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Near-infrared Il (NIR-Il, 1000—1700 nm) fluorescence imaging has
the advantages of low light scattering and weak biological auto-
fluorescence compared with conventional NIR (600-900 nm)
fluorescence imaging and can obtain a high signal-to-noise ratio
in deeper biological tissues, as well as micron-level high resolution.
A great deal of effort has been directed toward the construction of
conjugated polymers for effective NIR-triggered fluorescence ima-
ging (FI) and photothermal therapy (PTT) combined therapy. How-
ever, NIR-1I fluorescent materials are mainly nanoparticles prepared
by coprecipitation methods, and water-soluble NIR-Il materials
need to be further developed. In this paper, we synthesized novel
water-soluble squaric acid nanoparticles (SQ-POEGMA) with low
toxicity and excellent photostability by attaching a water-soluble
oligomer (POEGMA) to the small molecule squaric acid through a
click chemistry reaction. The photothermal conversion efficiency of
SQ-POEGMA is 33% in vitro, which can effectively inhibit the
growth of cancer cells with 94% tumor inhibition rate in vivo under
808 nm laser irradiation, while no appreciable side effects were
observed.

Cancer has become a serious threat to humans worldwide due
to its high morbidity, which is closely linked to the highly
invasive and metastatic ability and mortality rates," and most
patients are already in an advanced stage of treatment. There-
fore, early diagnosis and treatment of tumors are important to

“Key Laboratory of New Processing Technology for Nonferrous Metal & Materials,
Ministry of Education/Guangxi Key Laboratory of Optical and Electronic Materials
and Devices, Guilin University of Technology, Guilin 541004, China.

E-mail: lyuanli@glut.edu.cn

b State Key Laboratory of Organic Electronics and Information Displays & Institute
of Advanced Materials (IAM), Jiangsu Key Laboratory for Biosensors,

Nanjing University of Posts & Telecommunications, Nanjing 210023, China.
E-mail: iampfsun@njupt.edu.cn

“CAS Key Laboratory of Soft Matter Chemistry, Department of Polymer Science and
Engineering, University of Science and Technology of China, Jinzhai Road 96,
Hefei 230026, China

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tb00510k

This journal is © The Royal Society of Chemistry 2023

Xiaoli Li,* Song Guo,? Weixing Deng,*® Si Wu,

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Water-soluble polymer brush-substituted
squaraine NIR-Il dye for efficient photothermal

¢ Pengfei Sun (2 ** and

improve the cure rate, reduce the cost of treatment and reduce
the financial burden on patients.”

Currently, the traditional imaging diagnosis for tumors
mainly includes electronic computed tomography (CT), mag-
netic resonance imaging (MRI) and ultrasound imaging.*®
However, the above imaging tools still have some shortcom-
ings. For example, CT will bring a high risk of radiation and
cannot be imaged in real time, and both MRI and CT are
expensive. Low-cost ultrasound imaging can be performed in
real time but with low resolution. Optical imaging is an
important imaging technique that shows great potential in
the biomedical field because of its advantages of low damage
to living organisms and high spatiotemporal resolution.”*°
Light penetration and sensitivity reduced because of the
absorption and scattering of endogenous substances such as
melanin, haemoglobin, deoxyhemoglobin, and bilirubin in the
visible region of many biological tissues, which adversely
affects the FI in the visible wavelength range. In particular, FI
in the NIR-II range with weak absorption, scattering and
autofluorescence of biological tissues can achieve deep pene-
tration depth and tissue imaging in biological tissues. As a
result, researchers are interested in the properties of NIR-II
fluorescence that can be utilized for in vivo and nondestructive
monitoring of tissues and are gradually introducing it into the
diagnosis and treatment of cancer patients."'™**

To date, specific therapeutic modalities, such as photother-
mal therapy (PTT)">™"” and photodynamic therapy (PDT)"®>
based on reactive oxygen species (ROS),”>** have been devel-
oped to take advantage of the high level of acidic pH, endo-
genous H,0,, and overexpression of enzymes present in the
tumor microenvironment. Among them, PTT has the advan-
tages of short duration, significant efficacy, and low toxic side
effects and has been partially applied in clinical practice. While
the combination of NIR-II PTT and fluorescence imaging has a
bright future of more precise diagnosis and improved thera-
peutic effects for tumors, the development of suitable conju-
gated polymers remain an obstacle in this field. To date, several
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classes of nanomaterials have been developed, including single-
walled carbon nanotubes,®*? quantum dots,>*® rare earth
materials,”! small organic molecules,**™” and conjugated
polymers.**™*° However, the potential toxicity of inorganic nano-
materials in vivo and the poor processing and optical stability of
organic small molecules greatly hinder their further clinical
applications.*’ ™ In contrast, low-bandgap conjugated polymers
(CPs) have appeared as hopeful candidates for NIR FI due to their
inherent ease of processing, spectral tunability, stability, and
biocompatibility.** To date, conjugated polymers with both excel-
lent properties of NIR-II PTT and NIR-II FI have seldom been
reported due to their poor solubility in organic solutions, obvious
quenching effect caused by aggregation, and powerful nonradia-
tive decay, which invalidate the fluorescence emission of
polymers.**™*” Therefore, the rational design and manufacture
of conjugated polymers for NIR-II FI/PTT is of great value in
meeting the demands of accurate diagnosis as well as accurate
and effective cancer therapy.

In this paper, a novel small squaric acid molecule with an
emission wavelength in the near-infrared region was synthe-
sized and coprecipitated with an amphiphilic block copolymer
to obtain squaric acid nanoparticles with good biocompatibil-
ity. In addition, we introduced an azide group in the squaric
acid small molecule and linked the water-soluble oligomer
(POEGMA) to the squaric acid by a click chemistry reaction.
As a result, we prepared a novel water-soluble squaric acid
nanoparticle (SQ-POEGMA) with low toxicity and good photo-
thermal effects in living organisms.

One major obstacle for this target is that significant fluores-
cence quenching will appear in water because of intense n-n
stacking between squaraine dyes. First, SQ nanoparticles and
SQ-POEGMA were synthesized through a condensation reaction
according to our previous work.*® As illustrated in Fig. 1a, the
conjugation block consists of squaric acid as an electron
acceptor and a fluorene-grafted thiophene segment as an
electron donor. Meanwhile, each fluorene was modified with
two azide-endcapped alkyl side chains to conjugate POEGMA,
which endowed the water solubility of SQ-POEGMA. Then,
water-dispersed SQ nanoparticles (SQ-NPs) were prepared by a
coprecipitation method with an amphiphilic copolymer (PEG-5-
PPG-b-PEG, F127). The chemical structures of SQ and SQ-
POEGMA were characterized by "H NMR (Fig. $1-S5, ESI?).
Transmission electron microscopy (TEM) (Fig. 1b) showed that
SQ-POEGMA exhibited a spherical morphology. The size dis-
tribution of the particles in the TEM image is shown in Fig. 1c.
The size distribution of the nanoparticles was in the range of
20-60 nm (Fig. 1c). Dynamic light scattering (DLS) results
indicated that the hydrodynamic diameter (Dh) of SQ-
POEGMA was 112 nm, which was different from the TEM
results. Compared with the DLS results, the smaller size of
the NPs in the TEM image was most likely due to the shrinkage
of the NPs in the process of drying TEM samples. Then, the
absorption and fluorescence emission spectra of SQ-NPs and
SQ-POEGMA were measured to investigate their photophysical
properties. A sharp and intense absorption peak of SQ-NPs in
water was located at 660 nm with a shoulder peak at 745 nm
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Fig. 1 Formulation and characterization of SQ-POEGMA. (a) Molecular
structure of SQ-POEGMA. (b) TEM image of SQ-POEGMA nanoparticles.
(c) The size distribution of the SQ-POEGMA. (d) Fluorescence spectra of
SQ (0.1 mg mL™Y and SQ-POEGMA (0.025 mg mL™Y) in THF under 808 nm
irradiation. (e) Fluorescence spectra of SQ-NPS (0.03 mg mL™) and
SQ-POEGMA (0.024 mg mL ™Y in aqueous solutions with equal absorption
intensity. (f) Photostability of SQ-POEGMA under 808 nm irradiation for an

hour (1.5 W cm™2). (g) Fluorescence spectra of SQ-POEGMA after an hour
irritation under 808 nm (1.5 W cm™2).

(Fig. S7, ESIt). Compared with SQ-NPs, SQ-POEGMA displays
different absorption behavior in water, displaying two similar
intense peaks at 672 nm and 736 nm in water (Fig. S8, ESIT).
The increased peak at 736 nm can be attributed to the alky
chains and decreased aggregation. Fig. 1d and e show the
emission spectra of SQ and SQ-POEGMA in THF and water
with the same absorption intensity, respectively. The SQ-NPs
showed significant fluorescence quenching in water due to
intense m-n stacking. However, SQ-POEGMA maintained
intense emission at 1055 nm with a tail that extended to
1400 nm in the NIR-II region. In addition, SQ-POEGMA

This journal is © The Royal Society of Chemistry 2023
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exhibited not only outstanding photostability (Fig. 1f and g) but
also superior stability in physiological environments, including
phosphate buffered saline (PBS), Dulbecco’s modified Eagle’s
medium (DMEM), and fetal bovine serum (FBS), as shown in
Fig. S10 (ESIt). Bright NIR-II fluorescence and excellent solu-
bility in water indicated that SQ-POEGMA is a potential NIR-II
imaging agent.

Based on the bright NIR-II fluorescence and brilliant stabi-
lity in physiological environments, the NIR-II fluorescence
imaging capacity of SQ-POEGMA was assessed under 808 nm
excitation with a 1064 nm LP filter after tail vein injection of SQ-
POEGMA aqueous solution (1.0 mg mL ‘). As depicted in
Fig. 2a and b, the vasculature of the body was rapidly lit up,
and then the belly and hind limb blood vessels could be clearly
discriminated. The results showed that the signal to back-
ground ratios of the belly and hind limb blood vessels were
calculated to be 4.4 and 6.7, and the signal-to-noise ratios were
estimated to be 1.8 and 2.1, respectively. We further investi-
gated the penetration depth of NIR-II persistent luminescence
of SQ-POEGMA coated with different thicknesses of chicken
tissue. Subsequently, a strong persistent luminescence signal
was detected at the site of injection through 0.4 cm tissue
thickness (S11, ESIt). The excellent in vivo image quality with
high spatial resolution and contrast can be attributed to the
lower photon scattering of NIR-II light. Fig. 2c illustrates the

Spleen Kidney

& F P

Fig. 2 NIR-Il fluorescence images of mice intravenously injected at
different postinjection times from one mouse. (a and b) NIR-II fluores-
cence images of the leg and abdomen. (c) In vivo NIR-II fluorescence
images of MCF-7-bearing mice at different times after intravenous injec-
tion with SQ-POEGMA. (d) NIR-II fluorescence images of organ tissues at
24 h postinjection. (e) NIR-II quantified fluorescence intensity of organ
tissues at 24 h postinjection.
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distribution change of SQ-POEGMA in the whole body over
48 h. The results clearly showed that large quantities of SQ-
POEGMA were concentrated in the liver and spleen after
intravenous injection. With time, SQ-POEGMA continuously
accumulated around the MCF-7 tumor tissue and reached its
peak at 24 h. To further confirm the biodistribution of
SQ-POEGMA in mice, MCF-7 tumor-bearing mice were sacri-
ficed at 48 h postinjection of SQ-POEGMA. The NIR-II fluores-
cence images of the tumor tissue and the main organs,
including the heart, liver, spleen, lungs, and kidneys, illu-
strated that SQ-POEGMA mainly accumulated in the tumor
tissue, liver and spleen (Fig. 2d and e). The great passive
targeting capacity was mainly caused by their enhanced per-
meation and retention effect. In addition, the concentration-
dependent photothermal effect will benefit from the high
accumulation of SQ-POEGMA in the tumor tissue.

The photothermal conversion and cytotoxicity of SQ-POEGMA
in vitro were investigated as shown in Fig. 3a, which showed that
the temperature of the SQ-POEGMA aqueous solution increased
rapidly under 808 nm irradiation at a power density of 1.5 W cm 2
until it reached a plateau. The temperature changes of the
0.1 mg mL~" and 0.04 mg mL~' SQ-POEGMA aqueous solutions
were 32 °C and 48 °C, respectively. The results also demonstrated
that the maximum temperature of the SQ-POEGMA solutions
depended on the concentration of SQ-POEGMA. According to
the reported methods,” the photothermal conversion efficiency
of SQ-POEGMA was calculated to be 33% (Fig. S6, ESI{). In
addition, repeatable cycles of heating and natural cooling experi-
ments demonstrated that SQ-POEGMA has superior photostabil-
ity, as shown in Fig. 3b. To confirm effective cytotoxicity,
the in vitro cellular uptake of SQ-POEGMA was investigated.
SQ-POEGMA and MCF cells were cocultured for 12 h, and then
the incubated and treated cells were collected for NIR-II imaging.
As depicted in Fig. 3c, a strong fluorescence signal was observed
in SQ-POEGMA cocultured cells, while a weak fluorescence signal
was observed for the control group, demonstrating the excellent
cellular uptake ability of SQ-POEGMA. Subsequently, the biocom-
patibility and photo cytotoxicity of SQ-POEGMA were evaluated via
the standard 3-(4,5-dimethylthiazol-2-yl}-2,5-diphenyltetrazolium
bromide (MTT) assay before exploring the in vivo performance.
Fig. 3d shows that SQ-POEGMA displayed negligible cytotoxicity
toward MCF-7 cells at a concentration of 120 pg mL™". The
excellent biocompatibility of SQ-POEGMA can primarily be attrib-
uted to the good solubility and biocompatibility of the POEGMA
segment. The MCF-7 cell viability decreased sharply under 808 nm
irradiation with SQ-POEGMA concentrations from 7.5 ug mL™* to
120 pg mL ™' The IC50 of SQ-POEGMA upon 808 nm laser
irradiation was calculated to be 26.59 pg mL~*. MCF-7 cell injury
demonstrates the notable photocytotoxicity of SQ-POEGMA. More-
over, confocal fluorescence imaging of calcein AM and propidium
(PI) costained MCF-7 cancer cells indicated the excellent biocom-
patibility and high photocytotoxicity of SQ-POEGMA (Fig. 3e).
MCF-7 cells exhibited high cell viability without 808 nm irradia-
tion after 24 h incubation only with SQ-POEGMA, and cell injury
did not occur for MCF-7 cells without SQ-POEGMA under
808 nm laser irradiation. However, MCF-7 cells cocultured with
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Fig. 3 Photothermal conversion and in vitro photothermal therapy of SQ-
POEGMA. (a) Temperature elevation curves of SQ-POEGMA aqueous
solution under 808 nm laser irradiation (1.5 W cm™2) at different concen-
trations. (b) Temperature change curves of SQ-POEGMA (0.1 mg mL™
over the course of three cycles with discontinuous 808 nm laser irradiation
(1.5 W cm™2). (c) NIR-II fluorescence images and quantified signals of
cancer cells without or with SQ-POEGMA. (d) Cell viabilities of MCF-7 cells
with SQ-POEGMA for 24 h with or without 808 nm laser irradiation. (e)
Calcein-AM/propidium iodide (PI) staining of MCF-7 cells incubated with
SQ-POEGMA in the dark or exposed to 808 nm irradiation (1.5 W cm™2) for
10 min. (f) Annexin V and PI staining for flow cytometry of MCF-7 cells with
or without SQ-POEGMA under 808 nm irradiation (1.5 W cm™2) for 10 min.

SQ-POEGMA died after exposure to 808 nm irradiation (1.5 W cm ™ ?)
for 10 min, which indicated that SQ-POEGMA possessed excellent
photocytotoxicity under irradiation.

Inspired by the impressive results of FI, we investigated the
PTT of the theranostic agent in vivo, and SQ-POEGMA was
injected intravenously into subcutaneous xenograft tumors of
mice. Depending on the time-point of maximum signals of the
in vivo fluorescent imaging in the tumor site, PTT in living mice
bearing MCF-7 breast tumors was carried out (12 h postinjec-
tion). An 808 nm laser (1.5 W cm™?) was used to irradiate the
tumor area in live mice for 6 minutes after intravenous admin-
istration of SQ-POEGMA (100 pL, 2 mg mL ™) for 12 h. The
temperature change in the laser-treated groups was recorded by
a camera (Fig. 4a). The temperature of the tumor surface in the
laser irradiation group rose rapidly from 36 °C to 55 °C in two
minutes (Fig. 4b) proving that SQ-POEGMA exhibited an
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Fig. 4 Anticancer evaluation of SQ-POEGMA in vivo. (a) Thermal images
of MCF-7 tumor-bearing mice 24 h postinjection of SQ-POEGMA aqueous
solution under continuous 808 nm laser exposure at a power density of
1.5 W cm™2. (b) Temperature elevation curves of the tumor. (c) Photo-
graphs of the tumors extracted from MCF-7 tumor-bearing mice at the
end of PTT experiments. (d) Tumor weight of mice with MCF-7 tumors
treated with the four treatment groups at the end of PTT experiments. (e)
Body weight variation of MCF-7 tumor-bearing mice in different groups.
The error bars represent the standard deviations of 5 mice per group. (f)
Plots of tumor growth after different treatments. Tumor volumes were
normalized to their original size.

efficient NIR-II PTT effect. To further verify the PTT effect of
SQ-POEGMA in living mice, the different treatments were
conducted in four groups (n = 5 per group). The above four
groups were denoted as (a) the control group treated with PBS,
(b) the PBS with 808 nm laser excitation group (PBS + laser);
(c) the only SQ-POEGMA group (SQ-POEGMA), and (d) the
SQ-POEGMA with 808 nm laser irradiation group (SQ-
POEGMA + laser). The tumors in the comparative groups
(PBS, PBS + laser and SQ-POEGMA) rapidly increased by greater
than 12.0-fold in 15 days, while the tumor volume of the “SQ-
POEGMA + 808 nm” group, as depicted in Fig. 4d, was
successfully inhibited after NIR-II PTT treatment with almost
unchanged tumor size. The body weight and tumor growth for
all groups of nude mice were checked every 2 days until 14 d,
and no obvious weight loss was observed in the four groups
(Fig. 4e and f), the tumor inhibition is calculated to be 94%
suggesting high biocompatibility of PTT with SQ-POEGMA
injection treatment. There was no significant damage to the
normal tissues, including the liver, lungs, spleen, heart and
kidneys, of PTT-treated mice (Fig. S12, ESI}).

In general, a water-soluble polymer nanoparticle SQ-
POEGMA for precise NIR-II fluorescence imaging and efficient

This journal is © The Royal Society of Chemistry 2023
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NIR-II photothermal therapy was successfully synthesized,
which exhibited excellent photothermal performance with a
high photothermal conversion efficiency (PCE) of 33% and
remarkable biocompatibility and high photocytotoxicity toward
MCF-7 cells under 808 nm laser irradiation. Then, the fluores-
cence imaging properties of SQ-POEGMA were determined in
mice, which clearly showed the blood vessels and organs in
mice. Importantly, SQ-POEGMA can be applied as a competent
phototheranostic probe for NIR-II FI-guided NIR-II PTT therapy
to subcutaneous xenograft tumors. Furthermore, we believe
that this work will provide effective guidance for designing
novel NIR-II FI/NIR-II PTT phototheranostic agents.

Notes

All small animal experiments were carried out in accordance
with the specifications of The National Regulation of China for
Care and Use of Laboratory Animals, which have been approved
by the Jiangsu Administration. Tumor-bearing mice (age 5-6
weeks) were purchased from KeyGEN BioTECH. Co., Ltd (Nanj-
ing, China) with a pathogen-free feeding environment.
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