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Abstract

Advanced prostate cancer is hassled by relapse and metastasis that are closely associated with
cancer stem cells (CSCs). Here, we present micellar indocyanine green and napabucasin
(mICG-Nap) that co-ablates cancer cells and CSCs via photothermal therapy (PTT) for the
treatment of prostate tumor. mICG-Nap with stable loading of both drugs and favorable size
effectively reduced CSC population in RM1-PSMA murine prostate cancer cells and inhibited
tumor spheroid formation. mICG-Nap showed an enhanced photothermal effect compared
with free ICG and eliminated tumor spheroids under near-infrared (NIR) irradiation. The
efficacy of mICG-Nap was further enhanced by decorating with Acupa ligand, which targets
to RM1-PSMA cells and tumors via PSMA receptor. The enhanced tumor cell uptake of
Acupa-mICG-Nap led to significant survival benefits in both subcutaneous RM1-PSMA
tumor models and postoperative models. The tumor analyses demonstrated clear
downregulation of CSC-related biomarkers such as OCT4, SOX2, CD133 and pSTAT3 as
well as PSMA by Acupa-mICG-Nap. Rational formulated micellar indocyanine green and
napabucasin plus NIR appears as an appealing strategy to co-ablate cancer cells and CSCs

with rapid tumor de-bulking yet no recurrence.

Keywords: Micelles; Photothermal therapy; Cancer stem cells; Prostate cancer; Targeted

delivery



1. Introduction

Prostate cancer is a top life-threatening malignancy for men worldwide [1, 2]. The
existing therapies such as androgen deprivation therapy, chemotherapy and radiotherapy
while effective for prostate cancer patients diagnosed at an early stage are unable to alleviate
advanced cases [2, 3]. One major issue with advanced prostate cancer is hard to eliminate
cancer stem cells (CSCs) that play a vital role in tumor relapse and metastasis [4-6]. CSCs are
a small but fatal subset of the tumor population, characterized by their strong self-renewal
capacity and differentiation potential [7]. CSCs reside in the hypoxic niches and exist in a
quiescent state, allowing them to evade conventional therapies and contributing to treatment
resistance, tumor recurrence and metastasis. As a matter of fact, CSCs proportion is typically
subject to a big increase after most treatments [5].

In the past decade, different strategies e.g. targeting ATP-binding cassette transporters,
DNA damage repair mechanisms, autophage, ferroptosis and immunosuppression have been
explored to inhibit the CSCs in prostate cancer [8, 9]. The leverage of CSC pathways, such as
Hedgehog, STAT3, Wnt, Notch and NF-kB, has led to the development of differentiators and
inhibitors, some of which have progressed to clinical trials [10, 11]. Notably, the over-
activation of STAT3 pathway is implicated in prostate cancer pathogenesis and correlates
with poor patient prognosis [12], as also evidenced by elevated levels of IL-6, IL-6 receptor,
JAK1, and pSTAT3 in advanced prostate cancer patients [13]. The small molecular STAT3
inhibitor napabucasin (Nap) has demonstrated potential in inhibiting CSCs across various
solid tumors including prostate cancer [14, 15]. Its therapeutic efficacy has been evaluated in
monotherapy and combination therapies (pembrolizumab, paclitaxel, nab-paclitaxel,
gemcitabine, or FOLFIRI) in clinical trials for several types of metastatic tumors [16-19]. It
should be noted, however, that despite certain progress, few systems have been developed to

simultaneously eliminate bulk tumor and CSCs [20, 21].
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Scheme 1. Schematic illustration of (A) the facile fabrication of Acupa-mICG-Nap, and (B)
combination strategy of PTT ablation with CSC eradication to prevent prostate cancer relapse and

metastasis. The figure was created using BioRender.

Here, we report on micellar indocyanine green and napabucasin (mICG-Nap) plus
near-infrared (NIR) irradiation to co-ablate cancer cells and CSCs, via photothermal therapy
(PTT) and CSC elimination for effective treatment of prostate cancer (Scheme 1). PTT
enables rapid tumor debulking in various tumor models by localized heating (48-60 °C) [22,
23]. ICG was selected as a photosensitizer due to its strong PTT properties and FDA
approval. But ICG is associated with fast clearance and lacks targeting ability [24], and PTT
monotherapy often leads to swift tumor relapse and metastasis [25]. Nap, compared to
conventional anticancer drugs, exhibits capacity to inhibit both tumor cells and CSCs with

favourable safety profiles, making it an ideal candidate for combination therapy with PTT



ablation. However, Nap failed to yield satisfactory outcomes in phase Il clinical trial,
attributable to the low bioavailability stemming from its highly crystalline and lipophilic
structure that also poses great challenges in formulation. Only recently, there are limited
success in developing Nap nanoformulations [26-28]. Interestingly, we found that disulfide-
crosslinked biodegradable micelles based on poly(ethylene glycol)-b-poly(e-caprolactone-co-
dithiolane trimethylene carbonate) (PEG-P(CL-DTC) could efficiently and stably coload ICG
and Nap. This micellar nanodrug strategy not only enables successful nanoformulation of Nap
and ICG but also facilitates efficient PTT ablation and CSC eradication. The micelles based
on PEG-P(CL-DTC) have been employed for the targeted delivery of paclitaxel, docetaxel
and gemcitabine [29-31]. mICG-Nap was further decorated with an Acupa ligand (Acupa-
mICG-Nap), which targets to RM1-PSMA prostate cancer cells and tumors via binding with
PSMA [32, 33]. Lutetium-177-PSMA-617 has been approved by FDA for the treatment of
metastatic castration-resistant prostate cancer patients [34, 35]. Of note, our results showed
that Acupa-mICG-Nap in combination with NIR irradiation resulted in significant survival
benefits in both subcutaneous RM1-PSMA tumor models and postoperative models, by

simultaneously alleviating prostate cancer cells and CSCs.

2. Experimental section
2.1. Preparation and characterizations of mICG-Nap and Acupa-mICG-Nap

ICG and Nap were mixed at various molar ratios (0.75:1, 1:1, 1.5:1, and 2:1) in PEG350.
The mixture was added to a PEG-P(CL-DTC) polymer solution (300 mg/mL) in
DMSO/PEG350 (2/8, viv) at different drug loading contents (Nap loading content: 1.4 wt.%,
ICG loading content: 3.4 wt.%, 4.6 wt.%, 6.8 wt.%, and 9.0 wt.%). Typically, 100 uL of the
pre-mixed solution containing PEG-P(CL-DTC) (14.1 mg) and prescribed ICG and Nap was
dropwise added to 900 uL phosphate buffer (PB, pH 7.4, 10 mM) at 37 °C followed by gentle

mixing, yielding mICG-Nap with different drug loadings. Acupa-functionalized ICG and



Nap-coloaded micelles (Acupa-mICG-Nap) were obtained at ICG/Nap = 1:1 using the same
procedure but replacing the polymer with a mixture of 95% PEG-P(CL-DTC) and 5% Acupa-
PEG-P(CL-DTC). Micelles containing only ICG (mICG) or no drugs (empty micelles, Ms)
were obtained similarly, and a mixture of free ICG and Nap (ICG-Nap) were used as controls.

Size, size distribution and zeta potential of micellar nanodrugs were measured using DLS.
Drug loading content (DLC) and drug loading efficiency (DLE) were determined using UV—
vis spectrophotometer for ICG and HPLC for Nap. The stability of nanodrugs during storage
at -80 °C and in the presence of 10% serum was evaluated by tracking size changes. In vitro
drug release from nanodrugs was studied using dialysis method (MWCO 7000 Da) at 37 °C.
mICG-Nap (polymer conc.: 1 mg/mL, 0.5 mL) was dialyzed against 8 mL release medium
(10 mM PB containing 10% FBS, 1% PEG350, 0.1% Tween 80) under three conditions: pH
5.0, pH 7.4, and pH 7.4 with 10 mM glutathione (GSH). At preset intervals (0, 2, 4, 8, 12, and
24 h), 8 mL release medium was taken to quantify ICG and Nap, and 8 mL corresponding
fresh buffer was replenished (n = 3). Cumulative drug release profiles were plotted against
time.
2.2. Photothermal and photodynamic properties of mICG-Nap in vitro

300 uL of mICG-Nap (ICG conc.: 0, 6.25, 12.5, 25, 50 pg/mL), mICG (ICG conc.: 6.25,
25 pg/mL), free ICG-Nap (ICG conc.: 6.25, 25 pg/mL), free ICG (ICG conc.: 6.25, 25
pg/mL), Ms (polymer conc. 0.54 mg/mL), and PBS were in 96-well plate were irradiated with
NIR (808 nm, 1 W/cm?, 5 min). During the irradiation, temperature of the solutions was
recorded every minute (n = 3). Temperature increase of mICG-Nap (300 uL, ICG conc.: 20
ng/mL) irradiated with NIR at different intensities (0.33, 0.67, 1.0, and 1.33 W/cm?) for 5 min
was also studied (n = 3). In all formulations containing both drugs, ICG/Nap molar ratio was
fixed at 1/1.

RM1-PSMA cells were seeded on 24-well plate (5x10°/well) overnight and treated with

mICG-Nap, mICG, free ICG, free Nap, or a mixture of ICG-Nap (ICG conc.: 10 pg/mL, Nap



conc.: 3.1 ug/mL) for 2 h (PBS as control). Then DCFH-DA (10 uM) was added to the cells,
and cells were irradiated with NIR (808 nm, 1 W/cm? 5 min). Cells were washed twice
immediately, stained with DAPI (0.5 pg/mL, 5 min) and imaged by fluorescence microscope.
Intracellular ROS generation was semi-quantitatively analyzed using Image J software (n = 3).
2.3. Impact of mICG-Nap on the stemness of S-RM1-PSMA cells and tumor spheroids

3D tumor spheroid model were established by culturing RM1-PSMA cells under hypoxic
environment. On day 7, tumor spheroids were digested into single cell suspension, called
stem-like RM1-PSMA cells (S-RM1-PSMA), and after further culturing the re-formed tumor
spheroids (called spheroids) were obtained for further studies.

To examine the inhibitory effect on CSC markers, mICG-Nap (Nap conc.: 0.1 and 0.2
pg/mL) was added to the tumor spheroids. After incubation for two days, the tumor spheroids
were digested by accutase into single cell suspension. This was followed by staining with 7-
AAD to exclude dead cells, and FITC-CD44 and PE-CD133 antibodies for flow cytometry
measurements to determine the contents of CD44"CD133" CSCs (n = 3).

To study the impact of mICG-Nap on tumor spheroid formation, S-RM1-PSMA cells
were cocultured (200/well) with mICG-Nap (Nap conc.: 0.1 and 0.2 pg/mL) in serum-free
medium under hypoxic condition. After 48 h, spheroids were observed using light microscope
and counted (> 50 um, n = 4).

To investigate the effect of mICG-Nap on pre-existing tumor spheroids, mICG-Nap (Nap
conc.: 0.1 and 1 pg/mL) were incubated with the spheroids (>50 wm) under hypoxic condition
for 2 days, followed by microscopic observation and counting of spheroids (> 100 um, n = 4).

To investigate the effect of mICG-Nap combined with NIR (mICG-Nap+L) on pre-
existing tumor spheroids, spheroids (>50 um) were incubated with mICG-Nap (Nap conc.: 0.2
pug/mL, ICG conc.: 6.46 and 32.3 ug/mL) for 1 h and then irradiated with NIR (808 nm, 1
W/cm?, 5 min). Cells were further cultured for 5 days under hypoxic condition, followed by

microscopic observation and counting of spheroids (> 200 um, n = 3).



To determine the down-regulation of stemness-associated genes and proteins, tumor
spheroids (>50 um) were incubated with mICG-Nap or mICG for 1 h and then irradiated with
NIR. Spheroids were further cultured for 48 h (n = 3). Half of the cells were subject to protein
extraction and 20 pg of proteins were electrophoresed (B-Actin as an internal reference) for
western blotting (WB) of STAT3, pSTAT3, OCT4, and SOX2. The other half of cells were
subject to RNA isolation for quantitative real-time PCR (gRT-PCR) measurements to
determine the expression of Oct4 and Sox2 mRNA (Gapdh as an internal reference).

2.4 Cellular uptake and cytotoxicity of Acupa-functionalized micelles

Cyb-labeled Acupa-mICG-Nap with Acupa densities of 0%, 1.25%, 2.5%, 5% or 10%
were prepared, by pre-mixing PEG-P(CL-DTC)-Cy5, Acupa-PEG-P(CL-DTC) and PEG-
P(CL-DTC) (10, 50, 300 mg/mL, respectively) at molar ratios of 1/0/99, 1/1.25/97.75,
1/2.5/96.5, 1/5/94 and 1/10/89, respectively. To study cellular uptake, 100 uL Cy5-labeled
formulations were added into RM1-PSMA or RML1 cells in 12-well plates (5x10°/well). After
2 h, cells were digested by Trypsin-EDTA, centrifuged, washed and measured using flow
cytometry (n = 3).

To study the endocytic pathway of micelles, RM1-PSMA cells were pretreated with free
Acupa (1.5 mg/mL), dynasore (Dyn, 100 uM), wortmannin (Wor, 1 uM), amiloride (Ami, 100
uM), nystatin (Nys, 20 uM), chlorpromazine (CPZ, 30 uM), or genistein (Gen, 100 uM) for 1
h, or stored at 4 °C for 1 h. Then Cy5-labeled Acupa-mICG-Nap was added and incubated for
2 h (Cy5 conc.: 3 pg/mL). Cells were washed and analyzed using flow cytometry (n = 3).
Relative uptake was calculated based on uptake by cells pretreated with PBS (100%).

mICG-Nap and Acupa-mICG-Nap (10 pL, ICG conc.: 0.32 - 323 pg/mL; Nap conc.: 0.1 -
100 pg/mL) were added into RM1-PSMA or RM1 cells seeded in 96-well plates (3x10°/well,
90 uL). After 48 h incubation, cells were added with CCK8 and absorbance at 450 nm was
measured using a microplate reader to calculate cell viability (n = 3). For combination therapy

with NIR, after 1 h incubation with nanoformulations, cells were irradiated with NIR (L: 808



nm, 1 W/cm? 5 min). After 1 h culturing, cell medium was replaced with fresh medium.
Following further culture for 46 h, cells were subject to CCK8 assays to calculate cell
viability (n = 3).
2.5 Pharmacokinetics studies

All animal procedures were performed in accordance with the Guidelines for Care and
Use of Laboratory Animals of Soochow University (P.R. China) and approved by the Animal
Ethics Committee of Soochow University (approval no. 202210A0249, 202303A0057,
202405A0545). Healthy male Balb/c nude mice (20 g, 6-week-old) were intravenously
injected with Acupa-mICG-Nap, mICG-Nap or free ICG-Nap via tail veins (ICG: 6.46 mg/kg,
Nap: 2 mg/kg, n = 3). At predetermined time points (1, 5, 10, 20, 30, 60, 120, 240, and 480
min post-injection), blood was withdrawn from eye socket and centrifuged. 20 pL plasma was
mixed with 980 uL acetonitrile (ACN) and vortexed to extract ICG and Nap. Fluorescent
intensity of samples was measured using in vivo imaging system (IVIS) for determination of
ICG. Then samples were centrifuged and supernatants were concentrated using rotary
evaporator to 200 uL for Nap quantification using HPLC. Standard curves of ICG and Nap
were constructed by using solutions of ICG and Nap with known concentrations in ACN,
which were treated with serum using the same procedure as above. Concentrations of drugs
were plotted against time and parameters (t;,, g and AUC) were derived by PK Solver.
2.6 Therapeutic efficacy of combination therapies in RM1-PSMA tumor-bearing mice

RM1-PSMA tumor-bearing models were established by inoculating 5x10° RM1-PSMA
cells (50 pL PBS) into the right flanks of male BALB/c nude mice, and the inoculation day
was designated as day 0. On day 7, tumor volume grew into 150-200 mm?®, mice were
randomly divided into five groups (n = 5): Acupa-mICG-Nap+L, mICG-Nap+L, mICG+L,
mICG-Nap and PBS. On days 7, 9 and 11, Acupa-mICG-Nap, mICG-Nap or mICG (ICG:
6.46 mg/kg, Nap: 2 mg/kg) was i.v. injected via tail veins. For combination groups, one hour

after each injection, NIR (808 nm, 1 W/cm? 5 min) was irradiated on the tumors. Mice



received three i.v. PBS injections were used as control. Temperature of tumors was recorded
during the first irradiation. Tumor volume and body weight of the mice were monitored every
2 days. Survival rates of the mice were determined when mice died or tumor volume reached
2000 mm®. One mouse of each group was euthanized and main organs (lung, heart, liver,
spleen, and kidney) were stained with hematoxylin and eosin (H&E) for histological
evaluation.

2.7 Therapeutic activity of Acupa-mICG-Nap+L in postoperative RM1-PSMA models

Postoperative models were established by surgically removing tumor blocks from the
previously built RM1-PSMA tumor-bearing mice on day 7, allowing tumors recurrence or
metastasis. On days 9, 11 and 13, mice were i.v. injected with Acupa-mICG-Nap (ICG: 6.46
mg/kg, Nap: 2 mg/kg, n = 6), and one hour after each injection, relapsed tumor site was
irradiated with NIR (808 nm, 1 W/cm?, 5 min). Mice after surgery received three i.v. PBS
injections were used as control. Temperature of tumor sites, tumor volume, body weight, and
survival rates of the mice were determined as above. On day 17, one mouse of each group was
euthanized and the lung was evaluated using H&E-staining.

To study the impact of Acupa-mICG-Nap+L therapy on the expression of stemness-
related biomarkers on tumor cells in vivo, immunofluorescence staining studies were
performed in the postoperative models using the same dosing scheme and taking Acupa-
mICG-Nap and Acupa-mICG monotherapies as control groups. On day 15, tumor slices were
prepared and stained separately with SOX2, CD133, OCT4, pSTAT3 and PSMA primary
antibodies, followed by treating with Alexa Fluor 488 or Alexa Fluor 647 secondary
antibodies and microscopic observation.

2.8 Statistical Analysis
All data were presented as mean + standard deviation. Statistical differences among

groups were assessed by one-way ANOVA with Tukey’s multiple comparison tests. Survival



analysis was performed by log-rank (Mantel-Cox) test. The p values are depicted as follows:

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3. Results and Discussion
3.1. Preparation of mICG-Nap and Acupa-mICG-Nap

mICG-Nap could be readily acquired via self-assembly of PEG-P(CL-DTC) copolymer
in the presence of ICG and Nap, and PSMA-targeting formulation Acupa-mICG-Nap by
further addition of 5% Acupa-PEG-P(CL-DTC) (Scheme 1A). The synthesis of Acupa-
functionalized polymer, Acupa-PEG-P(CL-DTC), yielded an Acupa functionality exceeding
85% (Figure S1). Interestingly, micelles at various ICG/Nap molar ratios could be obtained,
but only ICG/Nap > 1/1 could yield stable nanoformulations with high drug loading (Table
S1). For instance, at an ICG/Nap = 1/1, mICG-Nap could be facilely obtained with over 91%
(ICG) and 81% (Nap) drug loading efficiency, and they exhibited a spherical morphology,
small hydrodynamic size (ca. 23 nm), and slightly negative zeta potential (Table S1, Figure
1A). Considering the drug loading content and stability, micelles loaded with ICG/Nap at 1/1
molar ratio was chosen for subsequent studies if not stated otherwise. Thus-obtained mICG-
Nap, after three months of storage at -80 °C, exhibited good stability with little change in size
and inhibitory effect on tumor cells (Figure S2A,B). Acupa-mICG-Nap had identical
physicochemical properties as mICG-Nap (Table S1). Notably, small size of the micellar
nanodrugs (23 nm) particularly enabled effective penetration through dense tumor tissues [36,
37], which sequester CSCs. Both mICG-Nap and Acupa-mICG-Nap kept unchanged size and
size distributions in 10% serum-containing buffer over 24 h, warranting intravenous injection
(Figure 1A, Table S2). The high stability of mICG-Nap might be ascribed to a strong
intermolecular interaction between Nap and ICG as well as the disulfide-crosslinked micellar

core serving as a physical barrier. The molecular docking simulation study using AutoDock



Vina programme revealed a stable ‘“taco-like” configuration with one Nap molecule
embedded within one bending ICG molecule, likely facilitated by n-n stacking, hydrogen
bonding, and hydrophobic interactions (Figure 1B). This arrangement effectively inhibits the

crystallization and precipitation of Nap from the micelles, excellently addressing the

formulation challenge of Nap.
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Figure 1. Characterizations of mICG-Nap. (A) Size distribution profiles of freshly prepared mICG-
Nap (Inset: TEM micrograph, scale bar: 100 nm) and Acupa-mICG-Nap, and stability after 24 h
incubation with PB containing 10% FBS (polymer conc.: 1 mg/mL). (B) Simulation of interaction
between ICG and Nap (molar ratio: 1:1) using AutoDock Vina program. (C) UV-vis spectra of mICG-
Nap (ICG conc.: 10 pg/mL). Fluorescence spectra of mICG-Nap in (D) phosphate buffer and (E) DMF
(Ex: 780 nm, ICG conc.: 20 pg/mL). (F) Temperature elevation of formulations irradiated with NIR
(300 pL, ICG conc.: 25 pg/mL, n = 3). (G) Representative thermal images and average temperature of
RM-1-PSMA tumors in nude mice at 1 h post intravenous injection mICG-Nap (6.46 mg ICG/kg) (n =
3). (H) Semi-quantitative ROS production in RM-1-PSMA cells treated with mICG-Nap (ICG conc.:
10 pg/mL) using DCF as a label as analysed by Image J (n = 3). mICG, free ICG-Nap and free ICG



were used as control groups. For F, G and H, NIR irradiation (L): 808 nm, 1 W/cm?, 5 min. * p < 0.05,
**p<0.01.

Spectroscopic analyses revealed that both mICG-Nap and mICG exhibited a pronounced
red shift in the maximal absorbance peak (from 779 to 803 nm) compared to free ICG and
free 1CG-Nap mixture (Figure 1C, Figure S2C). The fluorescence of ICG was nearly
completely quenched in micelles mICG-Nap and mICG (Figure 1D), which could be
recovered when adding DMF (Figure 1E). Under NIR irradiation (Laser: 808 nm, 1 W/cm?, 5
min), mICG-Nap and mICG exhibited significantly stronger and more durable photothermal
effects compared to free ICG (Figure 1F,S2D). The photothermal effect of mICG-Nap
depended on ICG concentration and irradiation power (Figure S2E,F). In RM1-PSMA
prostate tumor models, intravenous (i.v.) injection of mICG-Nap led to more pronounced
increase in tumor temperature than free ICG-Nap (**, Figure 1G), signifying enhanced
accumulation and retention of mICG-Nap in the tumor. mICG-Nap also induced much more
reactive oxygen species (ROS) in cells (Figure 1H), likely originating from a better cellular
uptake. Additionally, in vitro drug release studies demonstrated that both Nap and ICG were
released significantly faster under cytosol mimicking condition (pH 7.4, 10 mM GSH) than
under endosome (pH 5.0) and circulation (pH 7.4) mimicking conditions (Figure S2G),
attributing to the de-crosslinking of disulfide-crosslinked micelle cores. Triggered release
within cytosol is crucial for the inhibition of STAT3 signaling pathway and thus CSC

elimination, as well as ROS production.

3.2. mICG-Nap with or without NIR irradiation effectively inhibited CSCs

To investigate the efficacy of mICG-Nap in targeting CSCs, we established a 3D-
structured tumor spheroid model to enrich CSC population in RM1-PSMA cells. Specifically,
a serum-free culture under anoxic condition was employed and 10,000 cells/mL was

inoculated (Figure S3A). By day 7, tumor spheroids reached a maximum diameter of about



570 um with a notable enrichment of 5.30% CD44"CD133" CSCs, significantly exceeding the
0.84% observed in 2D RM1-PSMA cells (Figure S3B,C), confirming the procedure to obtain
CSCs. The cells digested from the tumor spheroids, denoted as S-RM1-PSMA, demonstrated
a viability of 97.5% and a CSC proportion of 4.62%, as determined by flow cytometry (FC)
(Figure 2A-C). WB results corroborated with highly elevated expression of pSTAT3 and
stemness marker OCT4 in S-RM1-PSMA cells compared to RM1-PSMA cells (Figure S3D).

The treatment with mICG-Nap at Nap concentration of 0.2 pg/mL reduced S-RM1-
PSMA’s viability and CSC proportion (1.74%) (Figure 2B,C) using a gating strategy shown
in Figure S4. Remarkably, the CSC suppression capability of mICG-Nap was also
demonstrated by significantly inhibiting the formation of colonies and tumor spheroids (****),
and destroying pre-existing tumor spheroids (****, Figure 2D,E, Figure S5A), owing to the
important role of CSCs in clone formation and proliferation [38].

The anti-CSC activity of mICG-Nap in combination with NIR irradiation (mICG-Nap+L)
was then investigated on pre-existing tumor spheroids. The results showed that mICG-Nap+L
reduced the number, size and structural integrity of these spheroids, significantly
outperforming mICG+L at two ICG concentrations (6.46 and 32.3 pug/mL) and fixed Nap
concentration (0.2 pg/mL) (****, Figure 2F). Specifically, at an ICG concentration of 32.3
pg/mL, mICG-Nap+L treatment increased the temperature to 57.7 °C and the PTT effect
resulted in a strong synergistic effect in eliminating tumor spheroids from day 3. With
prolonged treatment duration, the morphology of solid spheroids was progressively altered,
becoming irregular and spongy, which likely facilitates deeper penetration of mICG-Nap into
the spheroids, promoting the collapse of tumor structure and eradication of CSCs. These
results showcased the great effect of mICG-Nap on reducing the stemness of tumor spheroids.
Subsequent qRT-PCT and WB measurements confirmed that mICG-Nap+L therapy could
remarkably inhibit the mRNA and protein expression levels of OCT4 and SOX2, which were

highly upregulated by PTT alone (mICG+L) in S-RM1-PSMA cells (Figure 2G-I). Notably,



mICG-Nap and mICG-Nap+L groups, showing significant reduction in OCT4 and pSTAT3
levels (Figure 2I), substantiate that micellar Nap reduced the stemness by inhibiting the self-

renewal and pluripotency of CSCs and by down-regulating STATS3 signaling pathway.
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Figure 2. Effects of mICG-Nap on the stemness of S-RM1-PSMA cells. (A) Experimental schemes.
Flow cytometric analysis on (B) live cell population (7-AAD") and (C) CD44°CD133" cell population
of S-RM1-PSMA cells at 48 h incubation with mICG-Nap (n = 3). (D) Images and numbers of tumor
spheroids (> 50 um) formed from a single-cell suspension after 2 days incubation with mICG-Nap



(scale bar: 200 um, n = 4). (E) Images and numbers of the remaining tumor spheroids (> 100 pum) after
2 days treatment of pre-existing tumor spheroids with mICG-Nap (scale bar: 200 um, n = 4). (F)
Images and numbers of the remaining tumor spheroids (>200 pum) by treatment with mICG-Nap for 1
h, NIR irradiation and subsequent incubation for 5 days under hypoxic environment. mICG+L at
various concentrations and mICG-Nap were used as controls (scale bar: 200 um, n = 3). Expression of
(G) Oct4 mRNA and (H) Sox2 mRNA (Gapdh as internal reference) and (I) expression of STATS3,
pSTAT3, OCT4 and SOX2 (B-Actin as internal reference) in S-RM1-PSMA cells treated with mICG-
Nap, mICG+L, or mICG-Nap+L. * p<0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

For S-RM1-PSMA cells, CCK8 assay results displayed that mICG-Nap+L showed an
obvious reduced half maximal inhibitory concentration (ICsq) compared to mICG-Nap and
mICG+L alone, illustrating a moderate synergistic effect (combination index of 0.8) (Figure
S5B). This enhanced activity can be attributed to ROS production of the formulations (Figure
1H), as no obvious photothermal effect was observed (temperature increase < 7 °C) at ICG <
3.23 ug/mL. Apoptosis assays were conducted on S-RM1-PSMA cells using mICG-Nap+L
with various concentrations of Nap and ICG (Figure S5C). At ICG = 2.6 pug/mL, mICG-
Nap+L group showed higher total apoptosis levels compared to either mICG-Nap or mICG+L
group. While at ICG = 13 pg/mL, mICG-Nap+L induced a temperature increase into 44.9 °C
(PTT effect occurred), leading to an over two-fold greater apoptosis. Notably, Nap exhibited
substantially more impact on late apoptosis compared to thermal effect on S-RM1-PSMA

cells.

3.3. mICG-Nap+L therapy halted progression of prostate tumor models

Inspired by the promising results of CSC suppression, we investigated the therapeutic
activity of mICG-Nap+L treatment in subcutaneous RM1-PSMA tumor-bearing mice, via
intratumoral (i.t.) or intravenous (i.v.) injection route (Figure S6A). The PBS group exhibited
rapid tumor growth, reaching 2000 mm? (designated dead) within ca. 13 d. In the i.t. group,
tumors initially disappeared by day 9 but rapidly relapsed by day 13 (Figure S6B,C). Despite

receiving a second i.t. injection on day 19, tumor growth could not be effectively halted,



yielding a median survival time (MST) of 31.5 days (**, Figure S6D). Additionally, lung
metastasis was observed in this group (Figure S6E), consistent with reports showing PTT-
induced tumor metastasis, particularly following i.t. administration [39]. In striking contrast,
the i.v. group maintained small tumor volumes for an extended period, achieving a MST of 67
days without noticeable metastasis. This favorable outcome may be attributed to the effects of
Nap delivered intravenously by ICG and micelles, which targeted and eliminated the local
CSCs within tumor and escaped CSCs.

Based on the above proof-of-concept study, we conducted a systematic investigation of
the antitumor activity of mICG-Nap+L using i.v. injection (Figure 3A). Tumor growth curves
showed that only eliminating CSCs using three i.v. injections of mICG-Nap could hardly
suppress the rapidly growing tumors (Figure. 3B). Only PTT with mICG+L resulted in great
tumor inhibition during the first 3 weeks without body weight changes, however, tumors
subsequently recurred (Figure. 3B,C), as commonly observed in PTT ablation therapies [25].
In striking contrast, the combination therapy mICG-Nap+L demonstrated significantly
enhanced tumor suppression, with an 80% tumor-elimination with 45 days. The MST was
significantly prolonged to 55 days compared to 43 days for mICG+L group (*, Figure. 3D),
despite of similar tumor temperature (Figure. 3E). Additionally, histological analysis revealed
that mICG-Nap+L treatment did not damage lung structure, unlike the thickened alveolar wall
of mICG+L group (Figure. 3F). The efficacy of Nap in suppressing tumor growth was
previously documented, exhibiting tumor suppression in mice at doses of 40 mg/kg (i.p.)
administered every other day for glioblastoma or 20 mg/kg (i.p.) every three days for
pancreatic cancer [40, 41]. Remarkably, mICG-Nap+L strategy demonstrate outstanding
antitumor efficacy at 2 mg Nap/kg (total 3 doses), underscoring the strong synergistic effects

of PTT-mediated tumor ablation and the selective elimination of CSCs in vivo.
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Figure 3. Therapeutic activity of combination therapies of mICG-Nap+L and Acupa-mICG-Nap+L in
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tumor inhibition rate (TIR) on day 11. (C) Relative body weight and (D) survival rates of the mice (n =
5). PBS, mICG-Nap and mICG+L were used as controls. (E) Infrared thermal images of the mice and
tumor temperature upon the first irradiation (n = 5). (F) H&E-stained images of lung slices (scale bar:
100 pm). * p < 0.05, ** p < 0.01, **** p < 0.0001.



3.4. Acupa-mICG-Nap+L significantly extended the survival of RM1-PSMA mice

To further enhance the performance, we investigated the in vivo antitumor efficacy of
PSMA-targeting Acupa-mICG-Nap. PSMA overexpresses in prostate cancer cells and is a
well-validated target, and Acupa has been established in clinical trials as an effective PSMA-
targeting ligand [34]. FC assays confirmed that RM1-PSMA cells, genetically engineered
RM-1 cells with human PSMA [42], demonstrated significantly higher PSMA expression than
RM-1, PC-3 and LNCaP cells (Figure 4A). The cellular uptake of Cy5-labeled Acupa-mICG-
Nap containing 5% Acupa by RM1-PSMA cells was the highest, and ca. 2.2-fold increase
compared to mICG-Nap (Figure 4B). Conversely, in PSMA low-expressing RM1 cells, both
mICG-Nap and Acupa-mICG-Nap showed similar uptake (Figure 4B), underscoring the
targeting effect of Acupa. Studies on endocytic pathway of Acupa-mICG-Nap indicated that
macropinocytosis and caveolae played important roles in mediating its endocytosis in addition
to PSMA-Acupa (receptor-ligand) interactions (Figure 4C). Based on these results, Acupa-
mICG-Nap with 5% Acupa was used for subsequent studies.

MTT assays further showed that Acupa-mICG-Nap and Acupa-mICG-Nap+L caused
much more death of RM1-PSMA cells than their corresponding non-targeting counterparts,
but no difference in RM-1 cells, with empty micelles being nontoxic (Figure 4E-G). Notably,
the pharmacokinetic analysis displayed a greatly prolonged circulation for both ICG and Nap
when delivered by Acupa-mICG-Nap and mICG-Nap, with half elimination time (ty)
increased by 8.3- to 54-fold (Figure 4H). Moreover, Acupa-mICG-Nap demonstrated
enhanced deposition within tumors of RM1-PSMA-bearing models compared to mICG-Nap
at 3, 6 and 24 h post-injection, while there was no significant difference in main organs for
two groups (Figure S7). Despite the ICG signals in the kidneys observed at 24 h, potentially
due to premature drug release into circulation, no significant renotoxicity was evident from
H&E staining (Figure S8). Remarkably, in RM1-PSMA tumor-bearing mice, the Acupa-

mICG-Nap+L treatment resulted in a tumor temperature of 51.4 °C (Figure 3E), which is 1.5°C



higher compared to mICG+L and mICG-Nap+L treatments (**), likely due to higher tumor
accumulation and retention. Such treatment achieved a significantly extended MST (87 days)
compared to mICG-Nap+L (55 days) and mICG+L (43 days) groups (*, Figure 3D).
Additionally, this group had healthy lung structure without lung metastasis (Figure 3F). H&E
staining images of main organs revealed no obvious damages post repeated doses (Figure S8).
These results collectively validate the in vivo active targetability of Acupa-mICG-Nap and the

therapeutic effect of Acupa-mICG-Nap+L on survival benefit.
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Figure 4. Cell experiments and pharmacokinetic studies of Acupa-mICG-Nap. (A) Flow cytometry
determination of PSMA expression in various cells. (B) Cellular uptake of Cy5-labeled Acupa-mICG-
Nap with 1.25%, 2.5%, 5%, or 10% Acupa in RM1-PSMA cells, and with 5% Acupa in RM1 cells (n
= 3). (C) Analysis of endocytic pathway of Acupa-mICG-Nap (n = 3). Cytotoxicity of Acupa-mICG-
Nap+L and Acupa-mICG-Nap in (D) RM1-PSMA cells and (E) RML1 cells (n = 3). (F) Viability of
RM1-PSMA cells treated with empty micelles (n = 6). (G) Pharmacokinetics of Acupa-mICG-Nap,
mICG-Nap and free ICG-Nap in RM-1-PSMA tumor-bearing mice after a single i.v. injection (ICG:



6.46 mg/kg, Nap: 2 mg/kg, n = 3), using IVIS and HPLC for determination of ICG and Nap,
respectively, and parameters (t;,, s and AUC) calculated by PK Solver. ** p < 0.01, *** p < 0.001,
**** p <0.0001.

A first-line clinical drug for prostate cancer, docetaxel (DTX), was utilized to prepare
micellar nanodrugs, Acupa-mDTX and mDTX. Acupa-mDTX had similar size (22 nm) and
exhibited enhanced cytotoxicity and apoptosis compared to mDTX (Figure S9A-C), and only
prolonged MST to 26 days in same RM1-PSMA models (Figure S9D-F). These results
underscore the superior performance of Acupa-mICG-Nap+L therapy.

3.5. Acupa-mICG-Nap+L strategy inhibited relapse in postoperative tumor models

Relapse and metastasis to lungs or bones frequently occur in prostate cancer patients
following surgery [43, 44]. To evaluate the efficacy of Acupa-mICG-Nap+L therapy in a
postoperative context, we established a postoperative RM1-PSMA models by excising tumors
on day 7 and treatment started two days later (Figure 5A). The PBS group showed rapid
tumor reoccurrence and reached 1300 mm? in 6 days post-surgery with constant body weight
(Figure 5B,C), leading to a slightly longer MST of 15 days compared to mice without surgery
(13 days, Figure 5D). Lung metastasis was observed in H&E images in this group (Figure 5E),
indicative of surgery-driven metastasis [43]. Remarkably, Acupa-mICG-Nap+L therapy
increased the temperature of relapsed tumors to 51.8 °C, signifying the accumulation of
micellar nanodrugs within relapsed tumors. This treatment significantly restrained tumor
growth (****) without observable lung metastasis by day 17 (Figure 5B-F), achieving
considerably extended MST to 24 days (***) in this refractory model. The much shorter
lifespan of this postoperative model lies in the rapid tumor relapse and metastasis. It is
reported that surgical intervention may prompt residual tumor cells to transform into CSC-like
states, leading to elevated CSC contents than in primary tumor, contributing to relapse and

distal metastasis [44, 45] and a quicker tumor progression.
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Figure 5. Anti-tumor efficacy of Acupa-mICG-Nap+L strategy in postoperative RM1-PSMA model.
(A) Experimental schedule. ICG dose: 6.46 mg/kg, Nap dose: 2 mg/kg (ICG/Nap molar ratio of 1/1);
NIR (1 h post-injection, L: 808 nm, 1 W/cm? 5 min). (B) growth curves of relapsed tumors, (C)



relative body weight and (D) survival rates of the mice (n = 6). (E) H&E-staining images of lung slices
on day 17. (F) In vivo thermal images of the mice and temperature of relapsed tumor on day 9 (n = 6).
(G) HIF images and semi-quantitative analysis of fluorescence intensity of the expression OCT4,
SOX2, CD133 and pSTAT3 in the slices of primary tumors (day 7) and relapsed tumors (day 15)
received various treatments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Furthermore, the effect of Acupa-mICG-Nap+L therapy on CSC elimination in this
postoperative model was assessed by analyzing the expression of pSTAT3 and stemness-
associated proteins, including OCT4, SOX2 and CD133 wusing histological
immunofluorescent (HIF) staining. Previous studies have linked OCT4 to promoting self-
renewal and SOX2 to enhanced metastasis potential [46]. The slices of relapsed tumors in
PBS group showed significantly higher levels of SOX2 and CD133 compared to primary
tumor without surgery (Figure5G). In comparison, Acupa-mICG+L group exhibited
considerably increased expressions of OCT4, SOX2 and CD133, confirming the inclined
stemness following PTT ablation alone, while these markers were somewhat reduced in
Acupa-mICG-Nap group. In sharp contrast, in Acupa-mICG-Nap+L group, three CSC
markers were all drastically diminished and tumor cells became much sparser, validating the
inhibition capacity of both tumor cells and CSCs.

Interestingly, contrasting to the high levels and localization of pSTATS3 in the nuclei of
tumor cells in Acupa-mICG+L and control groups, Acupa-mICG-Nap+L group unveiled
overwhelming capability of suppressing pSTAT3 and a decreased colocalization of pSTAT3
with nuclei (****, Figure 5G). This results highlight the highly efficient intracellular delivery
of Nap enable by Acupa-mICG-Nap and the effective inhibition of STAT3 signaling pathway,
thus preventing transmission of transcriptional signals to the nuclei. It is known that
upregulation of STAT3 pathway leads to proliferation, anti-apoptosis, and

immunosuppressive microenvironments of many tumor types and is associated with poor



prognosis. Concomitantly, PSMA expression was greatly decreased by Acupa-mICG-Nap+L

treatment, likely due to the competitive binding of Acupa to PSMA (Figure S10).

4. Conclusion

We have engineered a robust micellar nanomedicine codelivering ICG and Nap (mICG-
Nap) for localized ablation of prostate tumors and targeted eradication of CSCs under NIR
irradiation. mICG-Nap significantly reduced CSCs within TME and suppressed CSC-driven
tumor spheroid formation. The combination therapy of mICG-Nap+L synergistically reduced
the size and number of pre-existing tumor spheroids, outperforming monotherapies. In RM1-
PSMA models, mICG-Nap+L resulted in effective inhibition of tumor growth and highlighted
a potent synergistic antitumor effect. Notably, the incorporation of PSMA-targeting ligand
Acupa into Acupa-mICG-Nap further increased the cellular uptake and cytotoxicity against
prostate cancer cells. The small size (23 nm) combined with the binding of Acupa to tumor
tissues facilitated superior tumor penetration and retention. Consequently, Acupa-mICG-
Nap+L therapy achieved a higher elevation in tumor temperature during PTT, leading to
significantly prolonged survival in RM1-PSMA models and also demonstrating great efficacy
in postoperative tumor models. Overall, by combining precise local tumor PTT ablation and
targeted CSC elimination, Acupa-mICG-Nap+L therapy showcases promising treatment of
various solid tumors by addressing the critical challenges of tumor recurrence and metastasis

associated with conventional therapies.
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