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Bowen Li"3, Jianwu Tian"3, Fu Zhang? Chongzhi Wu?, Zhiyao Li?, Dandan Wang',
Jiahao Zhuang', Sigin Chen', Wentao Song', Yufu Tang', Yuan Ping®2' ~ &
Bin Liu®'

Cancer stem cells, characterized by high tumorigenicity and drug-resistance,
are often responsible for tumor progression and metastasis. Aldehyde dehy-
drogenases, often overexpressed in cancer stem cells enriched tumors, pre-
sent a potential target for specific anti-cancer stem cells treatment. In this
study, we report a self-assembled nano-prodrug composed of aldehyde
dehydrogenases activatable photosensitizer and disulfide-linked all-trans
retinoic acid for diagnosis and targeted treatment of cancer stem cells enri-
ched tumors. The disulfide-linked all-trans retinoic acid can load with photo-
sensitizer and self-assemble into a stable nano-prodrug, which can be
disassembled into all-trans retinoic acid and photosensitizer in cancer stem
cells by high level of glutathione. As for the released photosensitizer, over-
expressed aldehyde dehydrogenase catalyzes the oxidation of aldehydes to
carboxyl under cancer stem cells enriched microenvironment, activating the
generation of reactive oxygen species and fluorescence emission. This gen-
eration of reactive oxygen species leads to direct killing of cancer stem cells
and is accompanied by a noticeable fluorescence enhancement for real-time
monitoring of the cancer stem cells enriched microenvironment. Moreover,
the released all-trans retinoic acid, as a differentiation agent, reduce the cancer
stem cells stemness and improve the cancer stem cells enriched micro-
environment, offering a synergistic effect for enhanced anti-cancer stem cells
treatment of photosensitizer in inhibition of in vivo tumor growth and
metastasis.

Tumor heterogeneity is an ongoing and formidable obstacle in cancer
treatment due to a variety of cells in solid tumor bearing distinct
phenotypic profiles with varying sensitivity to traditional therapies' .
Cancer stem cells (CSC) have been considered as a driving source of
tumor heterogeneity, possessing a natural characteristic of stemness
that induces self-renewal, multi-differentiation potential, and drug

resistance*®. Clinical research has highlighted that CSC, characterized
by their stemness, are different from normal cancer cells and yet
similar to normal cells”®. This similarity lies in their quiescent and silent
state, rendering them less susceptible to conventional anti-cancer
treatments®™°. Therefore, CSC-enriched tumor is insensitive to tradi-
tional chemotherapy or radiotherapy, which resulted in limited
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Fig. 1| Schematic illustration of overcoming traditional therapeutic obstacle of
CSC-enriched tumor by aldehyde dehydrogenase-activatable nano-prodrug.
A The structure of PS-CHO and ALDH-responsive product PS-COOH. B The con-
stitution and preparation of nano-prodrug PS-CHO@HA-ATRA-SS-ATRA. C The
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targeted delivery, ALDH-responsiveness, synergistic effect and the inhibition of
tumor growth and metastasis in CSCs-enriched tumor. Created in BioRender. Jiaj-
ing, G. (2024) BioRender.com/i52u535.

therapeutic effect, However, these residual CSC within lesion
locations are often referred to as a “timebomb” due to their potential
to undergo differentiation into mature cancer cells with elevated
stemness, and this process can result in tumor metastasis and
recurrence'*®, Therefore, it is of practical importance to explore a
specific and highly effective strategy for direct targeting and elimina-
tion of CSC-enriched tumors.

Through studying the unique stemness characteristics of CSC and
their associated biomarkers, the overexpression of aldehyde dehy-
drogenase (ALDH) is found to be closely associated with poor survival
rates in CSC-enriched tumors, including leukemia, pancreas, breast,
and liver cancers” 2. All these tumors often exhibit a high level of
ALDH, which is considered as an important and specific biomarker in
CSC-enriched tumor®>*. In organisms, ALDH is an enzyme responsible
for oxidizing xenobiotic aldehydes (-CHO) into the corresponding
carboxylates (-COOH)*~?. This unique enzymatic activity may provide
a promising potential for designing ALDH-responsive prodrug with
selective toxicity activation for the specific and safe treatment of CSC-
enriched tumors.

Photodynamic therapy (PDT) has emerged as a promising non-
invasive and highly efficient cancer treatment approach, utilizing
reactive oxygen species (ROS) generated from photosensitizers (PSs)
to induce cancer cell death” . In comparison to traditional PSs,
activatable PSs (aPSs) can be considered as PDT prodrugs, which
remain inactive and non-toxic in their “OFF” state but transition to an
“ON” state in response to specific stimuli present in the tumor
microenvironment®*~*, This activation triggers ROS generation, lead-
ing to cell death in targeted tumor cells®. Moreover, aPSs function as
sensitive fluorescent probes, providing real-time information about

drug activation and tumor microenvironment®**. Therefore, the
development of ALDH-responsive aPSs, capable of ROS generation and
fluorescence monitoring in the CSC-enriched microenvironment,
holds significant potential for the precise and high-efficiency treat-
ment of CSC-enriched tumors.

Recent research has demonstrated that PDT can directly eliminate
CSC-enriched tumors through ROS-induced cell apoptosis®**°. How-
ever, prolonged or excessive use of apoptosis-related drugs, including
PSs, may contribute to the enrichment of CSC stemness, leading to
poor drug sensitivity and increased drug resistance**°*2, To address
this challenge, differentiation therapy has been explored as an effec-
tive synergetic treatment to reduce CSC stemness and improve the
CSC tumor environment, offering an indirect approach to decreasing
CSC*™, Among various differentiation agents, all-trans retinoic acid
(ATRA), an FDA-approved differentiation agent, has demonstrated
significant efficacy in reducing CSC stemness in CSC-enriched
tumors*®*’. However, ARTA has insignificant cytotoxicity against CSC
and thus it is not effective for in vivo tumor inhibition in CSC-enrich
tumor. Thus, the combination of ALDH-activatable PS and ATRA may
integrate their advantage to overcome drug resistance of PDT and
achieve a specific and high-efficiency therapeutic effect in CSC-
enriched tumors.

In this work, we present a self-assembled nano-prodrug com-
posed of an ALDH-responsive aPSs (PS-CHO) and the differentiation
agent ATRA for precise and highly effective diagnose and PDT of CSC-
enriched tumor. As shown in Fig. 1, PS-CHO contains an ALDH-
responsive aldehyde group (-CHO) resulting in a weak PDT effect and
low fluorescent signal. ATRA, conjugated with disulfide bond (-SS-) to
form ATRA-SS-ATRA, demonstrates good self-assembly behavior**™°,
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allowing it to load the hydrophobic PS-CHO and create a nan-prodrug
(PS-CHO@ATRA-SS-ATRA). Under high ALDH expression, PS-CHO is
transformed into PS-COOH, activating the PS-CHO and inducing cell
death specifically through ROS generation. Moreover, the activation of
PS-CHO also results in the restoration of its fluorescent signal, enabling
real-time monitoring of the CSC-enriched microenvironment. In PS-
CHO@ATRA-SS-ATRA, ATRA-SS-ATRA not only acts as a good carrier
for PS-CHO but is also triggered by a high level of GSH to release ATRA.
The released ATRA can reduce the stemness of CSC and improve the
CSC-enriched microenvironment, offering a synergistic effect for
enhanced anti-CSC treatment of PS-CHO. For targeted CSC-enriched
tumor, PS-CHO@ATRA-SS-ATRA is decorated with hyaluronic acid
(DSPE-PEG2000-HA), which specifically targets CD44 receptors highly
expressed on CSC®. The systematic administration of PS-CHO@HA-
ATRA-SS-ATRA has demonstrated good tumor-specific accumulation
in different CSC-enriched tumor mice models, resulting in significant
inhibition of tumor growth and minimized tumor metastasis in normal
tissues, particularly in the lung and liver. The current study presents a
proof-of-concept for a CSC-activated PDT prodrug with the adjuvant
differentiation therapy, offering a precise and safe approach for
treating various CSC-enriched cancers.

Results

Synthesis and characterization of PS-CHO and ATRA-SS-ATRA
The synthetic route of PS-CHO and ATRA-SS-ATRA is depicted in
Fig. 2a-i. In general, compound 1 was synthesized according to the
previous literature®’, and then the -COOH on compound 1 was
reduced to -CH,OH (compound 2) in 78.1% yield. Then, compound 2
was modified with -CHO by Duff reaction to offer compound 3 in
91.2% yield. Reaction between compound 3 and malononitrile deri-
vatives by aldol reaction yielded compound 4, which was oxidized to
give PS-CHO (compound 5) in 24.4% yield. In addition, the small
molecular self-assembly prodrug ATRA-SS-ATRA (compound 6) was
obtained from ARTA upon reaction with 2,2"-disulfide diethanol by
using 4-dimethylaminopyridine (DMAP)/triphosgene in 82.0% yield
(Fig. 2a-ii). Meanwhile, we also obtained PS-COOH according to the
previous literature®”. All these compounds were confirmed by 'H/®C
nuclear magnetic resonance (‘H/®C NMR) and electro spray
ionization-mass spectroscopy (ESI-MS) (Supplementary Figs. 1-14) to
reveal their right structure and high purity.

ALDH-responsive behavior and ROS generation of PS-CHO in
physiological conditions

ALDH is an enzyme responsible for the oxidation of aldehydes to
carboxylic acids in vivo. Therefore, the ALDH-responsiveness of PS-
CHO was first assessed by the qualitative analysis of ESI-MS. As shown
in Supplementary Fig. 15, a new ionic peak emerged at 817.13 [M + H']
after incubation with ALDH, which was assigned to PS-COOH. More-
over, the qualitative analysis of ALDH-responsiveness was also inves-
tigated by high-performance liquid chromatography (HPLC). As shown
in Fig. 2b, the retention time of PS-CHO was emerged at 5.06 min. After
incubation with ALDH, the intensity of PS-CHO was decreased, while a
new retention time was observed at 2.78 min for PS-COOH. In addition,
quantitative analysis of PS-CHO in high level of ALDH was also per-
formed by HPLC. In Supplementary Fig. 16, the cumulative percentage
of PS-COOH reached 50.7 % in PBS solution (10% DMSO, due to poor
solubility of PS-CHO in PBS solution) after 4 h incubation, and this
relatively moderate transformation rate may be caused by poor water
solubility of PS-CHO. All these results suggested that ALDH could
effectively oxidize PS-CHO to PS-COOH under physiological
conditions.

We next investigated the fluorescence properties of PS-CHO with
or without ALDH. As shown in Fig. 2¢, PS-CHO showed a relatively weak
fluorescent signal at 778 nm when excited at 550 nm. After incubation
with ALDH, an obvious fluorescence enhancement was observed at

767 nm, which gradually increased with time and reached a plateau in
4h (Fig. 2d and Supplementary Fig. 17a). The higher ALDH con-
centration also triggered higher fluorescence intensity at 767 nm
(Supplementary Figs. 17b and 18), which belonged to PS-COOH. In
addition, the specificity of ALDH to PS-CHO was also evaluated in vitro.
Only ALDH could induce significant fluorescence enhancement of PH-
CHO, and the signal is stable over pH 4 to 10 (Supplementary Fig. 19a,
b). Inspired by the good ALDH-responsive behavior of PS-CHO in
physiological conditions, we next assessed the ROS generation under
high ALDH microenvironments using a ROS probe (dichlorodihydro-
fluorescein, DCFH). In Fig. 2e and Supplementary Fig. 20, DCFH solu-
tion incubated with free PS-CHO displayed no obvious fluorescence
enhancement at 525 nm under light irradiation, indicating its poor ROS
generation capacity. However, a significant fluorescence enhancement
was detected in PS-CHO after incubation with ALDH, indicating that
ROS production capability was activated after the reaction. Addition-
ally, the ROS generation of PS-CHO +ALDH increased with longer
irradiation time (Fig. 2f).

Hypoxia is one of most important natural characteristics of the
CSC microenvironment, which can inhibit the therapeutic effects of
traditional type-Il PSs due to their generate toxic singlet oxygen (*0,)
via oxygen-dependent type-Il photosensitizing process™. Recently,
emerging evidence has shown that Type-l1 PSs provide an effective
and safe strategy to overcome this limitation of traditional PDT
treatment. Type-l PSs are induced by electron transfer between the
triplet states of excited PSs and surrounding substrates (such as
lipids and proteins), leading to the formation of various ROS species
such as superoxide anion (-O,), with relatively low oxygen con-
centration dependence’*. Therefore, we investigated the mechan-
ism of ROS generation by the activated PS-CHO (PS-COOH) to
determine whether it belongs to Type-I or Type-Il PSs. As illustrated
in Supplementary Fig. 21a, b, the fluorescence intensity of dihy-
drorhodamine 123 (type I PS indicator for -O,) in PS-CHO was
increased by 33.1-fold after incubation with ALDH, significantly sur-
passing the enhancement observed with PS-CHO and PS-COOH
alone. On the other hand, under light irradiation, PS-CHO with or
without ALDH demonstrated low 'O, generation using 9’10’
anthracenediyl-bis(methylene) dimalonic acid (ABDA) as the Type Il
PS indicator, consistent with the poor 'O, production of PS-COOH
(Supplementary Fig. 21c, d). Collectively, these results indicate that
PS-COOH is a Type-I PS, which is promising for effective PDT treat-
ment in hypoxic tumor microenvironments.

As PS-CHO is a hydrophobic molecule with poor water solubility,
PS-CHO-based nano-formulation by ATRA-SS-ATRA was used to
improve the biocompatibility. The small molecular self-assembly
behavior of ATRA-SS-ATRA was first assessed by dynamic light scat-
tering (DLS) and transmission electron microscopy (TEM). As shown
in Supplementary Fig. 22, the nanoparticles of ATRA-SS-ATRA dis-
played spherical morphology with an obvious good size distribution
(average size: 143 nm) and a low polydispersity index (PDI: 0.115). The
DLS revealed that the nanoparticles have slightly negative surface
charge ({ potential: —0.178 mV, Supplementary Fig. 23). Based on this
finding, the nano-formulation of PS-CHO (nano-prodrug, PS-
CHO@ATRA-SS-ATRA) was prepared by nanoprecipitation with
ATRA-SS-ATRA (Fig. 2g). DLS and TEM results indicate that PS-
CHO@ATRA-SS-ATRA has an average size of 166.4 nm (PDI: 0.129)
with an obvious Tyndall effect (Fig. 2h, i) and display spherical
morphology with the positive { potential (8.78 mV) (Supplementary
Fig. 23). Moreover, the drug loading efficiency (DLE) of PS-CHO in PS-
CHO@ATRA-SS-ATRA was determined by HPLC to be about 52.1 %.
The stability was also investigated by DLS, and the size distribution
and PDI remained stable after 30 days of storage (Supplementary
Fig. 244, b). In addition, due to the presence of -SS- in ATRA-SS-ATRA,
PS-CHO@ATRA-SS-ATRA disassembled after incubation with 10 mM
GSH (Supplementary Fig. 25). This GSH-responsive disassembly
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Fig. 2 | The synthesis of PS-CHO and ATRA-SS-ATRA, ALDH-responsiveness of
PS-CHO and Preparation of PS-CHO@ATRA-SS-ATRA. a The synthesis route of
PS-CHO and ATRA-SS-ATRA. The condition and agents: a. NaBHy, I, 60 °C;

b Hexamethylenetetramine, CF3COOH, 80 °C; ¢ Et3N, 2-(3-cyano-4,5,5-tri-
methylfuran-2(5H)- ylidene) malononitrile; d Dess-Martin Reagent. r.t.; e DCC,
DMAP, 0-r.t, overnight. b The HPLC profiles for PS-CHO, PS-COOH and PS-CHO
treated with ALDH (50 pg/mL) in PBS for 4 h. ¢ Fluorescence spectra of PS-CHO,
PS-COOH and PS-CHO incubated with ALDH (50 pg/mL) for 4 h. d Fluorescence
variation PS-CHO incubated with ALDH (50 pg/mL) at different times (0-4 h).

e Total ROS generation for PBS, PS-CHO, PS-COOH and PS-CHO with ALDH

(50 pg/mL) by DCFH assay (40 mW/cm?, 4 min). f Total ROS generation for PS-
CHO with ALDH (50 pg/mL) at different times (0-4 min) by DCFH assay (White
light: 40 mW/cm?, 4 min). g The preparation of PS-CHO@ATRA-SS-ATRA. Created
in BioRender. Jiajing, G. (2023) BioRender.com/u78h472. h The size distribution
of PS-CHO@ATRA-SS-ATRA by DLS. i The morphology of PS-CHO@ATRA-SS-
ATRA by TEM. Scale bar: 500 nm. j Cumulative PS-CHO release rate from PS-
CHO@ATRA-SS-ATRA incubated with different concentration of GSH (0, 0.1, 1
and 10 mM) by HPLC. (n =3 independent samples; means + SD). All enzymatic
reactions were performed in PBS solution (0.1M, pH 7.4) containing

NAD(H)* 1 mM).

behavior could also induce PS-CHO release from nanoparticles, and
the PS-CHO release behavior was investigated by HPLC. With
the increasing GSH concentrations, PS-CHO@ATRA-SS-ATRA pro-
gressively released PS-CHO and reached a maximum cumulative
release of 83.1 % after 4 h incubation (Fig. 2j). Meanwhile, a similar
drug release rate of ATRA (77.8 %) was also detected in Supple-
mentary Fig. 26. The above results indicated that high level of GSH

could trigger disassembly behavior, further releasing both PS-CHO
and ATRA under physiological conditions.

Intracellular ALDH-responsive behavior and ROS generation of
PS-CHO@ATRA-SS-ATRA

We first investigated the ALDH-responsive behavior of small molecular
PS-CHO and nano-prodrug PS-CHO@ATRA-SS-ATRA by fluorescence
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Fig. 3 | The ALDH-responsive, ROS generation and cytotoxicity of PS-
CHO@ATRA-SS-ATRA. a Confocal images of 4T1 cells treated with PS-CHO@A-
TRA-SS-ATRA with different times (0, 1, 2 and 4 h) under hypoxia and normal
condition. Scale bar: 20 pum. b Confocal images of 3T3 cells treated with PS-
CHO@ATRA-SS-ATRA under hypoxia and normal condition. Scale bar: 20 um.
¢ Confocal imaging of 4T1 cells treated with PS-CHO@ATRA-SS-ATRA by light
irradiation, and then incubated with DCFH-DA for intracellular ROS generation.

AnnexinV

Scale bar: 20 pm. d The cytotoxicity of different formulations to 4T1 cells (n=6
independent biological samples; means + SD). e The cytotoxicity of different
formulations to 3T3 cells (n =6 independent biological samples; means + SD).

f The apoptosis analysis of 4T1 cells incubated with different formulations was
stained by Annexin V and Pl and measured using flow cytometry. L: white light:
40 mW/cm?, 4 min.

imaging in CSC-enriched 4T1 cells. As shown in Supplementary Fig. 27,
no obvious fluorescent signal was detected in small molecular PS-CHO
dissolved in 1% DMSO for cell experiments due to its poor solubility,
while there was a strong fluorescent signal in the nano-prodrug PS-
CHO@ATRA-SS-ATRA. Recently, solid evidence proved that hypoxia
microenvironment is a typical characteristic of CSC-enriched

microenvironment, which could induce the higher expression of ALDH
and upregulate the CSC-enriched microenvironment. Based on these
findings, we evaluated the ALDH-responsive behavior in 4T1 cells
under hypoxic condition. As shown in Fig. 3a and Supplementary
Fig. 28, the fluorescence intensity of PS-CHO@ATRA-SS-ATRA was
stronger under hypoxic condition due to the elevated level of ALDH,
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and this intensity was gradually increased in a time- and dose-
dependent manner, providing a real-time reporting of CSC-enriched
microenvironment.

As a control, there was no obvious fluorescent signal in 3T3 cells
(normal cells) under hypoxic conditions, indicating the low side-effect
of PS-CHO@ATRA-SS-ATRA in normal cells (Fig. 3b). Based on the
good ALDH-responsive activation and high-efficiency drug release
behavior of PS-CHO@ATRA-SS-ATRA in CSC-enriched 4T1 cells, we
next investigated its ROS generation by using a ROS probe (DCFH-DA)
as the indicator. In4T1 cells, a weak green fluorescence was detected in
ATRA-SS-ATRA, free PS-CHO and PS-CHO@ATRA-SS-ATRA without
light irradiation, and PS-CHO with light irradiation also displayed a
poor green fluorescence due to the poor cell uptake. In contrast, the
nano-prodrug, PS-CHO@ATRA-SS-ATRA, exhibited much stronger
fluorescence in 4T1 cells after light irradiation, suggesting that the high
level of ALDH could transform PS-CHO into PS-COOH and thus trigger
the ROS generation (Fig. 3c). In normal cells, only faint fluorescence
was detected in all formulations, suggesting that our nano-prodrug
was not able to produce ROS and therefore exhibited good biosafety
(Supplementary Fig. 29). To further confirm ALDH-responsive fluor-
escence and ROS generation, N, N-diethylaminobenzaldehyde (DEAB)
was used as an ALDH inhibitor for the control experiments. As shown
in Supplementary Fig. 304, a strong red fluorescence was observed in
4T1 cells after incubation with PS-CHO@ATRA-SS-ATRA, while an
obvious decline of red fluorescence was detected in 4T1 cells pre-
treated with DEAB. This decline is due to the inhibition of ALDH, which
prevents the transformation of PS-CHO into PS-COOH. Similarity, a
noticeable reduction in ROS generation was also observed in 4T1 cells
pretreated with DEAB (Supplementary Fig. 30b).

Cytotoxicity of PS-CHO@ATRA-SS-ATRA

Inspired by the good ROS activation of PS-CHO@ATRA-SS-ATRA on
CSC-enriched cancer cells, we next performed CCK8 assays in dif-
ferent types of cells to evaluate whether the ALDH-responsive
behavior of PS-CHO could result in potential cytotoxicity. In both
CSC-enriched cancer cells (4T1) and no-CSC normal cells (3T3), free
ATRA-SS-ATRA, PS-CHO and PS-CHO@ATRA-SS-ATRA displayed very
low cytotoxicity without light irradiation, and PS-CHO with light
irradiation also showed relatively low cytotoxicity due to the poor
cell uptake (Fig. 3d, e). In contrast, PS-CHO@ATRA-SS-ATRA with
light irradiation exhibited high cytotoxicity in 4T1 cells but poor
toxicity in 3T3 cells, which was due to its good selectivity, as well as
good cell uptake by ALDH-responsive activation and the improve-
ment of water solubility. Moreover, PS-CHO@HA-ATRA-SS-ATRA
showed low cytotoxicity to DEAB-treated 4T1 cells (Fig. 3d). As shown
in Supplementary Fig. 31, PS-CHO@HA-ATRA-SS- ATRA also showed
strong cytotoxicity towards other CSC-enriched cancer cells (e.g.
MDA-MB-231 and OE21), but negligible cytotoxicity towards normal
cells (e.g. 3T3 and L929). These findings highlight the selective
toxicity of the nano-prodrug towards CSC cancer cells, underscoring
its potential as a targeted therapy for CSC-enriched tumors. In
addition, flow cytometry analysis and LIVE/DEAD cell death assay
indicated that free ATRA-SS-ATRA, free PS-CHO and PS-CHO@ATRA-
SS-ATRA merely induced any cell death, and relatively low cell death
was observed in free PS-CHO with light irradiation. Under the same
condition, PS-CHO@ATRA-SS-ATRA showed the highest level of cell
death (Fig. 3f and Supplementary Fig. 32), suggesting that PS-
CHO@ATRA-SS-ATRA could induce high cytotoxicity of CSC-
enriched cancer cells due to ALDH-responsive activation.

In vitro elimination and differentiation of CSC on CSC-related
tumor spheres

The cell cytotoxicity suggested that PS-CHO@ATRA-SS-ATRA showed
good therapeutic efficacy on CSC-enriched cancer cells. To further
confirm the good CSC elimination of PS-CHO@ ATRA-SS-ATRA, we

successfully constructed the CSC-enriched 4T1 tumor sphere model,
which could mimic the in vivo CSC-enriched microenvironment. In 4T1
tumor sphere model, the CSC elimination and CSC-enriched micro-
environment were mainly investigated by four key indicators, includ-
ing tumorsphere formation, hypoxia conditions (HIF-1o), ALDH-
positive cell proportions (ALDH'), and stemness-related gene (Sox2,
Nanog and Oct4). To assess the synergic effect of ATRA, the nano-
prodrug without ATRA (PS-CHO@DSPE-PEG2000, Supplementary
Fig. 33) was also prepared by loading PS-CHO with DSPE-PEG2000 and
serve as a negative control. As shown in Supplementary Fig. 27, the cell
uptake of PS-CHO@DSPE-PEG2000 was determined by fluorescence
imaging and flow cytometry, and the qualitative and quantitative
analysis revealed that the fluorescence intensity of PS-CHO@DSPE-
PEG2000 was similar to that of PS-CHO@ATRA-SS-ATRA, suggesting
similar cell uptake of PS-CHO@DSPE-PEG2000 and PS-CHO@ATRA-
SS-ATRA by 4T1 cells.

As tumorspheres have been used to determine the percentage
of CSC present in a tumor population, and thus it also used for
evaluating the ability of such cells to generate stemness, and the
numbers of tumorspheres can be used to visualize the effectiveness
of anti-CSC treatment®* 5, In Fig. 4a, b, a large amount and volume of
tumorspheres was observed in control group and free PS-CHO,
suggesting insignificant CSC elimination. In addition, all ATRA-
contained formulations exhibited smaller and lower dispersive
tumorspheres, because ATRA could provide an effective
differentiation-inducing effect to reduce the stemness of CSC, fur-
ther improving CSC-enriching environment. As control, PS-
CHO@DSPE-PEG2000 with light irradiation also reduced the num-
ber and volume of tumor spheres and further inhibited tumorsphere
formulation, indicating that PS-CHO@DSPE-PEG2000 could be
effectively triggered by ALDH and transformed into activated PSs
(PS-COOH) for eliminating CSC. It was also observed that PS-
CHO@ATRA-SS-ATRA with light irradiation displayed stronger
inhibition of tumorsphere formulation than that of PS-CHO@DSPE-
PEG2000, which was contributed to the improvement of CSC-
enriched microenvironment from ATRA (Fig. 4a). The elevated
stemness of CSC could sharply reduce the oxygen concentration in
the CSC-enriched microenvironment, which upregulated the
expression of hypoxia-inducible factors (HIFs)**°. Therefore, HIFs
can serve as an important indicator for the CSC stemness and
numbers of CSC formulation. Based on this finding, CSC elimination
was also investigated by HIF-1a expression of 4T1 tumorspheres. The
HIF-1a. was labeled by green dye and cell nuclei were stained with
blue dye (Hoechst). As shown in Fig. 4c, a strong green fluorescent
signal was observed for the control group and free PS-CHO without
light irradiation, and there was a much weaker green fluorescent
signal in the formulation contained ATRA or PS-CHO with light
irradiation, especially in PS-CHO@ATRA-SS-ATRA. All these results
suggested that both ATRA and PS-CHO could effectively eliminate
the CSC and further induce the downregulation of HIF-1a, achieving
the improvement of therapeutic effects on CSC-enriched
microenvironments.

ALDH is known as a CSC biomarker, and the higher proportions of
ALDH positive (ALDH") cancer cells are usually associated with the
stronger CSC-enriched microenvironment®. After treatment with our
nano-prodrug, the CSC elimination was monitored by the proportions
of ALDH" in 4T1 tumorspheres. As shown in Fig. 4d, PBS (negative
control) exhibited high proportions of ALDH" (26.7%) in 4T1 tumor-
spheres, and the similar results were also detected in free PS-CHO
without light irradiation (25.19%). In ATRA-contained formulation, the
proportions of ALDH" were decreased to 16.33% and 15.98% due to the
differentiation-inducing effect of ATRA. As control, PS-CHO@DSPE-
PEG2000 with light irradiation showed lower proportions of ALDH*
(8.39%) than that of ATRA-contained formulation, which was due to
good elimination of CSC by ALDH-activated PDT treatment. Among
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drug treatments measured by flow cytometry. e-g The stemness-related genes
(Sox2, Nanog and Oct4) of 4T1 tumor-sphere cells after different treatments
quantified by qPCR (n =3 independent biological samples; means + SD). L: white
light (40 mW/cm?, 4 min). The statistical significance is analyzed by one-way
ANOVA with a Tukey post hoc test, *p < 0.01, **p <0.001, and ***p < 0.0001.
Saline (G1), PS-CHO +L (G2), ATRA-SS-ATRA (G3), PS-CHO@ATRA-SS-ATRA (G4),
PS-CHO@DSPE-PEG2000 + L (GS), and PS-CHO@ATRA-SS-ATRA + L (G6).

these formulations, PS-CHO@ATRA-SS-ATRA displayed the lowest
proportions of ALDH" (2.86%) that was close to ALDH inhibitor (DEAB,
0.73%, positive control). Finally, the stemness-related genes (Sox2,
Nanog and Oct4) were also evaluated by 4T1 tumorsphere model. As
shown in Fig. 4e-g, all ATRA-contained formulation exhibited an
obvious decline of Sox2, Nanog and Oct4 gene expression, indicating
good improvement of CSC-enriched microenvironment. As expected,
PS-CHO@ATRA-SS-ATRA exhibited highest down-regulation of Sox2,
Nanog and Oct4 genes in all formulations, further confirming that the
ALDH-activated nano-prodrug could effectively eliminate the CSC and
reduce the CSC-enriched microenvironment.

Preparation and in vitro drug release behaviors of nano-prodrug
PS-CHO@ATRA-SS-ATRA and CSC-targeting nano-prodrug PS-
CHO@HA-ATRA-SS-ATRA

To further enhance drug accumulation of the CSC-enriched tumor and
maintain high stability in systemic circulation, we decorated a layer of
hyaluronic acid (HA) with DSPE-PEG2000 (DSPE-PEG2000-HA) on the
surface of PS-CHO@ATRA-SS-ATRA to render active CSC targeting
capability. After coating, DLS suggested that the hydration diameter of
PS-CHO@HA-ATRA-SS-ATRA slightly increased from 166.4 nm to

188.6 nm with a low PDI (0.129), which was also confirmed by TEM
(Fig. 5a, b). The T potential was decreased from 8.78 mV to -17.7 mV
(Supplementary Fig. 23), and the DLE (ps.cho) in PS-CHO@HA-ATRA-SS-
ATRA was about 29.3%. Moreover, PS-CHO@HA-ATRA-SS-ATRA
demonstrated good physical stability in different media, including
PBS, FBS, and plasma (Supplementary Fig. 34), and showed a similar
release profile to that of the PS-CHO@ATRA-SS-ATRA (Supplemen-
tary Fig. 35).

To confirm that HA coating enhances cell uptake in CSC-enriched
4Tl cells, we selected an anti-CD44 antibody as a strong ligand to block
the CD44 receptor on the surface of CSC. As shown in Supplementary
Figs. 36 and 37, PS-CHO@HA-ATRA-SS-ATRA exhibited higher ALDH
responsiveness and ROS generation than that of PS-CHO@ATRA-SS-
ATRA in CSC-enriched 4T1 cells, while distinctly reducing in 4T1 cells
pretreated with anti-CD44 antibody. These results indicate that the HA
coating increases CSC uptake of PS-CHO@HA-ATRA-SS-ATRA, medi-
ated by the CD44 receptor, which is overexpressed on the surface of
CSC. In contrast, PS-CHO@HA-ATRA-SS-ATRA exhibited low level of
ALDH responsiveness and ROS generation in A549 and 3T3 cells (low
ALDH) (Supplementary Figs. 36 and 37). Similar results were observed
in the cytotoxicity of different nano-formulations, with PS-CHO@HA-
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indicated the tumor areas. e, f Ex vivo fluorescence images of tumor and main
organs (heart, liver, spleen, lung and kidney) resected from the mice at 12 h post-
administration (n =3 independent biological samples; means + SD). The statistical
significance is analyzed by one-way ANOVA with a Tukey post hoc test, **p < 0.001
***p < 0.0001.

ATRA-SS-ATRA exhibiting the highest cytotoxicity against 4T1 cells
among all formulations tested (Supplementary Fig. 38). Moreover, a
short-term drug administration was investigated by CCK8 assay. As
shown in Fig. 5c, both 4T1 and 3T3 cells were first treated with PS-
CHO@ATRA-SS-ATRA or PS-CHO@HA-ATRA-SS-ATRA for 4h, and
then the medium was replaced with fresh medium for another 48 h. As
compared with PS-CHO@ATRA-SS-ATRA, PS-CHO@HA-ATRA-SS-
ATRA could induce higher cytotoxicity in 4T1 cells, while very low
cytotoxicity was observed in 3T3 cells when PS-CHO@HA-ATRA-SS-
ATRA concentration was high, owing to the good CSC targeting in CSC-
enriched cancer cells.

In vivo ALDH-responsiveness of PS-CHO@HA-ATRA-SS-ATRA

We first evaluated the hemocompatibility of our nano-prodrug, as
shown in Supplementary Fig. 39. Small molecular PS-CHO displayed
relatively poor hemocompatibility that the hemolysis rate is over 20%
due to poor water solubility, whereas the nano-formulations that
contained DSPE-PEG2000-HA showed the lowest hemolysis rate (less
than 2%), indicating that the poor biocompatibility of small molecular
PS-CHO. Subsequently, the in vivo drug release was detected by IVIS
imaging system, and the ALDH-activated PS-COOH could serve as
a fluorescent dye for monitoring drug distribution. In Fig. 5d, an
obvious fluorescent signal was detected on tumor site after 1h
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Fig. 6 | In vivo anti-tumor efficacy on a CSC-enriched subcutaneous model.
aProcess of the in vivo efficacy study in 4T1-subcutaneous mice model, and all mice
were intravenously administrated by G1-G7 groups. Created in BioRender. Jiajing, G.
(2023) BioRender.com/v30s379. b-h Tumor growth of subcutaneous 4T1 tumor-
bearing mice after G1-G7 treatments. i Tumor volume growth of each mouse from
G1-G7 groups at the end of 21 days treatment (n = 5 independent biological samples;
means * SD). j Photograph of excised tumors from G1-G7 groups at the end of
21days treatment. k Average tumor weight excised from G1-G7 groups at the end of
21 days treatment (n =5 independent biological samples; means + SD). | H&E

staining of the tumor tissues from G1-G7 groups after different treatments. Scale
bar: 200 pm. m The changes in body weights of subcutaneous 4T1 tumor-bearing
mice in G1-G7 groups within 21 days (n =5 independent biological samples;
means + SD). L: white light (60 mW/cm?, 5 min). The statistical significance is ana-
lyzed by one-way ANOVA with a Tukey post hoc test, ***p < 0.000L1. Saline (G1),
PS-CHO +L (G2), ATRA-SS-ATRA (G3), PS-CHO@ATRA-SS-ATRA (G4), PS-
CHO@HA-DSPE-PEG2000 +L (G5), PS-CHO@ATRA-SS-ATRA +L (G6), and PS-
CHO@HA-ATRA-SS-ATRA + L (G7).

intravenous injection of PS-CHO@HA-ATRA-SS-ATRA, which increased
with time and remained strong after 12 h injection. In main organs, we
only observed some fluorescent signals at liver site after the first 3h
injection, whereas there was no obvious signal in other sites at the
period of 12 h injection (Fig. 5d). As a positive control, PS-COOH was
also transformed into the HA-modified nanoparticle (PS-COOH@HA-
ATRA-SS-ATRA, Supplementary Fig. 40) that displayed “always on”
fluorescent signal. In Fig. 5d, we found that a stronger fluorescent
signal was first detected in the liver, and then gradually accumulated in
the abdomen site. Note that the fluorescent signal in liver and abdo-
men site gradually increased to the highest 6 h after the systemic
administration and then maintained stable. At tumor site, an obvious
fluorescent signal was visible at 4 h and became strong at 6 h, but this
fluorescent signal was much lower than that of PS-CHO@HA-ATRA-SS-
ATRA. This result indicated that PS-CHO@HA-ATRA-SS-ATRA mainly
triggered PS-CHO in tumor site that might display good biosafety.
Moreover, the mice were sacrificed to obtain the main organs for
ex vivo imaging after 12 h injection, as shown in Fig. Se, f, PS-CHO@HA-
ATRA-SS-ATRA exhibited the strongest fluorescent signal on tissue,

whereas PS-COOH@HA-ATRA-SS-ATRA was mainly distributed in
metabolic organ (such as liver and kidney), which may cause potential
phototoxicity and other side effects. These encouraging results illu-
strated the advantage of ALDH-responsive capability of PS-CHO@HA-
ATRA-SS-ATRA, which was mainly activated on the CSC-enriched
tumor and displayed good therapeutic effect by high selectivity and
good biosafety.

In vivo anti-tumor efficiency on a 4T1 subcutaneous model

Inspired by good tumor accumulation and effective ALDH-
responsiveness of our nano-prodrug, we further investigated their
effects in tumor treatment (Fig. 6a). Compared with Saline (G1, Fig. 6b),
systemic administration of ATRA-SS-ATRA (G3) and PS-CHO@ATRA-
SS-ATRA without light irradiation (G4) exhibited negligible inhibition
of tumor growth after 21-days treatment (Fig. 6d, e). Small molecular
PS-CHO with light irradiation (G2) also exhibited poor tumor growth
inhibition (Fig. 6¢), whereas the nano-formulation of PS-CHO without
ATRA, PS-CHO@HA-DSPE-PEG2000 that PS-CHO modified with DSPE-
PEG2000-HA (G5, Supplementary Fig. 41), could obviously inhibit the
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tumor growth (Fig. 6f). On the other hand, PS-CHO@ATRA-SS-ATRA
with light irradiation (G6) exhibited some better tumor growth inhi-
bition than that of G5, which was contributed to the synergistic ther-
apeutic effect of ATRA (Fig. 6g). As expected, the CSC-targeted nano-
prodrug PS-CHO@HA-ATRA-SS-ATRA (G7) resulted in almost com-
plete response of tumor growth (Fig. 6h), and most tumors in mice
were reduced greatly and even faded away. The summarized analysisin
Fig. 6i also revealed the best tumor inhibition of G7. On 21 days, all
mice were sacrificed and dissected to collect tumor tissue and main
organs, and the photograph and weight of dissected tumor tissues also
revealed that G7 displayed the best tumor growth inhibition in all
groups (Fig. 6j, k). Moreover, similar results were also proved by H&E
staining of ex vivo tumor tissues, and there was an obvious histological
damage in the tumor tissue after the treatment of G7 (Fig. 61). As shown
in Fig. 6m and Supplementary Fig. 42, no obvious loss in body weight
and no obvious histological damage in the main organs were observed
after G7 treatment, indicating the safe profile of this CSC-targeted
nano-prodrug. As a result, mice with G7 treatment exhibited the
highest tumor growth inhibition and better biosafety during a period
of 21-day treatment.

In vivo anti-tumor efficiency and anti-metastasis on a TNBC-
orthotopic mice model

Clinic research revealed the aggressive nature of TNBC, characterized
by higher rates of distant metastasis and recurrence, is influenced by
the residual CSC in TNBC tumor®. This small subpopulation of CSC
within TNBC plays a critical role in initiating and driving the metastatic
process, often affecting sites like the lungs, liver, and bones®. There-
fore, we further investigated the anti-tumor growth and anti-
metastatic effect of PS-CHO@HA-ATRA-SS-ATRA on TNBC-
orthotopic mice model (Fig. 7a). After 30 days treatment, there was
no obvious difference of tumor growth in Saline (G1, control group),
PS-CHO with light irradiation (G2), ATRA-SS-ATRA (G3), and PS-
CHO@ATRA-SS-ATRA without light irradiation (G4) (Fig. 7b and Sup-
plementary Fig. 43a-d). Especially in G2, small molecular PS-CHO with
light irradiation displayed poor tumor inhibition due to its poor bio-
compatible, while the nano-formulations of PS-CHO with light irra-
diation (GS5: PS-CHO@HA-DSPE-PEG2000; G6: PS-CHO@ATRA-SS-
ATRA, and G7: PS-CHO@HA-ATRA-SS-ATRA) can effectively suppress
the tumor growth after 30-days treatment (Fig. 7b and Supplementary
Fig. 43e, f). As compared with G5 and G6 groups, much stronger
inhibition was observed in tumor growth after CSC-targeted nano-
prodrug (G7) treatment (Fig. 7b and Supplementary Fig 43g). On day
30, all mice were sacrificed and dissected to obtain the tumor tissues
and main organ, and tumor weight and photograph of different groups
revealed the similar results of in vivo tumor inhibition (Fig. 7c, d). In
addition, the anti-tumor efficacy was also confirmed by H&E staining,
as shown in Supplementary Fig. 44, nano-prodrug G5 (without ARTA)
and G6 (without HA targeting) groups exhibited obvious histological
damage in tumor tissues, indicating good inhibition by the effective
ALDH-responsive PDT treatment. As control, nano-prodrug G7 group
(contained HA and ATRA) showed the deepest histological damage in
all groups due to effective synergic effect of ATRA and good CSC-
targeting of HA.

In clinics, the distant metastasis from TNBC is often diagnosed
at lung and liver, which was a leading cause of death in TNBC
treatment. Therefore, we investigated the inhibition of distant
metastases on the TNBC-orthotopic mice model by different
immunohistochemical staining. In lung tissue, the Bouin’s fluid was
first stained to mark the lung metastatic nodules, and fewer meta-
static nodules were observed for all nano-formulation groups, while
other groups displayed more obvious lung nodules. In comparison
with G1-G4, the nano-formulation G5 was able to effectively inhibit
the distant metastases on the surface of lung tissue. Both G6 and G7

exhibited the poorest metastatic nodules, especially for targeted
nano-prodrug that the number of lung nodules was negligible with
less than 5 lung metastases per mouse, suggesting a strong anti-
metastasis effect of G7 (Fig. 7e). Furthermore, only a few nodules
were detected after PS-CHO@HA-ATRA-SS-ATRA treatment (Fig. 7f),
which was confirmed by H&E staining, suggesting the effective
inhibition of lung metastasis. In the liver tissue, the H&E staining was
performed to investigate its distant metastatic nodule, as shown in
Fig. 7g, an obvious tumor metastatic nodule was observed in G1-G4
groups, while there was no obvious metastatic nodule in G7, and this
result was similar with that of lung metastases.

To confirm the good anti-CSC effect of our nano-prodrug, we
analyzed the ALDH-expression of tumor tissue by immuno-
fluorescence staining. As shown in Fig. 7h, G1, G2, G3 and G4 showed
relatively strong green, fluorescent signal in tumor tissues. As a con-
trol, G5 also displayed relatively poor fluorescent signal in tumor tis-
sue, which was due to PS-CHO@HA -DSPE-PEG2000 could effectively
accumulate into CSC and then activate PS-CHO to kill the CSC. As
expected, the tumor tissues treated with nano-formulation G6 and G7
(simultaneously contained ATRA and PS-CHO) hardly observed green
fluorescence, indicating fewer ALDH-overexpressed CSC in tumor
microenvironment. In addition, the expression of stemness-related
genes (Sox2, Nanog and Oct4) in tumor tissues was also investigated
after different groups treatment. As shown in Supplementary Fig. 45,
G7 was able to effectively down-regulate the expression of stemness-
related gene and decrease the generation of CSC. Collectively, these
results suggested that reduced CSC in tumor tissue were able to
effectively inhibit distant metastasis in vivo. During the treatment
period of 30 days, although G2 (free PS-CHO) caused slow growth in
body weight, there were no obvious changes in other groups, including
G7 (Supplementary Fig. 46). In addition, there was no obvious histo-
logical damage in the main organs after the treatment of G7 (Supple-
mentary Fig. 47). After G7 treatment, 80% of mice survived for 60 days,
indicating the long-term anti-metastatic effect. The above results
proved that our nano-prodrug exhibited good biosafety and could
prolong the survival rate of mice with distant metastatic foci (Sup-
plementary Fig. 48).

Discussion

We have explored a simple and convergent self-assembled nano-pro-
drug containing an ALDH-activatable PS and differentiation agents
ATRA for CSC-associated tumor treatment. The ALDH-activatable PS
(PS-CHO) exhibited good ALDH-responsiveness with triggered ROS
activation and fluorescence generation in vitro. To improve the bio-
compatibility and in vivo therapeutic effect, ATRA was linked with -SS-
bond to form a GSH-response ATRA-SS-ATRA, which exhibited good
small molecular self-assembly behavior, serving as a good nano-carrier
to load PS-CHO. The PS-CHO@ATRA-SS-ATRA not only effectively
enhanced the pharmacokinetics of PS-CHO due to its good water
dispersibility but also reduced CSC stemness and improved the CSC-
enriched tumor microenvironment by the synergistic effect of ATRA.
In CSC-enriched tumor cells, PS-CHO@ATRA-SS-ATRA dissembled
into PS-CHO and ATRA by high level of GSH, and PS-CHO was trans-
formed into PS-COOH under high expression of ALDH that generated
the fluorescence for reporting the real-time information about the CSC
microenvironment. Moreover, PS-COOH exhibited good ROS genera-
tion that can directly eliminate CSC and indirectly improve CSC-
enriched microenvironment. More importantly, such distinct anti-CSC
mechanism of two drugs satisfies the demand for promoting a max-
imized synergistic effect in CSC-enriched mice model, exhibiting the
good inhibition of tumor growth and metastasis. These findings pro-
vide a promising perspective for exploring simple, convergent, and
effective strategies to improving the therapeutic effect in a wide range
of CSC-enriched tumors.
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Fig. 7 | In vivo tumor growth inhibition and anti-metastasis on a CSC-enriched
orthotopic mice model. a Process of the in vivo efficacy study in 4T1-orthotopic
mice model, and all mice were intravenously administrated by G1-G7 groups. Cre-
ated in BioRender. Jiajing, G. (2023) BioRender.com/v30s379. b Tumor growth of
each mouse in different groups (n = Sindependent biological samples; means + SD).
¢ The average tumor weight excised from G1-G7 groups (n =35 independent biolo-
gical samples; means + SD). d Photograph of the dissected tumor tissues of G1-G7
groups. e Representative H&E and Bouin’s Fluid staining images (lung metastasis) of
lung tissue excised from G1-G7 groups on day 30. Scale bar: 5 mm. f Quantification

of lung metastatic foci from G1-G7 groups on day 30. (n =5 independent biological
samples; means + SD). g Representative H&E staining images (metastatic foci) of
liver tissue excised from G1-G7 groups on day 30, Scale bar: 200 pm. h Repre-
sentative ALDH immunofluorescence staining images of tumor tissue excised from
G1-G7 groups on day 30, Scale bar: 200 um. L: white light (60 mW/cm?, 5 min).The
statistical significance is analyzed by one-way ANOVA with a Tukey post hoc test,
***p < 0.0001. Saline (G1), PS-CHO +L (G2), ATRA-SS-ATRA (G3), PS-CHO@ATRA-
SS-ATRA (G4), PS-CHO@HA-DSPE-PEG2000 + L (G5), PS-CHO@ATRA-SS-ATRA + L
(G6), and PS-CHO@HA-ATRA-SS-ATRA +L (G7).

Methods

Preparation and synthesis of nanoparticles PS-CHO@ATRA-SS-
ATRA and PS-CHO@HA-ATRA-SS-ATRA

The nanoparticles PS-CHO@ATRA-SS-ATRA were prepared by
nanoprecipitation, and small molecular PS-CHO (5 mg) and ATRA-
SS-ATRA (5 mg) were added into dimethyl sulfoxide (DMSO, 1 mL)
and then slowly injected to 19.5 mL of ddH,O under vigorous soni-
cation (-10 min). This crude product of PS-CHO@ATRA-SS-ATRA was
loaded with dialysis tube (MWCO =1000 Da) and then dialyzed for

12 h in ddH,0. As for PS-CHO@HA-ATRA-SS-ATRA, PS-CHO (2 mg),
ATRA-SS-ATRA (2mg) and DSPE-PEG2000-HA (1 mg) were added
into DMSO (0.5 mL) and then slowly added to 9.5 mL of ddH,O under
vigorous sonication (-10 min) and then dialyzed for 12h in ddH,0
(MWCO =5000 Da).

The nanoparticles PS-CHO@DSPE-PEG2000 and PS-CHO@HA-
DSPE-PEG2000 were also prepared by nanoprecipitation. The DMSO
solution of PS-CHO (5mg, 1 mL) was slowly added into 19 mL ddH,O
containing 1 mg of DSPE-PEG2000-HA or DSPE-PEG2000, and this

Nature Communications | (2024)15:9417


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53771-8

solution was mixed under sufficient stirring. This crude product was
subjected to dialysis (MWCO =2000 Da) against ddH,O to remove the
DMSO and the residual drug.

The drug loading efficiency (DLE) of PS-CHO in PS-CHO@ATRA-
SS-ATRA and PS-CHO@HA-ATRA-SS-ATRA was determined by high-
performance liquid chromatography (HPLC). The precipitate of PS-
CHO@ATRA-SS-ATRA and PS-CHO@HA-ATRA-SS-ATRA was collected,
dried and weighed. Then, the dried nanoparticle (10 mg) was dissolved
in DMSO and quantitatively analyzed the weight of PS-CHO by HPLC.
The DLE was calculated according to the following formula:

DLE ps_cpo) =[(Weight of PS — CHO)/(Weight of nanoparticle)] x100% (1)

ALDH-responsive behavior of PS-CHO in PBS solutions

All enzymatic reactions were performed according to the reported
literature”**. ALDH was diluted with PBS (0.1M, pH 7.4) to make a
buffered solution of ALDH at different concentrations. 10% DMSO as
cosolvent of prodrug was mixed with a PBS solution (0.1 M, pH 7.4)
containing nicotinamide adenine dinucleotide (NAD(H)*, 1 mM). For
ALDH-responsive assays, the above solution was added ALDH solution
(50 pg/mL) and performed at 37 °C. The ALDH-responsive behavior of
PS-CHO was first investigated by HPLC, which was performed by C18
column under 25 °C condition. The mobile phase was methanol and
water at the ratio of 9:1. The PS-CHO was first incubated with 50 pg/mL
of ALDH for 1 h in PBS cosolvent solution, and then it was analyzed by
HPLC. In addition, the ALDH-responsive behavior of PS-CHO was also
detected by fluorescence imaging, PS-CHO, PS-COOH and PS-CHO
incubated with ALDH were dissolved in PBS cosolvent solution under
37°C, and the fluorescence spectra were measured by fluorescence
spectrometer. For different concentrations (0-100 pg/mL) or times
(0-240 min), PS-CHO (20 pg/mL) was incubated with different con-
centrations (0-100 pg/mL) for 2 h or with 50 pg/mL of ALDH for dif-
ferent times. Finally, the ALDH-responsive behavior of PS-CHO was
also detected by HR-MS, The PS-CHO (20 pg/mL) was first incubated
with 50 pg/mL of ALDH in PBS cosolvent solution, and after 1h incu-
bation, the mixture was analyzed by HR-MS.

ROS generation of PS-CHO in PBS solutions

A commonly used ROS indicator DCFH-DA was utilized to detect the
ROS generation in an aqueous solution under white light irradiation.
The general procedure is as follows: DCFH-DA was pre-hydrolyzed into
DCFH, and then this ROS indicator was further diluted to 10 uM in PBS
solution (0.1M, pH 7.4) of 20 ug/mL of PS-CHO, PS-CHO with ALDH
and PS-COOH. The fluorescence of DCFH triggered by ROS under
white light irradiation was measured at different time intervals. The
fluorescence spectra were measured with excitation at 488 nm and
emission was collected from 500 to 600 nm. The fluorescence inten-
sity at 525 nm was recorded to indicate the generation rate of overall
ROS. The O, generation was assessed by employing DHR123 as an
indicator. 20 pg/mL of PS-CHO, PS-CHO with ALDH and PS-COOH was
incubated with DHR123 solution, which was irradiated by white light
(40 mW/cm?) for 4 min, and then emission spectra of DHRI123 were
monitored in a range of 500-600 nm. The emission increase of DHR123
at 525 nm was recorded to indicate the generation rates of -:0,. The '0,
generation was assessed by employing ABDA as an indicator. 20 pg
/mL of PS-CHO, PS-CHO with ALDH and PS-COOH was incubated with
ABDA solution, which was irradiated by white light (40 mW/cm?) for
4 min, and then the absorption spectra of ABDA were monitored in a
range of 300-500 nm. The absorbance decrease of ABDA at 378 nm
was recorded to indicate the decomposition rates of ABDA.

In vitro drug release behavior
The nanoparticle PS-CHO@ATRA-SS-ATRA (20 pg/mL) was incubated
with different level of GSH (0-10 mM), which then extracted and

detected by HPLC using C18 column under 25 °C condition, and the
mobile phase was methanol and water at the ratio of 9:1. In detail, 2 mL
of each sample was added into a 500 Da dialysis bag and dialyzed
against PBS (0.1M, pH 7.4) with different concentration of GSH
(0-10 mM) at 37 °Cin a shaker. At predetermined time intervals (0, 1, 2,
5,10, 20, 30, 60 and 120 min), 1 mL solution in each sample was taken
out and 1 mL of fresh PBS was restored its solutions. The concentration
of PS-CHO was measured by HPLC.

Intracellular ALDH-responsive behavior in normal and

cancer cells

The intracellular ALDH-responsive behavior of PS-CHO@ATRA-SS-
ATRA was investigated by cell imaging in different cells (normal cells:
3T3, cancer cells: A549 and 4T1) under hypoxic and normal environ-
ment. All these cells were added into 8-well confocal plate under
normal or hypoxic conditions, allowing for suitable growth density
(60%). Then, PS-CHO@ATRA-SS-ATRA was added into plates by the
different concentration (0, 5, 10, and 20 pg/mL) or different time
(0-4 h, at the concentration of 10 pg/mL), and then incubated for
another 4 h. After PBS (0.1 M, pH 7.4) washing, the intracellular fluor-
escence intensity was recorded by using CLSM. The ALDH-responsive
behavior of PS-CHO@DSPE-PEG2000 (10 pg/mL) and PS-CHO@HA-
ATRA-SS-ATRA (10 pg/mL), and the protocol was the same with the
ALDH-responsive behavior of PS-CHO@ATRA-SS-ATRA.

Intracellular ROS detection

The ROS generation of different formulations was investigated by ROS
indicator (DCFH-DA). Different cells (normal cells: 3T3, cancer cells:
A549 and 4T1) were seeded in 8-well plates, allowing for suitable growth
density (70%) under hypoxic condition. After the cell adhesion, differ-
ent formulations (ATRA-SS-ATRA, PS-CHO, PS-CHO +L, PS-CHO@A-
TRA-SS-ATRA and PS-CHO@ATRA-SS-ATRA + L, 20 pg/mL) were added
and incubated for 24 h. Then, all treated cells were washed by PBS
(0.1 M; pH 7.4) for 3 times and then irradiated with or without laser. For
ROS generation of PS-CHO@HA-ATRA-SS-ATRA +L, the protocol was
the same with the ROS generation of PS-CHO@ATRA-SS-ATRA +L. All
these cells were stained by DCFH-DA for 30 mins and observed in a
fluorescent microscope. L: white light (40 mW/cm?, 4 min).

Blockage of CD44 in CSC-enriched cells

CSC-enriched 4T1 cells were cultured in 8-well confocal plates under
hypoxic condition. After their reach to 80% confluence. Anti-CD44
primary antibody (Abcam, ab189524) was diluted 1:200 in PBS solution
(0.1M, pH 7.4) and added into cells for blocking CD44. After the
incubation of 2 h., this CD-44 blocking cells were incubated with PS-
CHO@HA-ATRA-SS-ATRA (20 pg/mL), and ALDH-responsive behavior
and ROS generation was recorded according to the above protocol.

In vitro cytotoxicity

Different cells (normal cells: 3T3, cancer cells: 4T1) were added into 96-
well plates (100 pL, 5000 cells for each well). After the cell adhesion, a
gradient concentration (0-20 pg/mL) of different formulations (PBS,
ATRA-SS-ATRA, PS-CHO, PS-CHO +L, PS-CHO@ATRA-SS-ATRA, PS-
CHO@ATRA-SS-ATRA +L and PS-CHO@HA-ATRA-SS-ATRA +L) were
added and incubated for 48 h, and all the cells were irradiated with
white light (40 mW/cm?) for 5 min, using the ones without light illu-
mination as the control. Then, all treated cells were washed by PBS
(0.1M, pH 7.4) and added10 pL of CCK-8 solution (diluted in 200 pL
PBS). After 4 h incubation at 37 °C, the absorption values at 450 nm
were measured by a UV-vis instrument. The cell viability was deter-
mined by comparison with the PBS groups. As for short-term drug
administration, different cells were firstly incubated with different
concentrations (5 and 20 pg/mL) of PS-CHO@ATRA-SS-ATRA +L and
PS-CHO@HA-ATRA-SS-ATRA +L for 4 h and then replaced with fresh
medium and continue to incubate for another 48 h. Finally, the CCK8
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assay was performed according to the standard protocol. For the
control experiment, 4T1 cells were first incubated with ALDH inhibitor
DEARB for 4 h, and then incubated with PS-CHO@ATRA-SS-ATRA + L at
a gradient concentration (0 - 20 pg/mL) for 48 h. The cytotoxicity was
performed by CCK8 assays according to the standard protocol. For
other CSC-enriched cancer cells (MDA-MB-231 and OE21) and normal
cells (L929), the concentration (20 pg/mL) of PS-CHO@HA-ATRA-SS-
ATRA +L, and the protocol of cytotoxicity was the same with CCK8
assays. L: white light (40 mW/cm? 4 min).

Cell death by Live/dead Staining

4T1 cells were added in 24-well plates (500 pL, 5 x 10* cells for each
well). After the cell adhesion, different drug formulations (PBS, ATRA-
SS-ATRA, PS-CHO, PS-CHO+L, PS-CHO@ATRA-SS-ATRA, and PS-
CHO@ATRA-SS-ATRA +L, 20 pg/mL) were added and incubated for
4 h. Then, all treated cells were irradiated with white light irradiation
(40 mW/cm?) for 4 min. After another 24 h incubation, the cells were
washed by PBS (0.1M; pH 7.4) and stained by Calcein-AM/PI for
30 mins. Then the cells were washed by PBS (0.1M; pH 7.4) and
observed in a fluorescent microscope.

Cell apoptosis by Flow Cytometry Assay

4T1 cells were added in 6-well plates (2 mL, 2 x 10° cells for each well).
After the cell adhesion, different drug formulations (PBS, ATRA-SS-
ATRA, PS-CHO, PS-CHO+L, PS-CHO@ATRA-SS-ATRA, and PS-
CHO@ATRA-SS-ATRA +L, 20 pg/mL) were added and incubated for
4 h, and then all treated cells were irradiated with or without white light
irradiation (40 mW/cm?) for 4 min. After 24 h incubation, the adherent
and suspended cells were all collected and performed according to the
protocol. After being stained by Annexin-V-FITC/PI in dark for 30 mins,
the cells were performed by flow cytometry and measure the apoptosis
rates. The gating strategy of the flow cytometry for apoptosis was
provided in Supplementary Fig. 49a.

In vitro tumorspheres formation assay

4TI cells were added in ultra-low adhesion 24-well plates (500 pL, 1 x
10* cells for each well) and incubated under hypoxic conditions. Then
different drug formulations (PBS, PS-CHO +L, ATRA-SS-ATRA, PS-
CHO@ATRA-SS-ATRA, PS-CHO@DSPE-PEG2000 + L and PS-CHO@A-
TRA-SS-ATRA +L) at the concentration of 20 pg/mL were added and
incubated for 5 days, the cells were observed and the numbers of
tumorspheres were recorded by using microscope. L: white light
(40 mW/cm?, 4 min).

ALDH-positive rate of tumorsphere cells

4T1 cells were added in ultra-low adhesion 24-well plates (500 pL, 1 x
10* cells for each well) and incubated under hypoxic conditions. Then
different drugs (PBS, PS-CHO + L, ATRA-SS-ATRA, PS-CHO@ATRA-SS-
ATRA, PS-CHO@DSPE-PEG2000 + L, and PS-CHO@ATRA-SS-ATRA +L)
at the concentration of 20 pg/mL were added and incubated for 3 days,
all treated cells were collected and washed by PBS (0.1M, pH 7.4),
and then stained with ALDEFLUOR kit for flow cytometry. The
untreated cells were added with N, N-diethylaminobenzaldehyde
(DEAB) to determine the ALDH-positive cells in other groups.
L: white light (40 mW/cm?, 4 min). The gating strategy of the flow
cytometry for ALDH-positive rate was provided in Supplementary
Fig. 49b.

Stemness-related genes expression of tumorsphere cells

4TI cells were added in ultra-low adhesion 24-well plates (500 pL, 1 x
10* cells for each well) and incubated under hypoxic conditions. Then
different drugs (PBS, PS-CHO + L, ATRA-SS-ATRA, PS-CHO@ATRA-SS-
ATRA, PS-CHO@DSPE-PEG2000 + L and PS-CHO@ATRA-SS-ATRA +L)
at the concentration of 20 pg/mL were added and incubated for 3 days,
RNAs in the cells were extracted by an RNA extraction kit. The

stemness-related gene (Sox2, Nanog and Oct4) were quantified by
qPCR analysis. L: white light (40 mW/cm?, 4 min).

HIF-1a expression by immunofluorescence

4T1 cells were added in ultra-low adhesion 24-well plates (500 pL, 1 x
10* cells for each well) under hypoxic conditions and allowed for the
tumorsphere formation. Then the tumorspheres were collected and
transferred to 48-well plates (1 tumorsphere per well) and exposed to
different drugs (PBS, PS-CHO + L, ATRA-SS-ATRA, PS-CHO@ATRA-SS-
ATRA, PS-CHO@DSPE-PEG2000 + L and PS-CHO@ATRA-SS-ATRA +L)
at the concentration of 20 pg/mL. After 3 days incubation, all treated
cells were fixed with 4% paraformaldehyde and incubated with 0.5%
Triton-X-100, and then washed with PBS for 3 times. Then, the
tumorsphere cells were blocked by goat serum, and the incubated with
the primary antibody of HIF-1a at 4 °C overnight. After that these
treated cells were incubated with Alexa Fluor 488 conjugated sec-
ondary antibodies for 1 h and the nucleus was stained by DAPI. The HIF-
la expression was determined and observed by a fluorescent micro-
scope. L: white light (40 mW/cm?, 4 min).

In vivo imaging and drug release behavior of PS-CHO@ATRA-
SS-ATRA

The CSC-enriched subcutaneous tumor model was established by the
injection of 4T1 cells, which were subcutaneously injected into the
right groins of female BALB/c mice (5 x 10° 4T1 cells, 6 weeks old). After
the tumor volume reached about 500 mm?, different formulations (PS-
CHO@HA-ATRA-SS-ATRA and PS-COOH@HA-ATRA-SS-ATRA) were
performed by intravenous injection into the 4T1 subcutaneous tumor
mice (n=3). At several time intervals (0, 1, 2, 3, 4, 6, 8 and 12 h), the
mice were subjected to in vivo imaging by IVIS system. After 12 h, the
mice were sacrificed, and the tumors and organs (hearts, livers,
spleens, lungs and kidneys) were collected for ex vivo imaging. The
fluorescent signals were monitored through a 740 nm band-pass filter
and excited by a 540 nm LED.

In vivo anti-tumor efficacy in a 4T1 subcutaneous model

The CSC-enriched subcutaneous tumor model was established by the
injection of 4T1 cells, which were subcutaneously injected into the
right groins of female BALB/c mice (5 x 10° 4T1 cells, 6 weeks old). After
the tumors reached about 100 mm?®, the mice were randomly dis-
tributed into 7 groups (n=5) (G1-G7: Saline, PS-CHO +L, ATRA-SS-
ATRA, PS-CHO@ATRA-SS-ATRA, PS-CHO@HA-DSPE-PEG2000 +L, PS-
CHO@ATRA-SS-ATRA +L and PS-CHO@HA-ATRA-SS-ATRA +L, 5 mg/
kg), and then all groups were intravenously injected for three times on
day 0, 3, and 6. After 12 h injection, the mice of G2, G5, G6, and G7 were
irradiated by white light (60 mW/cm?, 5 min). At the period of 21-days,
the tumor volume was recorded for each mouse every 2 days and then
calculated according to (longest width) x (longest length)%/2. The
tumor volumes and body weights were recorded every 3 days. On day
21, all mice were sacrificed and dissected to obtain the tumor tissue
and main organs. The tumors were weighted and made into slices for
H&E and ALDH immunofluorescence staining. The organs were made
into slices for H&E staining. Another batch of mice were received the
same treatment for survival analysis until day 60.

In vivo anti-tumor efficacy and anti-metastasis in 4T1-orthotopic
mice model

4T1 cells (5 x 10° cells/mL) were orthotopically injected into the right
second mammary pad of female nude mice. After injection, all mice were
randomly divided into 7 groups and intravenously injected G1-G7 groups
(Saline, PS-CHO+L, ATRA-SS-ATRA, PS-CHO@ATRA-SS-ATRA, PS-
CHO@HA-DSPE-PEG2000 +L, PS-CHO@ATRA-SS-ATRA+L and PS-
CHO@HA-ATRA-SS-ATRA + L, 5 mg/kg) for three times on day 0, 3, and
6. After 12 h injection, the mice of G2, G5, G6, and G7 were irradiated by
white light (60 mW/cm?, 5min). At the period of 30-days, the tumor
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volume was recorded for each mouse every 3 days, which were calcu-
lated according to (longest width) x (longest length)?/2. At 30 days, all
mice were sacrificed and dissected to obtain the tumor tissue and main
organs. In addition, the body weight of all groups was also recorded at
the treatments of 30-days. For tumor inhibition and intratumoral ALDH
expression, the tumor tissues of all groups were stained by H&E staining
of stemness-related genes (Sox2, Nanog and Oct4). For the distant
metastases, the lung and liver tissues after treatments were stained by
H&E staining and Bouin’s fluid. Another batch of mice were received the
same treatment for survival analysis until day 60.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are available within the article, Sup-
plementary Information, and Source Data. Source data are provided
with this paper.
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