rate of 4T1 tumor-bearing mice.
All mice in the Ts-PT-RGD+Laser group survived for more than 35
days, while all of the control groups died within 25 days (Fig. S19
in Supporting information). In addition, there were no significant
changes in body weight of mice in each group during treatment
(Fig. 3e).
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Finally, to explore biosafety and side effects of the photother-
mal agent, hematoxylin and eosin (H&E) staining slices of heart,
liver, spleen, lung and kidney were carefully assessed after 7 days
of treatment. Meanwhile, the injury of the tumor was tested af-
ter 12 h (Fig. S20 in Supporting information). No significant necro-
sis or injury were found in the main organs of the five groups of
mice, while the tumors of mice intravenously injected with PT-RGD
and Ts-PT-RGD had obvious damage under laser irradiation. Espe-
cially, the tumor of mice intravenously injected with Ts-PT-RGD
showed the greatest damage under laser irradiation. In addition,
the blood biochemistry was tested (Fig. 3f). Data for each indicator
did not differ significantly between the different treatment groups.
All the results suggested that Ts-PT-RGD was a biosafety photother-
mal agent.

In conclusion, a novel ER-targeted organic photothermal agent
for selective anti-tumor therapy was successfully developed. The
organic photothermal agent readily self-assembles in water to form
nanoparticles owing to its excellent amphiphilic properties, and it
also displayed high photothermal conversion efficiency and pho-
tostability for cancer therapy. In vitro experiments indicated that
Ts-PT-RGD possessed excellent ER-targeting ability and enhanced
the therapeutic efficacy. In vivo experiments illustrated that the
ER-targeted organic photothermal agent exhibited better tumor in-
hibitory effect than the photothermal agent without ER-targeted
ligand. Preliminary investigations on the expression of CHOP and
caspase-3 of cells illustrated that ER stress induced by ER-targeting
PTT could promote cancer cell apoptosis. We anticipate that the
ER-targeted strategy can provide new avenues for ER-based thera-
peutic agents and further development of PTT.
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