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Abstract

Photothermal therapy has shown great promise for cancer treatment and second near-infrared (NIR-Il) -absorbing
particles could further improve its precision and applicability due to its superior penetration depth and new imaging
ability. Herein, high NIR-ll-absorbing polymer particles were prepared by using soluble isobutyl-substituted diammo-
nium borates (P-IDI). The P-IDI showed stronger absorption at 1000-1100 nm, which exhibited excellent photostabil-
ity, strong photoacoustic imaging ability and high photothermal conversion efficiency (34.7%). The investigations

in vitro and in vivo demonstrated that the excellent photothermal effect facilitated complete tumor ablation and also
triggered immunogenic cell death in activation of the immune response. The high solubility and excellent photother-
mal conversion ability demonstrated that polymer IDI particles were promising theranostic agents for treatment of
tumors with minor side effects.
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Introduction

Photothermal therapy (PTT) is a new paradigm towards
cancer therapy due to the advantages of noninvasiveness,
localized treatment and irradiation with spatiotemporal
selectivity. In its design, PTT employed photothermal
agents absorbing optical energy convert into heat power
and accumulated in the tumor tissue to kill tumor cells
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[1, 2]. Gold shells have been employed in clinical trial
for photothermal tumor therapy by using 808 nm laser.
However, the application of NIR-assisted therapeutic
methods remains challenging in treating deep tumors
due to low tissue penetration of light [3]. It remains to be
challenging for deep-seated cancer management.

Efforts have been made for exploitation of the photo-
thermal agents in the second NIR (NIR-II, 1000—1700 nm)
window, owing to the intrinsic advantages of the lesser
photo scattering and preferable penetration depth [4—6].
Inorganic photothermal materials, such as gold nanorods,
or gold nanoshells (GNS) with high absorption in the NIR-
II region [7, 8]. Nevertheless, inorganic materials are dif-
ficult to degrade in the body, it would hamper their further
application. By contrast, organic photothermal materials
have captured great attentions attributed to their biode-
gradable and metabolizable advantages. The organic dyes,
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Scheme 1. Schematic illustration of NIR-ll-absorbing diimmonium polymer agent achieves excellent photothermal therapy with induction of
tumor immunogenic cell death. a A scheme that illustrates the synthesis of P-IDI via nanoprecipitation. b Tumor immunogenic cell death induced

by P-IDI based PTT

such as diammonium salts (DIs) [9], squaryliums [10] and
cyanines [11] with strong NIR-II absorption are good can-
didates for photothermal material applications. However,
they possess poor thermal stability. It is surprising that DIs
exhibit thermal stability through modification as isobutyl-
substituted diammonium borate (IDI). Molecular imag-
ing technologies endow in vivo cancer therapy with great
precision and safety. In particular, photothermal agents
exhibit high NIR optical absorption, have been appropriate
candidates for photoacoustic imaging (PAI). As an emerg-
ing optical imaging strategy, PAI is based on photoacoustic
effect, through sensing acoustic pressure waves produced
from absorbed photon energy. PAI enables high-resolution
visualization of the biological tissues for tumor detection
and therapeutic monitoring.

The development of tumor depends on the complex
tumor microenvironment (TME), in which includes
myeloid-derived suppressor cells (MDSCs) and the reg-
ulatory T cells (Tregs) restrain the activation of effector
T cells and being the immunosuppressive state [12-16].
Consequently, tumors turn to be “cold” and insensitive to
immune response [17-20]. Mild photothermal therapy
is reported to reprogram the “cold” TME [21-26]. It has
been demonstrated that PTT can cause immunogenic

cell death (ICD) [27, 28], generating tumor-associated
antigens (TAAs) and damage-associated molecular pat-
terns (DAMPs), which could activate dendritic cells and
stimulate an antigen presentation to T cells [12, 29-32].
However, currently most of the light-absorbed agents are
in NIR-I window (700 —900 nm) for imaging and photo-
therapy. It remains to be challenging for further biomedi-
cal application with poor penetration depth.

In this study, we designed a novel P-IDI nanoparticle
through the oxidation of neutral amines and DSPE-PEG-
NH, modification strategy, which exhibited uniform size,
superior biocompatibility, high NIR-II absorption, and
excellent photothermal conversion efficiency (Scheme 1).
The PAI and PTT effects of P-IDI were validated in a
mouse 4T1 subcutaneous tumor model of breast can-
cer. As displayed by the PAI results, the nanoparticle
displayed high-efficient tumor accumulation. In vivo
PTT was also performed, in which we discovered the
P-IDI showed a high efficiency tumor elimination effect
under 1064 nm laser irradiation with 1 W/cm? Besides,
the effects of PTT induced ICD were also explored
(Scheme 1). P-IDI should thus be a new category of
theranostic agents for enhanced cancer diagnosis and
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treatment, which paves a new avenue for their potential
clinical applications.

Results and discussion

Fabrication and characterization of P-IDI

The soluble diammonium salts IDI were synthesized
by oxidizing neutral amine IPA (N,N,N’,N’-Tetrakis[4-
(diisobutylamino)phenyl]-1,4-phenylenediamine) in
the presence of bis(oxalate)borate and persulfate with a
yield of 89.2% [9, 33] (Figs. 1a, Additional file 1: Figure.
S1-4). The structure of IDI and its derivatives have rarely
been characterized thus far, mainly due to its paramag-
netic properties [9]. The magnetic properties of IDI were
measured using a physical property measurement system
[34] (Additional file 1: Figure S5). To enhance their solu-
bility, the IDI were encapsulated in DSPE-PEG-NH, to
form polymer nanoparticle P-IDI (Fig. 1a). The hydrated
size of P-IDI was determined to be 146 +16 nm, which
was slightly higher than that of sizes obtained from TEM
image (123+11 nm) (Fig. 1b). Zeta potentials changed
from 26+2.4 mV of IDI to -24.8+2.7 mV of P-IDI
(Fig. 1c). The stabilities of IDI and P-IDI were also evalu-
ated, compared with IDI, P-IDI displayed satisfactory sta-
bility in PBS and FBS even for ten days (Additional file 1:

DSPE-PEG-NH,

IDI P-IDI
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Figure S6). Surprisingly, after encapsulating in DSPE-
PEG-NH,, the absorbance peaks red-shifted from 948 nm
with a should peak at 1100 nm of IDI to strong peaks in
the range of 1000-1160 nm of P-IDI (Fig. 1d). The most
important was that the absorbance was 0.29 at 808 nm,
and 0.96 at 1064 nm (Fig. 1d). It is well-known that the
second near-infrared (NIR) window takes advantage of
the water transparency window, so it is able to penetrate
deeper into biological substrates with reduced scatter-
ing [35]. The stronger absorption of P-IDI in the optical
transmission window of oxygenated blood, deoxygenated
blood, skin and fatty tissue makes it as an attractive NIR-
II photo-stimulated diagnostic and/or therapeutic agent
for tumor managements [36].

In vitro photonic hyperthermia performance of P-IDI

As P-IDI showed excellent NIR-II absorption, its photo-
thermal property was investigated. The relationships on
concentrations (0-200 pg IDI/mL), laser wavelengths
(808 nm and 1064 nm) and power densities (0.25-1.5
W/cm?) were assessed. It was clearly demonstrated that
the absorbance of 1064 nm was four-fold higher than
that of 808 nm, all the photothermal properties under
1064 nm irradiation were better than that of 808 nm

d
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Fig. 1 Preparation and characterization of P-IDI. a A scheme that illustrates the synthesis of P-IDI via nanoprecipitation. b TEM image of P-ID|, scale
bar: 1 pum. Inset: DLS profile of P-IDI. ¢ Zeta potentials of IDI, DSPE-PEG-NH, and P-IDI. d The absorption spectra of IDI and P-IDI. The concentrations

were normalized to IDI as 100 pg/mL
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(Fig. 2a, b). Under all the same condition, the tempera-
tures under 1064 nm irradiation could reach to as high
as 70 °C, however, the temperatures under 808 nm irra-
diation were lower than 50 °C (Fig. 2a, b). Consequently,
the photothermal conversion efficiency (n value) of P-IDI
was calculated to be 34.7% at 1064 nm, which was 1.2-
fold enhancement of 808 nm irradiation (29.8%) (Fig. 2c).
Compared to the common NIR-II photoagents (ICG 3.1%
[37], IR1048-MZ 20.2% [38], and Au NRs 21% [39]), its
efficacy was significantly better than them. These find-
ings directly proved that P-IDI could efficiently and rap-
idly convert photo energy to heat under laser irradiation.
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Photostability is another important evaluation param-
eter for a potential photothermal agent. After five cycles
of heating and cooling processes, both irradiations at
1064 nm and 808 nm showed minor changes on each test
recorded (Fig. 2d), indicating that P-IDI was a thermal-
durable agent.

To assess the potential for deep-tissue imaging and
therapy, simulation deep-tissues were investigated.
Chicken breasts with different thicknesses (2, 4, 6, 8, and
10 mm) were employed (Bright panel, Fig. 2e), and lasers
were irradiated up of the chicken breasts. The tempera-
ture was monitored by a thermal imager. As shown in
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Fig. 2 Photothermal and photoacoustic properties of P-IDI. a Photothermal conversion curves of P-IDI at concentrations 0-200 pg IDI/mL and laser
irradiation (1W/cm?) of 1064 nm and 808 nm. b Photothermal conversion curves of P-IDI (100 ug IDI/mL) under laser irradiation of 1064 nm and
808 nm (0.25-1.5 W/cm?). ¢ Photothermal efficacy of P-IDI (100 g IDI/mL) under 1064 nm and 808 nm laser irradiation. d Thermal stability of P-IDI
(100 ug IDI/mL) upon 1064 nm (1W/cm?) and 808 nm (1W/cm?) laser irradiation. e Simulated deep-tissue penetration and photothermal efficacy of
P-IDI (200 ug IDI/mL) using chicken breast under 1064 nm (1 W/cm?) and 808 nm (1 W/cm?) laser irradiation. f Temperature increase of P-IDI (200 Hg
IDI/mL) upon the laser irradiation from (e). g PA phantom images and PA amplitudes of P-IDI upon 808 nm laser irradiation
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Fig. 2i-k, 1064 nm showed better penetration to gener-
ate heat energy than that of 808 nm, even the thickness of
chick breast is around 1 cm (Fig. 2f). More importantly,
under laser irradiation, P-IDI generated strong photoa-
coustic signals with perfect linearity between the inten-
sity of PA signal and the dose of P-IDI (Fig. 2g).

In vitro photonic hyperthermia of P-IDI against cancer cells
Confocal laser scanning microscopy (CLSM) imaging
(Fig. 3a) and flow cytometry analysis using cyanine 5.5
(Cy5.5) -labeled P-IDI (Fig. 3b) showed that P-IDI were
efficiently internalized into murine breast carcinoma cells
lines 4T1 cell lines. After incubation for only 0.5 h, clear
red signals and efficient uptake were observed in cells
(Fig. 3a, b). The cell uptake and biodegradability of P-IDI
were investigated by bio-TEM (Fig. 3c). After incubation
for 2 h, P-IDI were obviously taken in by 4T1 cells, and
most of which were obviously present in lysosomes. The
morphology of the P-IDI was spherical within 2 h after
being ingested by the cells, while gradually degraded after
24 h, and the volume also decreased accordingly. Mor-
phological change of the nanospheres testified an obvi-
ously time-dependent biodegradation of P-IDI. These
results suggested that the P-IDI could be gradually biode-
graded in a time-dependent manner. Subsequently, P-IDI
did not cause obvious hemolysis after incubation with
murine erythrocyte (Fig. 3d), which ensured its suitability
for further biological applications. And in vitro cytotox-
icity of P-IDI evaluated by standard MTT assay showed
that after incubation with P-IDI (0-200 pg IDI/mL) for
24 h, there was no significant toxicity (Fig. 3e). Laser irra-
diation induced dramatically decrease of cell viability and
the decrease ratio was mainly relied on its concentrations
and laser powers (Figs. 3e, Additional file 1: Figure. S7). In
the presence of laser irradiation, when the concentration
of P-IDI was higher 50 pg IDI/mL, the cellular viability
decreased to lower than 36.9+6.7% (Fig. 3e). And, when
the concentration of P-IDI was locked as 100 pg IDI/mL,
laser power was set as higher than 0.5 W/cm?, the cel-
lular viability decreased to lower than 50% (Additional
file 1: Figure S7). Live/dead assay also showed that at the
power of 0.5-1.5 W/cm?, almost no green signals (live
cells) were observed, in contrast, bright and intense red
signals (dead cells) were evidently observed (Additional
file 1: Figure S8). In vivo thermal imaging also confirmed
that the heating efficiency of P-IDI enriched in subcuta-
neous tumor of mice was positively correlated with laser
power (Additional file 1: Figure S9). So, in the following
investigations, the concentration and laser power were
set as 100 pg IDI/mL and 1 W/cm? to achieve better can-
cer management efficacy. Under the setting condition,
only P-IDI in the present of laser showed high-density
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red fluorescent signals, indicating effectively NIR-II pho-
tothermal efficacy of cancer cells (Fig. 3f).

Biocompatibility and biodistribution of P-IDI in mice
Above results demonstrated completely the excellent
photothermal efficacy in NIR-II region, its compatibil-
ity was then investigated in normal mice. After injecting
P-IDI (10 mg IDI/kg) by tail vein, blood was extracted for
serum chemistry analysis, kidney and renal functions.
No significant changes were caused in mice (Additional
file 1: Table S1, S2).

Effective accumulation in tumors is important for the
further application of the diagnostic and therapeutic of
tumors. Firstly, the in vivo PA imaging performance of
P-IDI was investigated in subcutaneous tumors by moni-
toring the signals at tumor regions after tail vein injec-
tion. The results showed that the gradually increased PA
signals in tumor regions and reached the peak at 12 h
post-injection time point (Fig. 4b). To double confirm
the accumulation, a NIR dye Cy5.5 was loaded on P-IDL
After 12 h administration, the tumor area showed strong
fluorescence signal (Additional file 1: Figure S10), and the
corresponding signal was also found in the liver, indicat-
ing that the nanoparticle was mainly enriched in the liver
and tumor area of mice.

In vivo PTT evaluation based on P-IDI

After confirming the highest accumulation time
point, the photothermal conversion efficacy in vivo
was assessed using subcutaneous 4T1 tumor-bearing
model. Tumors were irradiated by 1064 nm laser (1 W/
cm?) for 5 min at 12 h post-injection time point. The
temperature in the tumor regions that monitored by
an IR thermal camera quickly increased to 46.7 °C in
mice administrated with P-IDI in the present of laser
during the first 2 min and then maintained at 52.3 °C
within 5 min (Fig. 4c). In comparison, the temperature
of the tumors in the PBS group in the present of laser
irradiation showed a tiny increase (Fig. 4d), demon-
strating that P-IDI was capable of significantly elevat-
ing the local tumor temperature upon the irradiation
in the NIR-II window. After irradiation, the tumor
volumes of mice received various treatments were
monitored to evaluate the in vivo photothermal abla-
tion efficacy (Fig. 4e—g). P-IDI-mediated NIR-II PTT
achieved complete tumor elimination with the rate
close to 100% after 2-Day treatment, and no tumor
regrowth occurred during the observation period of
21 days (Fig. 4e). At the end day of treatments, the
tumors of control groups or the tissues in the scar
regions of the PTT group were extracted to weight and
for further pathology analysis. The photographs and
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2,4, and 6 h (Blue: Hoechst 33342; Red: Cy5.5). Scale bar: 50 um. b Flow cytometry analysis of internalization of P-IDI. ¢ Representative bio-TEM
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(100 ug IDI/mL) for 12 h with or without laser irradiation (1064 nm, 1 W/cm?, 5 min). Scale bar: 100 um

the weights of tumors validated P-IDI could remark-
ably suppress tumor growth under the laser irradia-
tion (Fig. 4f, g). Representative hematoxylin & eosin
(H&E) images of tumor tissues after different treat-
ments showed obvious tumor cells in control groups

and normal cells in PTT group (Fig. 4h). In addition,
the body weights of tumor-bearing mice were not
influenced by these treatments, and H&E staining
of the main organs of the mice exhibited no obvious
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signal of tissue damage or inflammation lesion in all  Figures S11, S12). These findings confirmed that P-IDI
treatment groups suggesting that photothermal treat- could serve as an efficient photothermal agent with
ment induced by P-IDI featured high therapeutic effi-  excellent biocompatibility.

cacy and excellent biocompatibility (Additional file 1:
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ICD in vivo induced by PTT

Previous studies have revealed that PTT can lead to
immunogenic cell death (ICD) in tumor cells. This is
because PTT not only causes tumor cell death, but also
releases tumor antigens and endogenous adjuvants [40].
These endogenous adjuvants, such as calreticulin (CRT),
high mobility group box 1 (HMGBI), and adenosine
triphosphate (ATP), could increase tumor immunogenic-
ity [41]. In the present, after PTT treatment (100 pg IDI/
mlL, laser irradiation: 1064 nm, 1 W/cm? for 5 min), sur-
face-exposure of CRT (Fig. 5a), secretion of ATP (Fig. 5b),
and HMGB1 (Fig. 5c) of tumor cells were evaluated by
immune-fluorescence and enzyme-linked immune sorb-
ent assay (ELISA), respectively. Compared to control
group, strong red fluorescence of CRT was observed in
cells treated with PTT therapy (Fig. 5a). The mean fluo-
rescence intensity in laser only group and P-IDI group
was fourfold and eightfold higher than control group.
Noticeably, with the treatment of P-IDI plus laser, CRT-
positive mean fluorescence intensity increased to 24-fold
compared to that of PBS group (Additional file 1: Figure
S13). The P-IDI group showed 75 nM of ATP secretion in
the cell culture medium which was threefold higher than
that of PBS group. Upon laser irradiation, ATP secretion
in the P-IDI plus laser group increased to 168 nM, which
was threefold higher than that of P-IDI group (Fig. 5b).
Furthermore, HMGBI1 level increased to 164 pg/mL after
P-IDI triggered PTT therapy, which was threefold higher
than that of other groups (Fig. 5¢c). Western blot for eval-
uation the release of DAMPs markers had also been con-
ducted (Additional file 1: Figure S14).

Previous investigations have shown that PTT could
trigger ICD of tumor cells to induce the maturation of
dendritic cells (DCs) and enhanced therapeutic responses
[42]. Then, 4T1 cells treated with PBS, 1064 nm laser
irradiation, P-IDI or P-IDI plus laser was incubated with
DCs. Then, the maturation of DCs was determined by
cytokines ELISA in order to further confirm that P-IDI
mediated PTT induces ICD in vivo. With P-IDI plus
laser irradiation, DCs released more pro-inflammatory
cytokines including 523 pg/mL tumor necrosis factor
a (TNF-a) and 239 pg/mL interleukin 6 (IL-6), which
was 2.5-fold higher and 1.2-fold than that of PBS group
(Fig. 5d, €). Meanwhile, P-IDI plus laser irradiation group
showed reduced anti-inflammatory cytokine (interleu-
kin 10 (IL-10) release (239 pg/mL), 1.5-fold lower than
that of PBS group (Fig. 5f). Based on all these statistically
significant results, the successful ICD effect was verified
after PTT treatment.

Through the analysis of splenic lymphocytes of mice
in different treatment groups, DCs from P-IDIpluslaser
group expressed significantly increased CD80TCD86*
(9.2%), which was threefold higher than that of other
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groups indicating the maturation of DC cells (Fig. 5g).
P-IDIplus laser group also showed 34.72% CD8™ cyto-
toxic T lymphocytes (CTLs) recruitment, which was
sevenfold higher than that of other groups indicat-
ing the effective activation of innate immune response
(Fig. 5h).While the tumors after phototherapy were
quickly ablated [43—-45], we followed previous reports to
finish the immuno-fluorescence imaging of tumor sec-
tions, which confirmed that the tumors contained a large
number of infiltrating CD8* and CD4* T cells after the
treatment with P-IDI plus laser (Additional file 1: Fig-
ure S15). Altogether, P-IDI mediated PTT could elicit
ICD and lead to the release of DAMPs to induce matura-
tion of DCs, which would provoke subsequent immune
responses.

Conclusions

In summary, we introduced a soluble NIR-II-absorbing
diimmonium salt agent with strong absorption at 1000—
1100 nm. Investigations in vitro and in vivo demonstrated
that they could serve not only as photoacoustic imaging
agents but also as thermal therapeutic agents to achieve
effective deep-seated cancer treatment with minor side
effects on normal tissues. Furthermore, tumor ICD was
stimulated to produce tumor antigens and endogenous
adjuvants, which lead to release of DAMPs to induce
maturation of DCs and recruitment of T cells. This study
offered a promising soluble organic NIR-II-absorption
agent for photo-theranostic cancer management.
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found, 920.74; calcd for Co,Hg,Ngy* [MI2*: 460.37; found, 460.37. Figure
S4. FT-IR spectra of IPA (black) and IDI (red). Figure S5. Magnetic hysteresis
curve recorded at room temperature of IDI. Figure S6. The stability of
IDI'and P-IDI'in PBS and FBS. Figure S7. In vitro cytotoxicity of 4T1 tumor
cells incubated with P-IDI (100 pg IDI/mL) under different 1064 nm laser
continuous power after 24 h incubation. Figure S8. Fluorescence images
of Calcein-AM (green fluorescence for live cells) and Pl (red fluorescence
for dead cells) co-stained tumor cells incubated with P-IDI (100 ug IDI/
mL) under different 1064 nm laser continuous power after 24 h incubation
(Scale bar: 100 um). Figure S9. (a) Infrared thermal images of tumor-
bearing mice illuminated by 1064 nm laser after intravenously treated
with P-IDI (10 mg IDI/kg) for different times and power (0.25,0.5,0.75,1 W/
cm?). (b) Temperature changes of P-IDI upon the laser irradiation from (a).
Figure S10. (a) In vitro fluorescence images of the organs harvested in
BALB/C tumor-bearing mice before and after 12 h post-injection of P-IDI
(10 mg IDI/kg). (b) Quantification of mean fluorescence intensity (MFI)

of organs in (a). Figure S11. Body weight curves of 4T1 tumor-bearing
mice after different treatments. Figure $12. H&E staining of main organs
of mice after different treatments (Scale bar: 100 um). Figure $13. MFI of
CRT in Figure 5a. Figure S14. Western blot determination of HMGB1 and
CRT expression under different conditions. Figure S15. Staining CD8™"
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assessed via unpaired two-sided Student t-test. *P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001 versus control. Table S1. Serum chemistry of mice
after intravenous injection with P-IDI (10 mg IDI/kg). Data are mean =+ s.d.
Table S2. Complete blood count of mice after intravenous injection with
P-IDI (10 mg IDI/kg). Data are mean =+ s.d.

Author contributions

HC conceived and designed the research; HX, XM and JR performed the
synthesis; HX, HD, YF and SM carried out the characterization experiments; HX
and YW performed the cell experiment; XM, YL and YF performed the in vivo
experiments; HX, RJ and YL analyzed the data; HX and HC co-wrote the paper.
All' authors read and approved the final manuscript.

Funding

The work was supported by the National Natural Science Foundation of China
(82172007, 81771977), the Science Fund for Distinguished Young Scholars

of Fujian Province (2021J06007), the Fundamental Research Funds for the
Central Universities of China (20720180054), the open research fund of State
Key Laboratory of Organic Electronics and Information Displays, and the open
research fund of National Facility for Translational Medicine (Shanghai) (TMSK-
2021-102). All animal experiments were approved by the Animal Management
and Ethics Committee of the Xiamen University.

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiments were approved by the Animal Management and Ethics
Committee of the Xiamen University.

Consent for publication
All authors agree to be published.

Competing interests
The authors declare no conflict of interests.

Received: 6 December 2022 Accepted: 6 April 2023
Published: 20 April 2023

References

1. Chen J,Ning C, Zhou Z,Yu P, Zhu Y, Tan G, Mao C. Nanomaterials as pho-
tothermal therapeutic agents. Prog Mater Sci. 2019;99:1-26.

2. YangK, Zhao S, Li B, Wang B, Lan M, Song X. Low Temperature photo-
thermal therapy: advances and perspectives. Coord Chem Rev. 2022;454:
214330.

3. Das P, Fatehbasharzad P, Colombo M, Fiandra L, Prosperi D. Multifunc-
tional magnetic gold nanomaterials for cancer. Trends Biotechnol.
2019;37:995-1010.

4. Xu(C, JiangY, Huang J, Huang J, Pu K. Second near-infrared light-activat-
able polymeric nanoantagonist for photothermal immunometabolic
cancer therapy. Adv Mater. 2021;33:e2101410.

5. XuC, PuK.Second near-infrared photothermal materials for combina-
tional nanotheranostics. Chem Soc Rev. 2021;50:1111-37.

6. Xiang H, Zhao L, Yu L, Chen H, Wei C, ChenY, Zhao Y. Self-assembled
organic nanomedicine enables ultrastable photo-to-heat converting
theranostics in the second near-infrared biowindow. Nat Commun.
2021;12:218.

7. LiuH,Hong G, Luo Z, Chen J, Chang J, Gong M, He H, Yang J, Yuan X, Li L,
et al. Atomic-precision gold clusters for Nir-li imaging. Adv Mater. 2019;31:
€1901015.

20.

21.

22.

23.

24.

25.

26.

27.

Page 10 of 11

ChenYS, Zhao Y, Yoon SJ, Gambhir SS, Emelianov S. Miniature Gold
Nanorods for photoacoustic molecular imaging in the second near-
infrared optical window. Nat Nanotechnol. 2019;14:465-72.

Han M, Kim B, Lim H, Jang H, Kim E. Transparent photothermal heaters
from a soluble nir-absorbing diimmonium salt. Adv Mater. 2020;32:
€1905096.

. Dirk CW, Herndon WC, Cervantes-Lee F, Selnau H, Martinez S, Kal-

amegham P, Tan A, Campos G, Velez M. Squarylium Dyes: structural
factors pertaining to the negative third-order nonlinear optical response.
JAm Chem Soc. 2002;117:2214-25.

. Michie MS, Gotz R, Franke C, Bowler M, Kumari N, Magidson'V, Levitus M,

Loncarek J, Sauer M, Schnermann MJ. Cyanine conformational restraint in
the far-red range. J Am Chem Soc. 2017;139:12406-9.

. Huang L, LiY, DuY, Zhang Y, Wang X, Ding Y, Yang X, Meng F, Tu J, Luo L,

Sun C. Mild photothermal therapy potentiates Anti-Pd-L1 treatment for
immunologically cold tumors via an all-in-one and all-in-control Strategy.
Nat Commun. 2019;10:4871.

. Irshad K, Srivastava C, Malik N, Gupta Y, SuriV, Mahajan S, Gupta D,

Suri A, Chattopadhyay P, Sinha S, Chosdol K. Abstract 3175: Fat1 and
the Immunosuppressive Milieu in Glioblastoma Tumors. Cancer Res.
2021,81:3175-3175.

. Kataru RP, Ly CL, Shin J, Park HJ, Baik JE, Rehal S, Ortega S, Lyden D,

Mehrara BJ. Tumor lymphatic function regulates tumor inflammatory
and immunosuppressive microenvironments. Cancer Immunol Res.
2019;7:1345-58.

. WangT, Gao Z, Zhang Y, Hong Y, Tang Y, Shan K, Kong X, Wang Z, ShiY,

Ding D. A supramolecular self-assembled nanomaterial for synergistic
therapy of immunosuppressive tumor. J Control Relase. 2022;351:272-83.

. Wang YT, Chen J, Chang CW, Jen J, Huang TY, Chen CM, Shen R, Liang

SY, Cheng IC, Yang SC, et al. Ubiquitination of tumor suppressor pml regu-
lates prometastatic and immunosuppressive tumor microenvironment. J
Clin Invest. 2017;127:2982-97.

. Chen Q HeY,WangY, LiC, Zhang Y, Guo Q, Zhang Y, Chu Y, Liu P, Chen H,

et al. Penetrable nanoplatform for “cold” tumor immune microenviron-
ment reeducation. Adv Sci. 2020;7:2000411.

. LiJ,FangY, Zhang Y, Wang H, Yang Z, Ding D. Supramolecular self-assem-

bly-facilitated aggregation of tumor-specific transmembrane receptors
for signaling activation and converting immunologically cold to hot
tumors. Adv Mater. 2021,;33: €2008518.

. Xiao L, Yeung H, Haber M, Norris MD, Somers K. Immunometabolism: a

‘hot’ switch for ‘cold’ pediatric solid tumors. Trends Cancer. 2021,7:751-77.
Zhang J, Huang D, Saw PE, Song E. Turning cold tumors hot: from
molecular mechanisms to clinical applications. Trends Immunol.
2022;43:523-45.

Wu CY,Wang SG, Zhao JL, Liu YY, Zheng YT, Luo Y, Ye CQ, Huang MX,
Chen HR. Biodegradable Fe(li)@Ws2-Pvp nanocapsules for redox reaction
and tme-enhanced nanocatalytic, photothermal, and chemotherapy. Adv
Funct Mater. 2019;29:21901722.

Dong X, Cheng R, Zhu S, Liu H, Zhou R, Zhang C, Chen K, Mei L, Wang C,
Su G, et al. A heterojunction structured Wo(2.9)-Wse(2) nanoradiosensi-
tizer increases local tumor ablation and checkpoint blockade immuno-
therapy upon low radiation dose. ACS Nano. 2020;14:5400-16.

Sweeney EE, Cano-Mejia J, Fernandes R. Photothermal therapy generates
a thermal window of immunogenic cell death in neuroblastoma. Small.
2018;14:e1800678.

Zhang L, Zhang Y, Xue Y, Wu Y, Wang Q, Xue L, Su Z, Zhang C. Transform-
ing weakness into strength: photothermal-therapy-induced inflamma-
tion enhanced cytopharmaceutical chemotherapy as a combination
anticancer treatment. Adv Mater. 2019;31: e1805936.

Zhang Y, Wang Q, JiY, Fan L, Ding B, Lin J, Wang L. Mitochondrial targeted
melanin@Msio, Yolk-shell nanostructures for Nir-li-driven photo-thermal-
dynamic/immunotherapy. Chem Eng J. 2022;435:134869.

Zhou L, Feng B, Wang H, Wang D, Li Y. A bispecific nanomodulator

to potentiate photothermal cancer immunotherapy. Nano Today.
2022;44:101466.

LiuT, Zhu M, Chang X, Tang X, Yuan P, Tian R, Zhu Z, Zhang Y, Chen X.
Tumor-specific photothermal-therapy-assisted immunomodulation via
multiresponsive adjuvant nanoparticles. Adv Mater. 2023;13:e2300086



Xu et al. Journal of Nanobiotechnology (2023) 21:132

28.

29.

30.

31

32

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Bai Y, Huang P, Feng N, Li'Y, Huang J, Jin H, Zhang M, Sun J, Li N, Zhang

H, et al. Treat the “Untreatable” by a photothermal agent: triggering

heat and immunological responses for rabies virus inactivation. Adv Sci.
2023;10:22205461.

LiJ,Yu X, Jiang Y, He S, Zhang Y, Luo Y, Pu K. Second near-infrared pho-
tothermal semiconducting polymer nanoadjuvant for enhanced cancer
immunotherapy. Adv Mater. 2021;33: €2003458.

LiS, Deng Q, Zhang Y, Li X, Wen G, Cui X, Wan Y, Huang Y, Chen J, Liu

Z, et al. Rational design of conjugated small molecules for superior
photothermal theranostics in the Nir-li biowindow. Adv Mater. 2020;32:
€2001146.

Jiang V, Li J, Zhen X, Xie C, Pu K. Dual-Peak absorbing semiconducting
copolymer nanoparticles for first and second near-infrared window pho-
tothermal therapy: a comparative study. Adv Mater. 2018;30: e1705980.
Jiang Y, Huang J, Xu C, Pu K. Activatable polymer nanoagonist for second
near-infrared photothermal immunotherapy of cancer. Nat Commun.
2021;12:742.

Balamurugan G, Jang JW, Park SJ, Vikneshvaran S, Park JS. Ratiometric
photothermal detection of silver ions using diimmonium salts. Talanta.
2022;242:123296.

Zhang L, Wang WZ, Zhou L, Shang M, Sun SM. Fe304 coupled biocl:

a highly efficient magnetic photocatalyst. Appl Catal B-Environ.
2009;90:458-62.

Li J, Pu K. Development of organic semiconducting materials for deep-
tissue optical imaging phototherapy and photoactivation. Chem Soc Rev.
2019;48:38-71.

Miao Q, Pu K. Organic semiconducting agents for deep-tissue molecular
imaging: second near-infrared fluorescence, self-luminescence, and
photoacoustics. Adv Mater. 2018,30: e1801778.

Jung HS, Lee JH, Kim K, Koo S, Verwilst P, Sessler JL, Kang C, Kim JS. A
mitochondria-targeted cryptocyanine-based photothermogenic photo-
sensitizer. J Am Chem Soc. 2017;139:9972-8.

Meng X, Zhang J, Sun Z, Zhou L, Deng G, Li S, Li W, Gong P, Cai L. Hypoxia-
triggered single molecule probe for high-contrast Nir li/Pa tumor imag-
ing and robust photothermal therapy. Theranostics. 2018;8:6025-34.
Zeng J, Goldfeld D, Xia Y. A plasmon-assisted optofluidic (paof) system for
measuring the photothermal conversion efficiencies of gold nanostruc-
tures and controlling an electrical switch. Angew Chem Int Ed Engl.
2013;52:4169-73.

Xu G, Jiang Y, Han Y, Pu K, Zhang R. A polymer multicellular nanoengager
for synergistic Nir-li photothermal immunotherapy. Adv Mater. 2021;33:
€2008061.

Feng B, Hou B, Xu Z, Saeed M, Yu H, Li Y. Self-Amplified drug delivery with
light-inducible nanocargoes to enhance cancer immunotherapy. Adv
Mater. 2019;31: €1902960.

Wang C, Xu L, Liang C, Xiang J, Peng R, Liu Z. Immunological responses
triggered by photothermal therapy with carbon nanotubes in combina-
tion with anti-ctla-4 therapy to inhibit cancer metastasis. Adv Mater.
2014,26:8154-62.

Yu Q, Peng T, Zhang J, Liu X, Pan'Y, Ge D, Zhao L, Rosei F, Zhang J. Cu(2-)
(X) S(X) Capped aucu nanostars for efficient plasmonic photothermal
tumor treatment in the second near-infrared window. Small. 2022;18:
e2103174.

Chen J, Gong M, Fan'Y, Feng J, Han L, Xin HL, Cao M, Zhang Q, Zhang D,
Lei D, Yin Y. Collective plasmon coupling in gold nanoparticle clusters for
highly efficient photothermal therapy. ACS Nano. 2022;16:910-20.

Guo B, Sheng Z, Hu D, Li A, Xu S, Manghnani PN, Liu C, Guo L, Zheng H,
Liu B. Molecular engineering of conjugated polymers for biocompatible
organic nanoparticles with highly efficient photoacoustic and photother-
mal performance in cancer theranostics. ACS Nano. 2017;11:10124-34.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	NIR-II-absorbing diimmonium polymer agent achieves excellent photothermal therapy with induction of tumor immunogenic cell death
	Abstract 
	Introduction
	Results and discussion
	Fabrication and characterization of P-IDI
	In vitro photonic hyperthermia performance of P-IDI
	In vitro photonic hyperthermia of P-IDI against cancer cells
	Biocompatibility and biodistribution of P-IDI in mice
	In vivo PTT evaluation based on P-IDI
	ICD in vivo induced by PTT

	Conclusions
	Anchor 12
	References


