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ABSTRACT

The goal of combination cancer therapy, including chemo-phototherapy, is to achieve highly efficient antitumor effects while minimizing the adverse reactions
associated with conventional chemotherapy. Nevertheless, enhancing the contribution of non-chemotherapeutic strategies in combination therapy is often chal-
lenging because this requires multiple active ingredients to be encapsulated in a single delivery system. However, most commonly used photothermal reagents are
challenging to be loaded in large quantities and have poor biocompatibility. Herein, we developed photothermal co-micelles through a co-assembly strategy using a
cholesterol-based liquid crystal block copolymer (LC-BCP) with disulfide bonds in the side chain of the LC blocks and a croconaine-based amphiphile (CBA) con-
taining a cholesterol moiety. This approach allowed the CBA to be effectively embedded within LC-BCPs, serving as the functional component of the drug-loaded
carrier. These co-micelles could encapsulate doxorubicin (DOX), showed tunable reduction-responsive drug release, and enabled near-infrared laser-triggered
photothermal therapy as well as in vivo fluorescence and photothermal imaging. Following laser irradiation, the photothermal activity of the co-micelles rapidly
induced tumor cell death and accelerated drug release. In vitro and in vivo experiments demonstrated that the synergistic photo-chemotherapeutic effects of these
drug-loaded co-micelles offer a promising avenue for synergistic precision photothermal-chemotherapy.

1. Introduction Photothermal therapy (PTT) via near-infrared (NIR) light irradiation

has emerged as a valuable tool for synergistic treatment in combination

The treatment of malignant tumors remains a major challenge, and
intensive research is required to achieve advancements in this area.
Currently, chemotherapy is a standard approach for cancer treatment
[1]. However, despite improvements in outcomes due to the develop-
ment of effective chemotherapeutic drugs, systemic chemotherapy is
still associated with serious adverse effects [2-4]. Thus, it is essential to
develop optimized treatment strategies that balance therapeutic efficacy
with the prevention of chemotherapy-induced toxicity. In order to
achieve this goal, there has been increased focus on attaining precise and
controlled drug release. Additionally, combinations of chemotherapy
with other treatments are actively being explored to minimize antitumor
drug doses while improving treatment efficacy [5-8].
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with chemotherapy due to its distinct non-invasive nature, superior
tissue penetration ability, tissue-specific characteristics, and heat-
induced tumor ablation activity [9-15]. Among various photothermal
agents, organic NIR-responsive dyes such as indocyanine green [16,17],
phthalocyanine [18], porphyrins [19], and croconaine-based NIR dyes
[20] are increasingly favored for their excellent photothermal conver-
sion properties and flexible chemical structures. These agents also
facilitate NIR bioimaging and are thus powerful candidates for
imaging-guided phototherapy [21]. Moreover, encapsulating
NIR-responsive dyes with antitumor drugs in stimuli-responsive car-
riers—such as pH [22], glutathione (GSH) [23,24], and
enzyme-responsive [25,26] synthetic polymers or
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biomacromolecules—allows for the creation of chemo-photothermal
therapeutic systems. Upon exposure to NIR light, the photothermal ef-
fect accelerates drug release and simultaneously induces hyperthermia,
leading to efficient tumoricidal effects via synergistic therapy [27-33].

However, the significant structural differences between carrier ma-
terials and conjugated NIR dyes typically lead to poor compatibility and
low encapsulation efficiency [34]. In such treatment models, chemo-
therapy remains the primary mode of treatment, with phototherapy
serving as a supplementary approach [35,36]. Although this synergistic
combination achieves more efficient therapeutic effects than chemo-
therapy alone, the risk of toxic side effects persists. Many commonly
used NIR-responsive molecules are as toxic as certain chemotherapeutic
agents [37], and lack therapeutic effects after irradiation, raising con-
cerns about their potential release from carrier platforms
post-irradiation, which could induce additional side effects [38,39].
These challenges — namely, poor compatibility, high toxicity of NIR
molecules, low stability of polymer carriers, and premature release of
active ingredients — must be addressed to minimize toxic effects and
achieve good therapeutic outcomes through the synergetic action of PTT
and controlled drug release.

In this study (see Scheme 1), we synthesized a series of cholesterol-
based liquid crystal block copolymers (LC-BCPs), which have attracted
considerable interest in drug carrier design due to their inherent
biocompatibility and non-toxic nature [40]. Considering the signifi-
cance of redox reactions in biological systems, particularly due to dif-
ferential concentrations of glutathione (GSH) between intracellular and
extracellular environments [41], we introduced disulfide (SS) bonds
into the side chains of the LC blocks of BCPs. This enabled the LC-BCPs to
undergo reduction-triggered cleavage via exchange reactions with GSH
[42,43]. The micelles formed by these LC-BCPs exhibited remarkable
stability owing to their LC ordered arrangement. The
reduction-responsive behavior of these micelles was tunable because it
was dependent on the disulfide bond content and LC ordering effect.
Additionally, we also designed and synthesized a croconaine-based
amphiphile (CBA) for combined therapy following NIR laser irradia-
tion. This novel structure — which included a polyethylene glycol (PEG)
and cholesterol moiety on both sides of the croconaine center — ensured
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water solubility and facilitated the formation of co-micelles with BCPs
through a synergistic co-assembly process [44], instead of simple
encapsulation. This co-assembly method effectively increased the pro-
portion of the photothermal agents in the final drug-loaded polymeric
carriers containing doxorubicin (DOX), leading to the induction of
tumor cell death primarily via laser irradiation. Meanwhile, the photo-
thermal behavior of the co-micelles accelerated the release of the loaded
DOX molecules, bridging the treatment gap post-irradiation. Both in
vitro and in vivo experiments demonstrated the synergistic
photothermal-chemotherapeutic effects of the drug-loaded co-micelles.
This study provides valuable insights into the development of combined
anticancer therapies. Additionally, it introduces a novel approach for
fabricating multifunctional drug carriers to mitigate the risk of adverse
effects associated with antitumor drugs, thereby meeting clinical
requirements.

2. Materials and methods
2.1. Materials

Cholesteryl chloroformate (>98 %), 4-dimethylaminopyridine
(DMAP, >99 %), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDC, >98 %), trimethylamine (TEA, >99 %), 2-hydrox-
yethyl disulfide (>98 %), acryloyl chloride (>98 %), and croconic
acid (CroA) were purchased from TCI and used as received. Dichloro-
methane (DCM) was distilled over CaH; and tetrahydrofuran (THF),
dioxane were distilled over sodium shavings. Oligoethylene glycol
methacrylate (OEGMA, M;,, = 300) were purchased from Sigma-Aldrich
and was filtered through a short column of neutral Al;O3 to remove the
inhibitor before use. 2,2-azobis(2-methylpropionitrile) (AIBN) was ob-
tained from Acrose chemicals and recrystallized from ethanol. Anhy-
drous methanol (MeOH), ethyl acetate, acetic acid, diethyl ether,
magnesium sulfate anhydrous (MgSO4), tosyl chloride (TsCl), 1,6-hexa-
nediol were purchased from Sinopharm Chemical Reagent Co., Ltd.
Doxorubicin hydrochloride (DOX-HCl, 98 %) and glutathione (GSH, 95
%) were supplied by Aladdin. Dulbecco’s modified Eagle medium
(DMEM), fetal bovine serum (FBS), penicillin-streptomycin solution,
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Scheme 1. Schematic illustration of (a) the preparation of DOX-loaded co-micelles and (b) synergistic photothermal-chemotherapy.
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trypsin, 4',6-diamidino-2-phenylindole (DAPI), Calcein-AM/PI Double
Staining Kit, Cell Counting Kit-8 (CCK-8) were purchased from Titan. 1-
(thiophen-2-yl)piperidine-4-carboxylic acid (SP-COOH) was synthesized
by Ref. [45]. Furan-functionalized chain transfer agent (furan-CTA) was
synthesized according to a literature reference [46].

2.2. Instrumentation

H NMR spectra were recorded on a Bruker AV 500 (500 MHz)
spectrometer using CDCl;3 as the solvent. Chemical shifts were reported
as values (ppm) relative to standard tetramethylsilane (TMS). Each
spectrum was acquired with 64 scans and a relaxation delay of 10 s.

Gel permeation chromatography (GPC) was performed using three
Waters Styragel columns (HR2/HR3/HR4) with THF as the mobile
phase at a flow rate of 1 mL/min at 30 °C. Calibration was performed
with polystyrene (PS) standards kit (Polymer Laboratory Co. Ltd., UK).
Disulfide bond cleavage in block copolymers was analyzed by recording
GPC before and after treatment with glutathione (GSH) as the reducing
agent. Typically, 10 mg of copolymers was dissolved in 1 mL of THF,
followed by the addition of 1.54 mg of GSH to achieve a final concen-
tration of 10 mM. After stirring the solution for 6 h or 24 h, a 100 pL of
the solution was directly injected to the GPC system for analysis.

Differential scanning calorimetry (DSC) analyses were carried out on
a TA Q200 differential scanning calorimeter, calibrated using indium
standards. Samples were initially scanned from —20 to 200 °C at a
scanning rate of 10 "C/min. After reaching to 200 °C, the samples were
held isothermally for 2 min and then cooled from 200 to —20 °C at the
same rate. A second scan was conducted following the same procedure.

Liquid crystal textures were observed using a Motic BA310Met mi-
croscope in polarized optical microscope (POM) mode, equipped with
an INSTEC HCS402 hot stage. The sample on the slide was first heated at
10 °C above the isotropic-to-liquid crystalline transition temperature
(Tyc1) determined by DSC analysis and maintained at this temperature
for 30 min. Subsequently, the sample was cooled to 10 °C below the Tjc
and held at this temperature for 30 min.

Small angle X-ray scattering (SAXS) experiments were conducted on
the BL16B1 beamline in the Shanghai Synchrotron Radiation Facility
(SSRF). The wavelength of X-ray radiation was 1.24 A and the sample-
to-detector distance was 5 m. The exposure time for each measure-
ment was 10 s. All experiments were performed at room temperature.

Bright-field transmission electron microscopy (TEM) images were
obtained using a JEM-2100 instrument. A drop of solution was placed on
a Formvar-carbon coated TEM grid, and after 15 min, excess liquid was
wicked away by touching the droplet with the edge of a filter paper. The
samples were then stained with 0.2 wt% uranyl acetate for 30 min, and
the excess solution was removed with a filter paper.

UV/vis spectroscopy measurements were performed on a JASCO
UV/vis spectrophotometer (V-550). The cuvette thickness was 10 mm,
with a scanning rate of 400 nm/min and data interval was 0.5 nm.
Fluorescence (FL) spectra were recorded using a Horiba Jobin Yvon
Fluorolog-3 spectrophotometer.

2.3. Synthesis

The synthetic routes of two cholesterol-based acrylate monomers are
shown in Schemes S1-2. The main difference between two monomers is
the spacer linking the cholesterol and acrylate moieties. The monomer
with a disulfide bond is denoted as ASSChol, whereas the monomer with
hexanediol linker is denoted A6CChol. Details of the synthetic proced-
ures are described in the Supporting Information. The chemical struc-
tures of the monomers were characterized by 'H NMR (Figs. 51-2).

2.3.1. Synthesis of liquid crystalline block copolymers (LC-BCP)
POEGMA,, POEGMA homopolymer was synthesized via reversible

addition-fragmentation chain transfer (RAFT) using furan-CTA and oli-

goethylene glycol methacrylate (OEGMA, M, = 300) as monomer
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(Scheme S3). Typically, furan-CTA (0.268 g, 0.75 mmol) and OEGMA
(4.5 g, 15.0 mmol) were added into a 50 mL Schlenk flask under a ni-
trogen atmosphere. A solution of AIBN (0.025 g, 0.15 mmol) in dioxane
(5 mL) was then added dropwise. The flask was degassed with three
freeze-pump-thaw cycles and immersed in an oil bath at 60 °C. After 5 h
of reaction, the solution was quenched by immersing the flask in liquid
nitrogen. The resulting solution was concentrated under vacuum using a
rotary evaporator, and the polymer was purified by three dissolution-
sedimentation cycles in DCM (0.5 mL x 3) and diethyl ether (45 mL
% 3). Finally, the polymer was dried under vacuum for 24 h (1.8 g, yield:
40 %). 'H NMR (500 MHz, CDCls): & (ppm) = 7.90 (d, 2H), 7.56 (t, 1H),
7.33-7.42 (m, 3H), 6.32 (t, 1H), 6.24 (d, 1H), 4.41 (d, 2H), 4.08 (m,
22H), 3.39 (s, 33H).

Subsequently, the three block copolymers (BCPs) were synthesized
using the obtained POEGMA as a macro-CTA through RAFT polymeri-
zation (Scheme S4-6). Notably, the three BCPs are distinguished by the
specific LC monomer utilized. When ASSChol was used as the sole
monomer, the resulting BCPs are referred to as POEGMA-b-PASSChol
(P1). Furthermore, a three-component diblock copolymer, POEGMA-b-P
(ASSChol-r-A6CChol) (P2), was synthesized using ASSChol and
A6CChol in a 1:1 M ratio. Additionally, we synthesized POEGMA-b-
PA6CChol (P3) by using A6CChol as the sole monomer in a similar
manner.

Taking P2 as an example, the brief synthetic procedures are
described below. POEGMA (99 mg, 0.033 mmol), ASSChol (263 mg, 0.5
mmol) and A6CChol (270 mg, 0.5 mmol) were added into a Schlenk
flask under a nitrogen atmosphere. A solution of AIBN (1.1 mg, 0.0067
mmol) in dioxane (0.6 mL) was then added into the mixture through the
injection. The flask was degassed with three freeze-pump-thaw cycles
and immersed in an oil bath at 80 °C for 5 h. Polymerization was
quenched by immersion of flask in liquid nitrogen. The resulting solu-
tion was concentrated under vacuum using a rotary evaporator, and
copolymer was purified by three dissolution-sedimentation cycles in
DCM (0.5 mL x 3) and MeOH (45 mL x 3). Finally, the polymer was
dried under vacuum for 24 h (0.22 g, yield: 43 %). 1H NMR (500 MHz,
CDCly): 6 (ppm) = 7.97 (d, 2H), 7.53 (t, 1H), 7.35-7.39 (m, 3H), 6.32 (t,
1H), 6.23 (d, 1H), 5.39 (s, 11H), 5.33 (s, 14H), 4.47 (m, 11H), 4.35 (m,
44H), 3.39 (s, 33H), 3.10 (m, 14H), 2.95 (m, 44H).

P1 (0.25g, 47 %). 'H NMR (500 MHz, CDCls): 6 (ppm) = 7.90 (d,
2H), 7.56 (t, 1H), 7.33-7.42 (m, 3H), 6.32 (t, 1H), 6.24 (d, 1H), 5.40 (s,
25H), 3.39 (s, 33H).

P3 (0.23g, 43 %) 'H NMR (500 MHz, CDCls): § (ppm) = 7.95 (d, 2H),
7.53 (t, 1H), 7.35-7.40 (m, 3H), 6.32 (t, 1H), 6.23 (d, 1H), 5.33 (s, 24H),
3.39 (s, 33H), 3.10 (m, 24H).

2.3.2. Synthesis of croconaine-based amphiphile (CBA)

The synthetic route of photothermal amphiphile is shown in Scheme
S7. Starting from 1-(thiophen-2-yl)piperidine-4-carboxylic acid (SP-
COOH) [45], two intermediate products, referred to as SP-Chol and
SP-PEG, were synthesized via classic esterification. Finally, these two
components were bonded together using croconic acid through a
dehydration reaction. The detailed synthetic procedures are described
below.

SP-Chol. SP-COOH (1.00 g, 4.73 mmol), cholesterol (2.75 g, 7.10
mmol), EDC (1.36 g, 7.10 mmol), DMAP (0.75 g, 6.15 mmol), and dried
DCM (25 mL) were added into a Schlenk flask. The mixture solution was
stirring overnight at room temperature. After removal of DCM under
vacuum using rotary evaporator, the crude product was purified by
column chromatography (hexane/EA = 20/1, v/v) to give white solid
compound SP-Chol (1.53 g, yield 56 %). 'H NMR (CDCls, 500 MHz): &
(ppm) = 6.75 (t, 1H), 6.59 (d, 1H), 6.11 (d, 1H), 5.37 (d, 1H), 4.65 (m,
1H), 3.49 (d, 2H), 2.85 (m, 2H), 2.37 (m, 1H), 2.31 (d, 2H), 2.10-0.64
(m, 45H).

SP-PEG. SP-COOH (1.00 g, 4.73 mmol), PEG (3.38 g, 6.15 mmol),
EDCI (1.36 g, 7.10 mmol), DMAP (0.75 g, 6.15 mmol), and dried DCM
(30 mL) were added into a Schlenk flask. The mixture solution was
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stirring overnight at room temperature. After removal of DCM under
vacuum using rotary evaporator, the crude product was purified by
column chromatography (DCM/MeOH = 40:1, v/v) to give white solid
compound SP-PEG (1.89 g, yield 54 %). 1H NMR (CDCl3, 500 MHz): 6
(ppm) = 6.76 (m, 1H), 6.59 (m, 1H), 6.11 (m, 1H), 4.24 (t, 2H), 3.70 (t,
2H), 3.64 (t, 48 H), 3.38 (s, 3H), 2.79 (m, 2H), 2.51 (m, 1H), 2.09-1.83
(m, 45H).

CBA. SP-Chol (0.60 g, 1.03 mmol), SP-PEG (1.15 g, 1.55 mmol) and
croconic acid (0.15 g, 1.03 mmol) were dissolved in a mixture of n-
butanol and toluene (30 mL, 1:1, v/v), then the mixture solution was
stirring at 120 °C for 2 h. After removal of solvent under vacuum using
rotary evaporator, the crude product was purified by column chroma-
tography (DCM/MeOH = 30:1, v/v) to give solid compound CBA (0.34
g, 70 %). 'H NMR (CDCls, 500 MHz): § (ppm) = 8.91-8.66 (m, 2H), 6.57
(s, 2H), 5.37 (d, 1H), 4.64 (m, 1H), 4.28 (m, 2H), 3.98 (s, 4H), 3.76-3.52
(m, 48H), 3.46 (s, 4H), 3.37 (s, 3H), 2.78-2.59 (m, 2H), 2.36-0.65 (m,
51H).

2.4. Critical micelle concentration

Pyrene was employed as a fluorescence probe to determine the
critical micelle concentration (CMC) of the synthesized LC-BCPs. Briefly,
10 pL of a pyrene/acetone solution (1.2 x 10~* M) was added to an
aqueous solution of the micelles, with mass concentrations ranging from
1 x107°to5 x 10~ ! mg/mL, resulting in a final pyrene concentration of
6.0 x 1077 M. The mixture was allowed to equilibrate at room tem-
perature in the dark for 24 h before measurement. Fluorescence spectra
were recorded using a FL spectrometer with an excitation wavelength of
334 nm and a scanning range of 350-450 nm. The fluorescence intensity
ratios (Isg4/Is74) were calculated and plotted against the BCP
concentration.

2.5. Preparation of polymer micelles and DOX-loaded micelles (P@DOX)

In this work, the micelles were prepared by a classical solvent ex-
change procedure as reported previously [47]. Briefly, BCPs (2 mg) were
dissolved in THF (10 mL), followed by the slowly addition of 10 mL of
deionized water (100 pL/min/mL) into the organic solution under mild
swirling. The resulting turbid mixtures were then dialyzed against
deionized water for other 3 days using a Spectra/Por regenerated resin
membrane with a molecular cutoff (MWCO) of 6000-8000. The entire
process was performed at 20 °C. DOX-loaded micelles (P@DOX) were
prepared in a similar manner, except for addition of a DMSO solution of
DOX-HCI (5 mg/mL, 0.1 mL) to the original 10 mL THF solutions of BCPs
(2 mg).

2.6. Preparation of co-micelles (P-CBA) and DOX-loaded co-micelles (P-
CBA@DOX)

The co-micelles of P-CBA with a weight ratio of 1:2 was prepared
following the similar protocol described above. After addition of
deionized water, the mixtures were dialyzed against a mixture of water
and THF (volume ratio = 1:1) for 2 days. Subsequently, they were dia-
lyzed against deionized water for an additional 3 days using a Spectra/
Por regenerated resin membrane with a molecular cutoff (MWCO) of
6000-8000. Correspondingly, P-CBA@DOX were prepared in a similar
manner as P@DOX.

The DOX content in the micelles was determined by measuring the
fluorescence intensity of DOX at 590 nm using a fluorescence spec-
trometer with excitation at 480 nm, calculated with the DOX calibration
curve. The concentration of DOX was calculated using the DOX standard
curve. The encapsulation capacity (EC) and encapsulation efficiency
(EE) were calculated using equations (1) and (2), respectively.

EC(%) = weight of loaded drug

N 0,
weight of loaded drug and micelles x 100% @
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_ weight of loaded drug  100%

%) =
EE(%) weight of drug in feed

(2

2.7. DOX release behaviors of micelles in phosphate-buffered saline (PBS)

The DOX release profiles of the DOX-loaded micelles were examined
at 37 °C using a dynamic dialysis method. First, 2 mL of the DOX-loaded
micelle suspension was poured into a Spectra/Por regenerated resin
membrane dialysis tubing (MWCO = 6000-8000), which was immersed
in 20 mL of PBS buffer (pH = 7.4; 0, 10, 30, and 50 mM GSH) with gentle
shaking. At predetermined time points, 0.5 mL of the release medium
was sampled for fluorescence (FL) analysis and replaced with an equal
volume of fresh medium. The release of DOX in vitro was routinely
analyzed using a FL spectrometer.

To examine NIR laser-triggered drug release, DOX-loaded micelles
were evaluated following NIR laser irradiation (808 nm, 1.5 W/cmz, 5
min) at different irradiation time points (0, 3, 5, and 8 h). Subsequently,
the release of DOX was evaluated according to the aforementioned
method.

2.8. In vitro photothermal effect

Suspensions of CBA and CBA-containing micelles were added to
quartz cells and then exposed to NIR laser irradiation (808 nm, 1.5 W/
cm?) until the photothermal temperature reached a plateau. The in-
crease in the temperature of each sample during this process was
recorded using an infrared thermal imaging system.

2.9. Cell culture

Human cervical adenocarcinoma HeLa cells were acquired from the
cell library of the Chinese Academy of Sciences and cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) supplemented with 10 %
fetal bovine serum (FBS) and 1 % antibiotics (penicillin—streptomycin)
at 37 °C under 5 % COa. The cells were subcultured every 2-3 days using
trypsin.

2.10. In vitro cytotoxicity

The cytotoxicity of BCP micelles and CBA was assayed in HeLa cells
using the CCK-8 assay kit. The HeLa cells were first seeded into 96-well
microplates (1 x 10* cells/well) containing DMEM supplemented with
10 % FBS and 1 % antibiotics (penicillin-streptomycin). After 24 h of
incubation, the medium was aspirated and replaced with 100 pL of fresh
medium containing various concentrations of BCP micelles or CBA (10,
20, 50, 80, 100, 150, and 200 pg/mL). Then, the cells were cultured at
37 °C under 5 % CO> for another 24 h. Subsequently, the culture me-
dium in the wells was replaced with 100 pL of fresh medium containing
10 pL of the CCK-8 reagent. After 2 h of incubation, the absorbance of
each well at 450 nm was detected using a microplate reader (SpectraMax
M2e, Molecular Devices). Finally, the relative cell viability was evalu-
ated using eq. (3) (n = 4).

Relative cell viability (%) — OD40(52mPple) — ODsso (blank)

- 100%
ODy4s0(control) — ODyso(blank) ~ ~ "

3

Similarly, the cytotoxicity of DOX-loaded micelles was also exam-
ined in HeLa cells using the CCK-8 assay kit. DOX-loaded micelles and
free DOX were added to fresh medium to achieve final DOX concen-
trations of 0.1, 0.5, 1, 2, 5, 10, and 20 pg/mL. The remaining procedure
was the same as that described above.

2.11. Preparation of FITC-labeled micelles and co-micelles

Fluorescein-5-maleimide (Mal-FITC, 5 mg) was dissolved in DMSO
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(1 mL), then 10 pL of this solution was added to 5 mL of micelles formed
by P2 or co-micelles formed by P2-CBA. The mixtures were stirred for
12 h at room temperature. The turbid mixtures were then dialyzed
against deionized water for an additional 3 days to remove unreacted
Mal-FITC, using a Spectra/Por regenerated resin membrane with a
molecular cutoff (MWCO) of 6000-8000.

2.12. Cell uptake assay

HelLa cells were seeded into confocal culture dishes (1 x 10* cells/
well) in DMEM supplemented with 10 % FBS and 1 % antibiotics
(penicillin-streptomycin). The cells were incubated with FITC-modified
micelles for 4 h at 37 °C. After the removal of culture medium, the cells
were fixed with 4 % paraformaldehyde (PFA) for 15 min and rinsed with
PBS. The cell nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI) for 10 min in the dark. The cells were finally observed using an
LSM 710 confocal laser scanning microscope (CLSM, Zeiss, Germany).

2.13. Intracellular DOX release and photothermal effects

Intracellular DOX release and photothermal effects were examined in
HelLa cells using fluorescence microscopy. First, the cells were cultured
on coverslips placed in 48-well plates (1 x 10 cells/well) in DMEM
containing 10 % FBS and 1 % antibiotics (penicillin-streptomycin). The
cells were incubated with various micelles for 24 h at 37 °C. After the
culture medium was removed, the cells were rinsed thrice with PBS and
stained using the Calcein-AM/PI Double Staining Kit. Fluorescence im-
ages were then recorded using an Olympus CKX-53 fluorescence mi-
croscope. Additionally, the relative cell viabilities of HeLa cells
incubated with CBA-contained co-micelles and subjected to NIR laser
irradiation (808 nm, 1.5 W/cm?) were also examined using a CCK-8
assay kit, as described previously.

To further evaluate the photothermal cytotoxicity of CBA-contained
co-micelles, eBioscience™ Annexin V Apoptosis Detection Kit (Invi-
trogen™, Carlsbad, CA, USA) was used. HeLa cells were cultured on
coverslips placed in 6-well plates (5 x 10° cells/well). After different
treatment, cells were harvested, washed three times with cold PBS, and
resuspended in 100 pL binding buffer. Then the cells were stained with
Annexin V-APC and PI, and incubated for 15 min in the dark. Finally, the
stained cells were analyzed by a flow cytometer (Beckman, Indianapolis,
United States).

2.14. Animal models

All mouse experiments were carried out in accordance with the
guidelines of the Institutional Animal Care and Use Committee (IACUC)
of Shanghai Laboratory Animal Research Center (Authorization
numbers: 202,400,802). 6-weeks-old male BALB/c nude mice (17—20 g)
were purchased from Zhejiang Vital River Laboratory Animal Technol-
ogy Co., Ltd. [SCXK(Zhejiang)2024-0001]. The mice were kept in the
SPF facility with a temperature range of 20-26 °C and a relative hu-
midity of 40-70 %. HeLa cells (1 x 106) were inoculated subcutaneously
into the right flanks of the mice. The tumor-bearing mice were used for
experiments after the tumor size grew to about 100 mm?>,

2.15. In vivo imaging

For in vivo imaging, 200 pL of P2-CBA co-micelles were injected into
tumor-bearing BALB/c nude mice via the tail vein (CBA, 1.5 mg/kg).
Then, in vivo fluorescence imaging was performed at 0, 0.5, 1, 2, 4, 6, 8,
24, 48, and 72 h post-injection using a BLT in vivo imaging system
(AniView 100). Tumors and normal organs including the heart, liver,
spleen, lung, and kidney were also collected from some tumor-bearing
nude mice at 2 h post-injection and observed using BLT in vivo imag-
ing system (AniView 100).

For in vivo photothermal imaging, at 2 h post-injection, the tumor
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sites were irradiated with a laser (808 nm, 1.5 W/cm?). Then, photo-
thermal images were obtained during laser irradiation using an infrared
thermal imaging system. Mice treated with PBS were used as the control.

2.16. In vivo antitumor efficacy

For the examination of in vivo antitumor effects, tumor-bearing
BALB/c nude mice were randomly divided into six groups (four mice
per group): PBS, P2@DOX, P2-CBA@DOYX, free DOX, P2-CBA + Laser,
and P2-CBA@DOX + Laser. When the tumor sizes reached ~100 mm?,
these mice received intravenous injections of various micelles according
to their treatment groups. At 2 h post-injection, the tumors of mice in the
NIR treatment groups were treated with 808 nm NIR laser irradiation
a.s W/cmz, 5 min). The injections and laser treatments were admin-
istered on day 0, day 3, and day 6. The body weight and tumor sizes of
the mice were measured every 3 days after treatment. Tumor volume
was calculated as follows: Tumor volume = AB?*0.5, where A is the
longer and B is the shorter diameter (mm). The tumors were excised and
weighed after 30 days for assessing the antitumor efficacy of the
different treatments. The tumor tissues and main organs were also fixed
with 4 % PFA and stained with hematoxylin and eosin (H&E) for his-
topathological analysis. To observe proliferation of tumor cells and
angiogenesis, the apoptosis of tumor cells, tumor sections were stained
with anti-Ki67, anti-CD31, and Caspase-3 (Abcam, Cambridge, MA,
USA) followed by HRP-conjugated affinipure goat anti-rabbit IgG (H +
L).

2.17. Statistical analysis

All data were representative of at least four independent experiments
and were represented as the mean + standard deviation (SD). Signifi-
cant differences between various groups were calculated using Student’s
t-tests with GraphPad Prism software. p < 0.05 was considered statis-
tically significant and denoted using the * symbol, while ** and ***
indicated p < 0.01 and p < 0.001, respectively.

3. Results and discussion
3.1. Synthesis and characterization of LC-BCPs

In this study, the three block copolymers POEGMA-b-PASSChol,
POEGMA-b-P(ASSChol--A6CChol), and POEGMA-b-PA6CChol are
referred to as P1, P2, and P3, respectively (Fig. 1a). Their chemical
structures, molecular weights, and polydispersity indexes (P) were
characterized "H NMR and GPC (Figs. S4-7). Notably, the design of the
hydrophobic blocks ensured that they had the same degree of poly-
merization in order to facilitate subsequent comparative experiments.
The degree of polymerization in each block of the BCPs was labeled via
subscripts, as follows: POEGMA;;-b-PASSCholys, POEGMA;;-b-P
(ASSCholy1-7-A6CCholy4), and POEGMA;;-b-PA6CCholy4. Specifically,
characterization experiments on P2 indicated that the ASSChol units
(DPasschol = 11) were slightly fewer in number than the A6CChol units
(DPagcchol = 14), with both these units appearing in the hydrophobic
block of P2 in a random manner. The results are summarized in
Table S1.

Cholesterol-based polymers are considered typical liquid crystalline
polymers. In these polymers, the rigid cholesterol mesogens are often
arranged in a tail-to-tail manner, forming a smectic A phase. Consistent
with previous reports [48,49], in the bulk state, the synthesized BCPs
exhibited liquid crystallinity, as evidenced by small angle X-ray scat-
tering (SAXS) experiments. As shown in Fig. 1b, P1 and P2 exhibited
sharp scattering peaks at 1.55 nm ! and 1.53 nm !, with corresponding
calculated d-spacing values of 4.05 nm and 4.10 nm, respectively. This
indicated that both these BCPs exhibited an interdigital smectic A phase
(SmAy), which was further confirmed by the typical fan texture observed
using polarized optical microscopy (POM) (Fig. 1c-e). In contrast, P3
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Fig. 1. (a) Chemical structures and (b) SAXS intensity curves of the three BCPs. Polarized optical microscopy (POM) images of (c) P1, (d) P2, and (e) P3 during the

cooling process.

showed two broad diffraction peaks at 0.77 nm ™! and 1.60 nm ™!, which
suggested that it exhibited a nematic phase and underwent microphase
separation under bulk conditions. These results demonstrated that the
introduction of disulfide bonds into the side chains of hydrophobic
blocks increases the LC ordering of mesogens, likely due to the improved
decoupling effect of heteroatoms. The LC-isotropic phase transition
temperature (T ), determined using differential scanning calorimetry
(DSC) (Fig. S8), was the highest in P1, followed by P2 and P3, further
supporting this observation.

3.2. Reduction-triggered degradation of LC-BCPs

To assess the reduction response of the BCPs, we first performed GPC
on the BCPs dissolved in THF after adding the reducing agent GSH (10
mM). As depicted in Fig. 2a and b, the GPC peaks of P1 and P2, which

contained disulfide bonds in their pendant groups, showed a significant
shift towards a lower molecular weight at 6 h after GSH addition. This
suggested that 10 mM GSH could effectively cleave the disulfide bonds
in the side chains of BCPs in THF, inducing the detachment of rigid
cholesterol fragments from the polymer and consequently decreasing
the molecular weight. Additionally, when the GPC curves of P1 and P2
were compared, a certain amount of residual P1 was detected at the end
of the observation period, while P2 essentially showed complete
degradation. This difference could be attributed to the content of di-
sulfide bonds, which was approximately twice as high in P1 as in P2.
After 24 h of incubation with GSH, both solutions exhibited additional
right-shift GPC peaks corresponding to lower molecular weights.
Notably, the change in the elution peak of P1 (1.3 min) was larger than
that of P2 (1.1 min), consistent with the fact that A6CChol units were
still present in P2. Furthermore, the GPC curves of P3 — which did not
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Fig. 2. GPC curves of (a) P1, (b) P2, and (c) P3 before and after the addition of GSH. GSH (10 mM) was added to copolymers dissolved in THF, and the solutions were
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contain disulfide bonds — showed almost no change even 24 h after GSH
addition (Fig. 2c). These results indicated that incorporating disulfide
bonds in the side chains of polymers provides an excellent reduction-
triggered degradation response in LC-BCPs.

3.3. Preparation of DOX-loaded micelles and drug release behavior

To confirm the potential of the synthesized LC-BCPs as efficient
carriers for drug delivery, we conducted an analysis of their critical
micelle concentrations (CMCs) in aqueous environments, utilizing pyr-
ene as a fluorescent indicator. As depicted in Fig. S9, the three LC-BCPs
exhibited exceptionally low CMCs ranging from 0.0005 to 0.0016 mg/
mL. These findings suggest that these micelles possess exceptional post-
administration stability, even in the highly diluted conditions encoun-
tered within the blood circulation system. DOX-loaded polymeric mi-
celles (P@DOX) were prepared via the solvent exchange method [50].
The detailed protocol is described in the experimental section. As shown
in the transmission electron microscopy (TEM) images in Fig. 2d-f,
DOX-loaded polymer micelles (P1@DOX, P2@DOX, and P3@DOX) had
typical spherical structures with average diameters of 190, 150, and 210
nm, respectively, smaller to the spherical micelles formed by the cor-
responding BCPs (Fig. S10). The encapsulation capacity (EC) and
encapsulation efficiency (EE) of these micelles are summarized in
Table S2. Compared to P3 (EC = 0.44 %, EE = 2.15 %), P1 and P2
demonstrated relatively higher EC (1.51 %, 1.93 %) and EE values (7.11
%, 8.94 %). Hence, the introduction of disulfide bonds in the hydro-
phobic blocks promoted the encapsulation of DOX. Interestingly, the
highest EC and EE were observed in P2@DOX. This suggests that a
moderate degree of ordered arrangement facilitates the embedding of
DOX, while a highly ordered LC phase arrangement reduces the
encapsulation efficiency of DOX.

DOX release from the three P@DOX micelles was explored by
incubating these micelles with GSH in PBS buffer (pH 7.4) and moni-
toring DOX release with a fluorescence spectrometer. The cumulative
release of DOX as a function of time is presented in Fig. 2d-f. Unlike the
cleavage of disulfide bonds in dissolved polymer chains, which primarily
depends on pH [51], temperature [52,53], and reduction agent [54], the
reduction-triggered release behavior of the micelles was also influenced
by their aggregation state [55]. After 30 h of incubation in the absence of
GSH, the three types of DOX-loaded micelles showed a minimal leakage
of encapsulated DOX in PBS buffer. In contrast, when incubated with
GSH, they exhibited noticeable drug release, except for P3@DOX, with
cumulative release increasing as GSH concentrations increased from 10
to 50 mM. However, the cumulative release of DOX from P1@DOX and
P2@DOX micelles was relatively low compared to previous reports at
the same GSH concentrations [56]. Even at high concentrations of GSH
(50 mM), both types of micelles exhibited release percentages of
approximately 20.2 % and 34.7 %, respectively. This release behavior
was closely related to the LC arrangement of PAChol blocks in the mi-
celles, which provided a physical cross-linking effect and thus slowed
down the disaggregation of micelles [57]. This LC ordering effect had a
crucial effect on the release behavior of the micelles, surpassing the
influence of disulfide bond content. P1 had a consistent LC block
structure consisting of ASSChol mesogens throughout, and theoretically,
it should have been more sensitive to GSH. However, P2@DOX
exhibited higher DOX release than P1@DOX. This difference could be
attributed to the moderate LC ordering in P2 due to the random poly-
merization conformation of ASSChol and A6CChol in its LC block.
Nevertheless, the introduction and regulation of LC ordering repre-
sented an alternative approach for achieving controlled drug release,
ensuring the significant stability of carrier materials and limiting drug
leakage in plasma during prolonged blood circulation.

3.4. Synthesis and characterization of the photothermal amphiphile

To achieve photo-chemotherapy, we synthesized a croconaine-based
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amphiphile, referred to as CBA, which served as a photothermal agent.
Croconaine-based dyes are characterized by an electron
donor-acceptor-donor (D-A-D) type pseudo-oxocarbon structure,
which ensures intense absorption in the NIR region and high photo-
thermal conversion efficiency [58,59]. Additionally, we introduced PEG
(M, = 550) and cholesterol moieties on the two sides of the croconaine
center (Fig. 3a). The details of CBA synthesis and the corresponding 'H
NMR spectra are provided in the Supplementary Information (Scheme
S7, Figs. S11-13). Our design aimed to increase the water solubility of
CBA via the PEG chain. More importantly, our recent research showed
that both cholesterol moiety-containing LC-BCPs and amphiphiles can
undergo synergetic co-assembly to generate stable hierarchical
co-micelles [46].

The optical properties of CBA in solution were investigated using
UV/vis spectroscopy. As shown in Fig. 3a, CBA dissolved in dimethyl
sulfoxide (DMSO) exhibited a maximum absorption peak at Amax-pMso =
795 nm, consistent with previously reported croconaine-based NIR dyes
[20]. As depicted in Fig. 3b and ¢, CBA also exhibited significant pho-
tothermal properties. After 10 min of irradiation with an NIR laser (808
nm, 1.5 W/cm?), the solution reached a plateau photothermal temper-
ature (Tyax) of 79.6 °C. The photothermal conversion efficiency (#7) of
CBA in DMSO was calculated to be 66.4 % (Fig. S14) [60]. The photo-
thermal properties of CBA remained unchanged after multiple laser
irradiation cycles (Fig. 3d), demonstrating the photothermal stability of
this amphiphile.

3.5. Preparation of co-micelles and their photothermal effects

Considering its high stability and efficient drug release performance,
we selected P2 as the optimal LC-BCP candidate for further research.
The co-micelle composed of P2 and CBA with an optimized weight ratio
of 1:2, designated as P2-CBA, was prepared using the described protocol
in experimental section. The CMC value of P2-CBA was measured at
0.0012 mg/mL (Fig. S15), which is similar to that of P2 (Fig. S9).
Interestingly, P2-CBA micelles demonstrated uniform and prominent
vesicular structures, with their average diameter decreasing to 112 nm
(Fig. 4a). The average thickness of the membrane in these micelles was
measured to be 12.5 nm. This indicated that the amphiphiles were
embedded within the membrane core, thereby increasing the packing
parameter to 1/2 < p < 1, which facilitated the formation of vesicular
co-micelles [61]. This vesicular structure was highly flexible and was
capable of further encapsulating drug molecules, especially hydrophilic
ones. The semiquantitative embedding efficiency, calculated using a
CBA calibration curve (Fig. S16), was found to be 34.5 % under a CBA
feed concentration of 0.4 mg/mL. Specifically, 1 mg of the co-micelles
contained 0.412 mg CBA, indicating that CBA had become a key
component of the co-micelle framework. The co-assembly process
enabled the CBA in the P2-CBA to exhibit a broad UV/Vis absorption
band ranging from 610 to 900 nm (Fig. S17a). This suggested that CBA
was embedded within the co-micelles in both H-aggregated and
J-aggregated forms. As depicted in Fig. 4b, under laser irradiation (808
nm, 1.5 W/cm?) for 15 min, the P2-CBA (Ccpa = 0.5 mg/mL) exhibited
remarkable photothermal performance (Tax = 65.6 °C). Interestingly,
TEM showed that the vesicular morphology of the co-micelles was
retained, with only a slight decrease in size observed after NIR laser
irradiation (Fig. S17b). This indicated that the co-micelles demonstrated
remarkable stability, which was likely due to the LC arrangement in
their core. The tight embedding of CBA within the co-micelles restricted
its leakage post-irradiation, thereby minimizing potential risks in vivo.

3.6. Photothermal reduction-triggered release behavior of DOX-loaded co-
micelles

DOX-loaded P2-CBA@DOX co-micelles, with a P2-to-CBA feed
weight ratio of 1:2, were prepared using the same protocol for preparing
P2@DOX. As shown in Fig. 4c, P2-CBA@DOX co-micelles appeared as
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spherical vesicles, and the membrane thickness of these co-micelles was
noticeably increased to ~32 nm. The EE and EC of DOX in P2-CBA@-
DOX were approximately double those in P2@DOX (Table S2). This
significant improvement was attributed to the encapsulation of DOX
both within the membrane and in the interior of the vesicles. However,
the content of embedded CBA in P2-CBA@DOX was slightly lower
(~25.6 %) than that in P2-CBA, possibly due to the presence of DOX.
The drug release behavior of P2-CBA@DOX was then studied under
various conditions, including the presence/absence of GSH and NIR
laser irradiation. When GSH was absent, P2-CBA@DOX exhibited

minimal spontaneous leakage (~20 %), similar to P2@DOX in the
absence of NIR laser irradiation (Fig. 4d). This suggested that the
incorporation of CBA within the polymeric micelles did not significantly
affect their structural stability. When the P2-CBA@DOX solution was
exposed to 5 min of irradiation (808 nm, 1.5 W/cmz), only a slight (5 %)
increase in cumulative release was observed (blue line in Fig. 4d).
Notably, a single round of irradiation could increase the solution tem-
perature to 51 °C within 5 min, and the corresponding increase in drug
release was attributed to heat-induced acceleration of drug diffusion
during the irradiation period. Subsequently, without further irradiation,
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the temperature increase did not contribute further to the cumulative
drug release. After the solution was irradiated multiple times (each for 5
min) at time points of 0, 3, 5, and 8 h, the cumulative release at 8 h
reached 40.3 % (purple line in Fig. 4d). This indicates that the cumu-
lative release of DOX is influenced by the frequency of irradiation, and
multiple exposures can enhance the release rate to a certain extent.

In the presence of GSH, a significant increase in the cumulative
release of DOX from P2-CBA@DOX was observed (Fig. 4e), particularly
following NIR laser irradiation. Notably, in P2@DOX, which showed
low reduction-responsiveness due to its ordered LC arrangement and
consequent tight micellar structure, the cumulative drug release rate
only reached 34.7 % even after 30 h of incubation in PBS (pH = 7.4)
containing 50 mM GSH. In contrast, P2-CBA@DOX exhibited a 51.2 %
cumulative drug release rate at a GSH concentration as low as 10 mM
(red line in Fig. 4e). This indicated that co-assembly with CBA effec-
tively modulated the LC ordering effect within the co-micelles, as also
evidenced by the SAXS profile (Fig. S17c¢), thereby enhancing the re-
action between GSH and disulfide bonds and accelerating drug release.
Furthermore, when the P2-CBA@DOX solutions incubated in the pres-
ence of GSH (10 mM) were exposed to one round of NIR laser irradiation
(1.5 W/em?, 5 min), an approximate 11.3 % increase in cumulative drug
release was observed (blue line in Fig. 4e). This increase was twice that
observed under pure lighting conditions (blue line in Fig. 4d). Note-
worthy, four rounds of NIR laser irradiation (1.5 W/cm?, 5 min) at 0, 3,
5, and 8 h resulted in a nearly 90 % cumulative release of DOX. This
outcome clearly indicated that the heat produced by CBA upon laser
irradiation not only improved the diffusion of drug molecules but also
accelerated the disruption of disulfide bonds. This demonstrated the
feasibility of precisely tuning the release of DOX based on photothermal
conversion effects using P2-CBA@DOX co-micelles, which could be
tailored to meet synergetic therapeutic needs.

3.7. Invitro evaluation of synergistic cytotoxicity

The cytocompatibilities of the micelles formed by the three BCPs and
CBA were first evaluated in HeLa cells using CCK-8 assays. As illustrated
in Fig. 5a, the BCP micelles exerted negligible cytotoxicity. After 24 h of
incubation, the cell viability remained almost 100 % even at high BCP
micelle concentrations (200 pg/mL). This indicated that the reduction-
responsive LC-BCPs developed in this study possessed excellent
biocompatibility, regardless of the disulfide bond content in their LC
blocks. Additionally, CBA also exhibited excellent biocompatibility,
although the cell viability decreased to 81 % in the presence of high CBA
concentrations of 200 pg/mL. Nevertheless, the cytotoxicity of CBA was
much lower than that of commonly used NIR dyes [21]. This was due to
the specific chemical structure of CBA, which bore biocompatible PEG
and cholesterol moieties on both sides of its croconaine center.

To explore the cellular uptake of micelles, FITC-labeled P2 micelles
and P2-CBA co-micelles were initially prepared by utilizing the furan
group present at the end of the hydrophilic block of P2. This group was
introduced using a furan-functionalized chain transfer agent (CTA)
during polymerization, allowing reactions with maleimide derivatives
through a Diels-Alder (D-A) reaction [62,63]. Notably, this convenient
and effective in-situ modification method in aqueous medium enables
the modification of micellar surfaces with various functional groups,
including proteins and biomolecules. Accordingly, FITC grafting rates of
46 % and 52 % were obtained for P2 micelles and P2-CBA, respectively,
as calculated using Mal-FITC calibration curves (excitation wavelength,
EX = 490 nm). Subsequently, HeLa cells were incubated with the two
types of FITC-labeled micelles for 4 h, and their nuclei were then stained
with DAPI. Confocal laser scanning microscopy (CLSM) revealed distinct
green fluorescence ascribed to FITC-labeled micelles in both the cyto-
plasm and the nuclei of HeLa cells post-incubation (Fig. 5b). Merged
images displayed a light blue color within the nuclei, suggesting that
there was an overlap of green fluorescence (FITC-labeled micelles) and
blue fluorescence (from DAPI-stained nuclei). This indicated that both
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types of micelles had indeed been translocated to the nuclei of the HeLa
cells.

Furthermore, the cytotoxicity of free DOX, P2@DOX, and P2-
CBA@DOX was evaluated across various DOX concentrations (ranging
from 0.1 to 20 pg/mL) using a CCK-8 assay (Fig. 5c). After incubation
with HeLa cells for 24 h, free DOX demonstrated significant cytotoxicity,
with the cell viability dropping below 14 % at a DOX concentration of 5
pg/mL, likely due to its direct diffusion into cell nuclei. In contrast, both
DOX-loaded micelles showed relatively lower cytotoxicity. However,
when Hela cells were treated with P2-CBA@DOX at higher DOX con-
centrations (10 and 20 pg/mL), a notable decrease in cell viability was
detected. This indicated that the upper limit of tolerated DOX concen-
trations under encapsulated conditions was approximately 5 pg/mL. The
reduction in viability at higher DOX concentrations could be attributed
to the efficient intracellular reduction-triggered release of DOX from P2-
CBA@DOX, leading to a cumulative release effect exceeding the toler-
ance limit of the cells. Consequently, P2-CBA@DOX with a DOX con-
centration of 5 pg/mL was chosen for subsequent experiments.

Finally, the in vitro synergistic therapeutic effects of P2-CBA@DOX
were further investigated. HeLa cells were co-incubated with P2-
CBA@DOX for 4 h and then exposed to an NIR laser (808 nm, 1.5 W/
cm?) for various durations (0, 0.5, 1, 1.5, 2, 2.5, and 3 min). Then, cell
viability was explored using CCK-8 assays at 0.5 h and 24 h post-
treatment. As shown in Fig. 5d, the cell viability decreased gradually
as the irradiation time was prolonged. Notably, after 3 min of irradia-
tion, approximately 95 % of HeLa cells were inactivated after both 0.5 h
and 24 h due to significant temperature increases (Fig. S18). However,
compared to the 0.5 h incubation groups, the 24 h incubation groups
exhibited relatively lower cell viability following 3 min of irradiation.
For example, 1.5 min of irradiation induced 53 % and 84 % cell death in
the 0.5 h and 24 h incubation groups, respectively. This indicated that
the heat generated by NIR laser irradiation caused cell death while also
accelerating DOX release from the co-micelles. After irradiation was
ceased, the heating stopped. However, the released DOX continued to
inactivate the cells, resulting in a further decrease in cell survival during
the 24 h incubation period. The live/dead staining results (Fig. 5e) were
consistent with the results of the CCK-8 assay, visually revealing the in
vitro death of HeLa cells.

To quantitatively assess the synergistic effect of photothermal ther-
apy combined with chemotherapy in inducing cell death, we employed
the Bliss Independence Model [64], which calculates the expected
combined effect under the assumption that each treatment acts inde-
pendently. First, the cell death rates were measured for HeLa cells
treated with photothermal therapy alone (P2-CBA + Laser), chemo-
therapy alone (P2-CBA@DOX) and the combined treatment
(P2-CBA@DOX + Laser). The theoretical combined effect (E theoretical)
was calculated using the Bliss formula: E heoreticat = Ea + Ep-Ea * Ep,
where E 4 represents the cell death rate from photothermal therapy
alone, and E p represents the cell death rate from chemotherapy alone.
The observed cell death rate from the combined treatment (E 4¢q1) Was
then compared to the theoretical combined effect (E theoretica)- A Syner-
gistic effect is indicated if E 4crual > E theoreticat, an additive effect if E gepyqr
= E theoretical, and an antagonistic effect if E genial < E theoretical-

In the study, the photothermal therapy alone (P2-CBA + Laser)
yielded a cell necrosis rate of E 4 = 81.50 %, and chemotherapy alone
(P2-CBA@DOX) yielded a cell necrosis rate of E g = 27.10 % (Fig. 5f).
For the combined treatment (P2-CBA@DOX + Laser), the observed cell
apoptosis rate was E 4cqq1 = 91.10 %. Converting to decimal values (E 4
= 0.815, Ep = 0.271) and substituting into the Bliss formula, we ob-
tained E georerical = 0.815 + 0.271 - (0.815 * 0.271) = 0.8651, which
converts to E theoretical = 86.51 %. Comparing the observed and theoret-
ical effects, the actual cell death rate of 91.10 % slightly exceeded the
theoretical rate of 86.51 %, suggesting a potential synergistic effect. This
substantial difference indicates that the effectiveness of the combined
treatment significantly increased compared with the simple sum of their
individual effects, supporting a significant synergistic effect exists when
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photothermal therapy and chemotherapy are combined. Although DOX
may have shown a limited contribution to the outcomes of this combi-
nation therapy system, its toxic side effects were also minimized in this
system. Moreover, the presence of DOX provided effective secondary
treatment for tumor cells that survived after NIR laser irradiation,
thereby enhancing the overall efficacy of the dual treatment approach.

3.8. Biodistribution and in vivo imaging

The in vivo biodistribution of P2-CBA in tumor-bearing BALB/c nude
mice was first explored using NIR fluorescence imaging. Free CBA and
P2-CBA co-micelles exhibited significant NIR fluorescence emission at
815 nm when excited at 780 nm (Fig. S19), consistent with the excellent
real-time bioimaging capacity of croconaine-based dyes reported pre-
viously [20]. Following the intravenous injection of P2-CBA, a clear
fluorescence signal was observed at tumor sites within 0.5 h (Fig. 6a).
The fluorescence intensity within the tumor peaked rapidly at just 2 h
post-injection, demonstrating the efficient targeting and accumulation
of the co-micelles at tumor sites. Notably, the fluorescence signal in-
tensity showed only a slight decrease within 8 h post-injection,
demonstrating that P2-CBA also has a long retention time within
tumor tissues. Although a progressive decrease in fluorescence signals
was observed over time, the obvious intratumoral accumulation of
P2-CBA remained evident even at 72 h post-injection. Additionally,
some mice were sacrificed at 2 h post-injection, corresponding to the
peak of fluorescence intensity in the whole body. Ex vivo imaging further
confirmed significant fluorescence signals in tumor tissue, and the major
organs (heart, liver, spleen, lung, and kidney) also displayed fluores-
cence signals due to the diffusion effect (Fig. S20). This distribution
pattern is commonly observed after treatment with drug carriers that
lack targeting groups [65]. Nevertheless, despite their wide distribution,
the micelles showed substantial accumulation at tumor sites, which
demonstrated their good passive targeting ability.

Subsequently, we evaluated in vivo photothermal conversion effects
in mice. Considering that fluorescence peaked at 2 h post-injection
(Fig. 6b), NIR laser irradiation (808 nm, 1.5 W cm?) was administered
at 2 h after the intravenous injection of either PBS or P2-CBA. Real-time
temperature variations were recorded using an infrared thermal camera.

1 min 2 min 3 min 5 min

PBS

P2-CBA

M:

Min

II.. |
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As shown in Fig. 6¢ and d, the tumor sites of mice treated with P2-CBA
showed notable temperature elevations, with the temperature
increasing from 33.5 °C to 52 °C within 5 min. In contrast, mice treated
with PBS showed only exhibited a 2.5 °C increase in the tumor site under
the same irradiation conditions. These results confirmed that P2-CBA
exhibits favorable tumor accumulation and photothermal effects in vivo.

3.9. In vivo antitumor efficacy

Finally, we investigated the in vivo synergistic therapeutic effect of
P2-CBA@DOX on tumor-bearing BALB/c nude mice (Fig. 7a). As shown
in Fig. 7b, the treatment groups exhibited varying degrees of tumor
growth inhibition when compared with the PBS group. Without laser
irradiation, the P2@DOX and P2-CBA@DOX groups exhibited slower
rates of tumor growth inhibition, similar to that of the free DOX group.
This reflected the inadequacy of DOX alone in tumor inhibition. In the
phototherapy groups, a significant tumor growth suppression effect was
observed. Notably, near-complete tumor elimination was achieved in
the P2-CBA@DOX + Laser group by day 18 after three rounds of
treatment. Meanwhile, the P2-CBA + Laser group also showed a sig-
nificant inhibition effect. However, tumor growth reappeared in the
P2@CBA + Laser group (no DOX) by day 24, whereas no recurrence
was observed in the P2-CBA@DOX + Laser group throughout the
observation period. The photographs and average weights of the tumors
after 30 days of treatment are shown in Fig. 7c and d, respectively. These
findings further demonstrated the excellent tumor ablation in the P2-
CBA@DOX + Laser group. Additionally, the body weight of the mice
did not change significantly in any of the groups within the 30-day
experimental period (Fig. 7e), suggesting that these treatments did not
induce significant adverse effects on the animals.

Finally, H&E and immunohistochemistry (IHC) staining of tumor
tissues were conducted to assess the antitumor effects after 30 days of
treatment to evaluate antitumor effects. As shown in Fig. 7f-H&E
staining results exhibited detectable necrosis in the tumor tissues of the
treatment groups compared to the PBS control group. Moreover, IHC
results revealed that these groups displayed reduced Ki67 and CD-31
positive cells, along with increased Caspase-3 positive cells (Fig. 7f).
Notably, the P2-CBA + Laser group demonstrated the significantly
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Fig. 6. (a) In vivo NIR fluorescence imaging and (b) corresponding fluorescence intensity of tumor-bearing mice after the intravenous injection of P2@CBA. (c)
Infrared thermal images and (d) corresponding temperature change curves of tumor-bearing mice after the intravenous injection of PBS and P2-CBA and subsequent

808 nm NIR laser irradiation.

11



Y. Lu et al.

(a) -30d

3d 6d

"4

R4

Materials Today Bio 29 (2024) 101355

30d

Tumor implantation

®)

—a—PBS

—v—P2@DOX
——P2-CBA@DOX
—a—Free DOX
—<4—P2-CBA*Laser

—>— P2-CBA@DOX+Laser

8 g 8
8 8 8
h : h

Tumor volume (mm®)

2
8
L

T T T T T
0 3 6 9 12 15 18 21 24 27 30 33 b

Time (day)

()

o~ =
G 1]
oot x
= 154
=]
[
=
<
104
§ —a—PBS 3
—v—P2@DOX 3

—e— P2-CBA@DOX

5+ =—a—Free DOX

—&— P2-CBA+Laser

—p— P2-CBA@DOX+Laser

0 3 6 9 12 15 18 21 24 27 30
Time (day)

o
Caspase-3

(d)

PBS
*kk
T 1
P2@DOX b
-
S04 *
P2-CBA@DOX £ _
5
2
Free DOX g 5
202 ‘ J g
o
-
P2-CBA+Laser 1
P2-CBA@DOX+Laser 0.0 ' : I {I 1
s+ S+ 5
& o S o
< i @9 ©<>0+ Q@o Jp‘ _ﬁ\,&
& & &
; v
L < X

Pid

P2@nox
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(n =4, *p < 0.05; **p < 0.01; ***p < 0.001).

enhanced efficacy than DOX-containing groups in both H&E and IHC
experiments. These findings suggest that both DOX release and NIR laser
irradiation contributed to the tumor inhibition. In fact, the P2-CBA@-
DOX + Laser group exhibited the most substantial tumor suppression,
showing complete necrosis of the tumor at 30 days post-treatment.
These data suggested that the disappearance of tumor tissue in this
group results from the combined effects of photothermal and chemo-
therapy, with phototherapy serving as the primary mode and chemo-
therapy providing additional support. Additionally, H&E staining was
conducted to evaluate systemic toxicity in major organs (Fig. S21),
confirming the minimal adverse effects of the treatment on healthy
tissues. These results further demonstrated that P-CBA@DOX exhibited
minimal systematic toxicity against normal organs while eliminating
tumors via synergistic therapeutic effects.

It is conceivable that complete tumor suppression can be achieved
with chemotherapy alone by increasing the dosage of the chemothera-
peutic agent. However, this approach causes significant adverse effects.
In contrast, the effects of phototherapy alone are hindered by the in-
fluence of tumor size and the rapid attenuation of laser intensity in
deeper tumor tissues. In this context, the dual-modal antitumor system
developed in this study — which primarily relies on physical thermal
injury and enables continuous DOX release within tissues — may yield
optimal clinical outcomes in the future by addressing these limitations.

4. Conclusion
In this study, we developed a novel class of bi-functional polymeric

carriers formed by the co-assembly of GSH-responsive LC-BCPs with a
croconaine-based photothermal amphiphile (CBA). The disulfide bonds

12

in the pendant groups of the LC blocks could modulate the LC ordering
effect and reduction responsiveness of the LC-BCPs. A moderate content
of disulfide bonds enabled the micelles formed by P2 to exhibit rela-
tively higher encapsulation efficiencies for DOX along with improved
stability and a suitable reduction-responsiveness. Notably, instead of
simple encapsulation, the CBA designed in this study could undergo co-
assembly with the LC-BCPs and become integrated into the micellar
carrier (50 % co-assembly rate) due to the shared cholesterol moiety
between the BCPs and the amphiphile. By adjusting the weight ratio of
P2 to CBA to 1:2, vesicular co-micelles could be obtained, facilitating
the flexible and effective encapsulation of various drugs. Furthermore,
both P2 and CBA were found to exhibit excellent biocompatibility, with
CBA maintaining significant cell viability (>80 %) even at higher con-
centrations of 200 pg/mL. In vitro studies of P2-based micelles demon-
strated appropriate levels of drug release triggered by the presence of
GSH within tumor cells, indicating the high stability of the co-micelles,
which could be attributed to their intrinsic LC arrangement. Under NIR
laser irradiation, effective cell death was observed via the photothermal
effects of the co-micelles and the accelerated reduction-responsive
release of DOX. The observed apoptosis following laser irradiation
aligns with previous literature indicating that heat-induced cellular
stress can activate apoptosis-related pathways, particularly the intrinsic
mitochondrial pathway. Additionally, heat shock increases levels of
reactive oxygen species (ROS), autophagy, and apoptosis [66]. These
findings suggest that the combined treatment not only enhances cell
death but also modulates the cell death mechanism toward apoptosis
rather than necrosis, a shift that may offer therapeutic benefits such as
reduced inflammatory responses and improved safety. In vivo experi-
ments further revealed that these co-micelles possessed desirable NIR
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fluorescence imaging, tumor accumulation, and retention properties,
leading to enhanced synergistic photothermal-chemotherapeutic out-
comes. This combination treatment approach, which is primarily based
on photothermal therapy supplemented by chemotherapy, is expected to
improve therapeutic efficacy while mitigating the long-standing adverse
effects associated with chemotherapy. In this study, we primarily
investigated the preparation and properties of bifunctional nanoplat-
forms for synergistic therapy. Regrettably, active targeted therapy has
been less explored, but our findings reveal that these co-micelles can be
modified in-situ in a straightforward and effective manner. To further
enhance the potential for personalized treatment and optimized thera-
peutic outcomes while minimizing side effects, our future research will
prioritize identifying specific targeting groups rather than commonly
used ones, and incorporating targeted anti-cancer agents to expand the
repertoire of options available for clinical antitumor therapy.
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