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ABSTRACT

Cancer stem cells (CSCs) are widely recognized as the culprits of chemoresistance, tumor metastasis, and relapse. Moreover, most

chemotherapeutic drugs not only fail to eliminate CSCs effectively, but also induce the acquisition of stemness characteristics in

non-stem cancer cells. Herein, we propose a cancer cells/CSCs double-killing modality for breast cancer treatment. Specifically,

a carrier-free nano-cocktail is developed through the precise co-assembly of a redox-responsive docetaxel (DTX) dimeric prodrug

and salinomycin (SAL, an anti-CSCs drug). Precision combination of DTX and SAL not only shows synergistic tumor-killing

activity, but also sharply reduces the proportion of CSCs in tumors. More importantly, tumor-specific prodrug activation-initiated

drug release from the nano-cocktail confers high drug co-delivery efficiency and low off-target toxicity risk. As expected, such a

one-stone-two-birds nanomedicine presents satisfactory performance on tumor stemness eradication, antitumor responses, and

safety in both xenograft and orthotopic 4T1 breast cancer mouse models. This study advances cancer cells/CSCs double-killing

nanotherapeutics towards clinical breast cancer therapy.

1 | Introduction

Cancer remains a serious threat to global public health [1-3].
Despite many therapeutic targets and anticancer drugs dis-
covered and developed, clinical anticancer outcomes are still
far from satisfactory [4-8]. The reasons for such a situation
are rather complicated. Among them, the existence of cancer
stem cells (CSCs) has been recognized as a primary factor
contributing to therapeutic resistance and tumor recurrence [9].
Accounting for only small populations of tumor tissues, CSCs

with unique self-renewal capability and multi-differentiation
potential have been identified as the ringleaders of drug resis-
tance and tumor recurrence [10]. The discovery of CSCs was
reported in acute myeloid leukemia (AML) for the first time
[11]. Subsequently, considerable CSCs were widely found not
only in non-solid tumors but also in multifarious solid tumors,
including breast cancer, hepatic carcinoma, and glioblastoma
[12-14]. Particularly, breast cancer, as the most frequent cancer
type and the primary cause of cancer-related mortality among
women globally, continues to pose significant challenges in
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clinical treatment [15]. At present, chemotherapy remains one
of the principal clinical therapeutic approaches available for
breast cancer management [16]. However, despite the potent
killing effect on the bulky breast cancer cells, CSCs colonized in
breast tumor tissues are resistant to most chemotherapeutic drugs
[17]. Not only that, chemotherapeutic drugs such as docetaxel
(DTX) have been found to trigger the phenotypic transformation
from non-stem cancer cells to CSCs, dramatically aggravating
chemotherapy resistance and even leading to treatment failure
[18-20].

Given the important role in tumorigenesis and progression, CSCs
have received wide attention as an attractive target for cancer
treatment [21, 22]. So far, multiple anti-CSCs strategies have been
developed, including differentiation induction and destruction
approaches [23]. Numerous differentiation-inducing agents,
including all-trans retinoic acid (ATRA), have been reported to
efficiently reduce stemness by inducing differentiation of CSCs
[24]. However, many practical difficulties exist in inducing stem
cell differentiation in vivo, since CSCs are usually surrounded
by bulky cancer cells and immune cells, making it difficult for
differentiation-inducing drugs to easily reach the CSCs niches.
In addition to differentiation induction strategy, certain drugs
have been identified as potent agents against CSCs. Among
them, Weinberg et al. found and reported the potent anti-CSCs
activity of salinomycin (SAL) in 2009 [25]. Before that, SAL found
commercial application in poultry farming as an antibacterial
and anticoccidial agent [26]. SAL effectively eliminates CSCs by
intervention of CSCs-associated cellular signaling pathways (e.g.,
Wnt and MAPK pathways), sequestration of iron in lysosomes,
induction of DNA damage and endoplasmic reticulum (ER)
stress, and suppression of marker expression on CSCs [26,
27]. Clinical case results revealed that both SAL-involved
monotherapy and combination regimens exerted advanced
cancer regression [26]. However, despite potent anti-CSCs
activity, the undesirable properties of SAL still greatly hinder
its clinical application, such as low water solubility [28], poor
pharmacokinetics, and off-target differentiation inhibition on
normal mesenchymal stem cells [23, 29]. Moreover, SAL showed
much weaker cytotoxicity against normal cancer cells than most
chemotherapeutic drugs, which also makes it difficult to reach
the CSCs niches surrounded by bulky cancer cells and immune
cells in solid tumors [30, 31]. Given all this, it is necessary to devise
chemotherapy/anti-CSCs combination regimens to address the
twin challenges of inadequate antitumor effects of anti-CSCs
monotherapy and chemotherapy-induced tumor stemness
upregulation.

Feasible drug combination modalities depend heavily on favor-
able drug co-delivery performance, satisfactory synergistic effect,
and manageable off-target toxicity risks [32-34]. Over decades,
biomedical nanotechnology has greatly changed drug delivery
patterns by improving undesirable properties of drugs [2, 8,
35, 36], overcoming delivery barriers, and endowing drugs with
targeting and smart delivery characteristics [6, 35]. Significantly,
nanomedicines not only enrich drug delivery modalities for
a single drug [37, 38], but also provide versatile co-delivery
nanoplatforms for multimodal cancer therapy [32, 39]. However,
despite the huge potential of nanotherapeutics, carrier material-
based co-delivery nanomedicines face certain challenges in drug

co-loading and co-delivery in vivo [40, 41]. Particularly, owing
to the fact that there is a wide difference in affinity between
different drugs and carrier materials, co-encapsulation of two or
more drugs in traditional nanocarriers usually suffers from poor
co-loading performance, inconvenient dose ratio modulation,
premature drug leakage, desynchrony in co-delivery, and drug
release in the body [42]. Additionally, an expanding body of evi-
dence suggests that clinical translation of carrier material-based
nanomedicines is significantly hindered by the pharmaceutical
excipient availability of organic or inorganic carrier materials
[43]. In recent times, carrier-free nanomedicines formed through
the co-assembly of small molecules represent a prospective co-
delivery modality, offering unique benefits in terms of simple
fabrication processes [32], superior drug co-loading efficiency [8],
and synchronous co-delivery features [44]. Based on this dis-
tinct nanofabrication technology, we proposed that developing a
precisely hybrid nanomedicine co-assembled by a tumor stimuli-
activatable chemotherapeutic prodrug and an anti-CSCs drug
would not only achieve a cancer cells/CSCs double-killing effect,
but also significantly reduce toxicity risks of drug combinations
by virtue of tumor-specific prodrug activation and anti-CSCs drug
release.

To test our hypothesis, a nano-cocktail was fabricated through
precise nanoassembly of a redox-responsive dimeric prodrug
of docetaxel (DTX-SS-DTX, DSSD) and SAL (Figure 1). DSSD
was facilely synthesized by conjugating two DTX molecules via
the disulfide bond as a redox-responsive linkage, which can be
rapidly activated by the high intracellular glutathione (GSH)
concentrations in both tumor cells and CSCs [45]. We observed
that DSSD can readily co-assemble with SAL to form uniform
nanoassemblies (NAs) across broad molar ratios from 5:1 to
1:5, while its parent drug DTX exhibited poor nanoassembly
performance with SAL under the same conditions. Electrostatic
and hydrophobic forces were revealed to be the key drivers for
the co-assembly process of DSSD and SAL. The formulations were
optimized by comprehensively assessing the co-assembly perfor-
mance of NAs and the cooperativity index (CI) of DSSD and SAL
against 4T1 breast cancer cells. To enhance colloidal stability and
pharmacokinetic profiles, a minor amount of polyethylene glycol
(PEG) polymer (DSPE-PEG,;) was decorated on DSSD/SAL
NAs. The PEGylated nano-cocktail showed high DTX/SAL co-
loading efficacy, favorable colloidal stability, prolonged systemic
circulation, efficient site-specific accumulation in tumors, and
prodrug activation-gated on-demand release patterns of DTX
and SAL. Notably, SAL specifically enhanced the cytotoxic
effects of DTX towards cancer cells and CSCs but not that of
normal cells, displaying a selective chemotherapy enhancement
feature. As expected, such a one-stone-two-birds nano-cocktail
exerted efficient tumor stemness eradication and synergistic
tumor-killing effects in both xenograft and orthotopic 4T1 breast
cancer mouse models. More importantly, it showed good safety
owing to stimulus-triggered prodrug activation and site-specific
drug release from the nano-cocktail. As far as we know, this
represents the inaugural effort in developing a carrier-free nano-
cocktail on the basis of molecular nanoassembly of tumor
stimuli-activatable chemotherapeutic prodrugs and anti-CSCs
agents. This study provides a novel cancer cells/CSCs double-
killing paradigm with high efficiency and safety for synergistic
chemotherapy.
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FIGURE 1 | Schematic illustration of molecularly engineered one-stone-two-birds nano-cocktail for cancer cells/CSCs double-killing. The nano-
cocktail was precisely fabricated by a disulfide-bridged docetaxel (DTX) dimeric prodrug (DTX-SS-DTX, DSSD) and the potent anti-CSCs agent
salinomycin (SAL) based on the molecular nanoassembly technique. Following PEGylation modification, such a nano-cocktail enabled on-demand
prodrug activation and site-specific SAL release in response to GSH overproduction in cancer cells and CSCs rather than in normal cells with less GSH,
thereby realizing the synergistic eradication of cancer cells/CSCs in an efficient and safe manner.

2 | Results
2.1 | Synthesis of a Dimeric Prodrug of DTX

This project commenced with an attempt to address the dual
challenges of chemotherapy-induced tumor stemness evolution
and CSCs-mediated chemoresistance. In this case, the combina-
tion of chemotherapeutic drugs with anti-CSCs agents seemed to
be a feasible way out of this clinical dilemma. Nevertheless, the
toxicity risks would sharply increase in the case of intravenous
administration of two or more drugs in one dose, especially
with the involvement of cytotoxic chemotherapy drugs. Over
decades, the prodrug strategy has been extensively utilized to
enhance delivery efficiency and reduce drug toxicity [37]. Par-
ticularly, tumor-specific activation of prodrugs can be achieved
through inserting certain chemical linkages, such as disulfide and
thioether bonds, into the prodrug structure [45-47]. In the present
study, we first synthesized a dimeric prodrug (DTX-SS-DTX) by
conjugating two DTX molecules via a disulfide bond according to
the previously reported method (Figure S1) [48], abbreviated as
DSSD. Mass spectrometry (MS) and nuclear magnetic resonance
(NMR) spectroscopy, which includes both 'H NMR and *C NMR,
confirmed the successful synthesis of DSSD (Figure S2).

2.2 | Nanoassembly Performance and Synergistic
Effect of DSSD and SAL

As previously mentioned, we aimed to construct a hybrid
nanoassembly of chemotherapy drug/anti-CSCs agent to solve

the problems of chemotherapy-induced tumor stemness evo-
lution and CSCs-mediated chemoresistance. In preliminary
attempts, we observed that neither DSSD nor SAL was capable
of forming uniform nanoassemblies (NAs) through self-assembly
via a simple one-step nanoprecipitation technique. Interestingly,
DSSD was readily able to co-assemble with SAL to form NAs
under identical conditions without relying on any additional
excipients. Furthermore, it was worth noting that the molar
ratios of DSSD and SAL in NAs enabled precise adjustment over
a broad range from 5:1 to 1:5, demonstrating remarkable co-
assembly capability (Table S1). Significantly, we further found
that SAL, as an excellent anti-CSCs agent, exhibited a synergistic
antitumor effect with DSSD. As presented in Table S2, DSSD and
SAL showed excellent synergy effects at molar ratios of 5:1 to
1:5, as evidenced by cooperativity index (CI) values consistently
below 1. The most prominent synergistic cytotoxicity of DSSD and
SAL was observed when the molar proportion was 1:1, with the
smallest CI value of 0.294 (Table S2). Based on these findings,
the optimal DSSD/SAL molar ratio of 1:1 was selected to fabricate
dual-drug NAs for subsequent experimental studies.

2.3 | Elaborate Fabrication of a Molecularly
Assembled Nano-Cocktail

The bare DSSD/SAL NAs (named DS NAs) without any surface
modification were fabricated by the single-step nanoprecipitation
process with the molar ratio of 1:1 (Figure 2A,B). To enhance
the colloidal stability and pharmacokinetic profiles, a minor
proportion of DSPE-PEG,y was employed as a PEGylation
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FIGURE 2 | Preparation and characterization of a carrier-free nano-cocktail. (A) The chemical structures of DSSD and SAL. (B) Diagrammatic
illustration of the procedure for the co-assembly of DSSD/SAL NAs. (C,D) Size distribution and TEM images of DS NAs and PDS NAs. Scale bar represents
100 nm. (E) Stability evaluation of DS NAs and PDS NAs in PBS (pH 7.4) (n = 3). (F) Molecular docking simulation illustrating the molecular interactions
involved in the co-assembly of DSSD and SAL. (G) Particle size variation of DS NAs after incubation with NaCl, SDS, and urea (n = 3). (H) Release profiles
of DTX from PDS NAs with varying DTT concentrations in release medium (n = 3). Data represented as mean + SD.

modifier to fabricate PEGylated co-assemblies. For the purpose
of optimizing the ratio of DSPE-PEG,, varying amounts
of DSPE-PEG,; were used in the preparation of PEGylated
DSSD/SAL NAs. Based on comprehensive evaluations involving
particle diameter, zeta potential, and polydispersity index
(PDI), we found that 20 wt% DSPE-PEG,y was optimal for
fabricating the PEGylated DSSD/SAL NAs, designated as PDS
NAs (Figure 2A,B; Table S3). It is crucial to note that the PDS NAs
exhibited remarkable drug-loading efficiency, achieving 50% for
DTX and 23% for SAL (Table S4). The particle sizes of DS NAs and
PDS NAs were =121 and 82 nm, corresponding to the negative
zeta potentials of ~#—25 and —30 mV, respectively (Figure 2C,D;
Figure S3). Notably, the particle size of DSSD/SAL NAs exhibited
a significant reduction following modification with DSPE-PEG,
suggesting the stabilizing effect of PEGylation on DSSD/SAL NAs
with a more compact nanostructure (Figure 2C,D). Moreover,
both DS NAs and PDS NAs exhibited a regular spherical
morphology according to the images of transmission electron
microscopy (TEM) shown in Figure 2C,D.

We proceeded to examine the stability of DS NAs and PDS
NAs through incubation in phosphate-buffered saline (PBS,
pH 7.4) at 37°C. The particle size of PDS NAs remained almost
constant throughout the incubation period, whereas DS NAs

displayed poor colloidal stability with a sharp particle size
increase under identical experimental conditions, as illustrated
in Figure 2E. Moreover, PDS NAs also showed excellent stability
when stored in PBS (pH 7.4) containing 10% serum over 12 h
(Figure S4) and at a temperature of 4°C for one month (Figure
S5). Additionally, PDS NAs could be readily lyophilized for
long-term storage. As shown in Figure S6, the lyophilized
PDS NAs displayed favorable stability and dispersibility upon
reconstitution with minimal changes in particle size and
retention of their spherical morphology. These results suggested
that PEGylation modification endowed PDS NAs with excellent
stability, which would in turn be advantageous for extending the
systemic circulation duration of NAs. As such, we successfully
fabricated a nano-cocktail based on the molecular prodrug/drug
nanoassembly modality, which was expected to effectively
respond to the dilemma of tumor stemness and chemoresistance
through simultaneously killing cancer cells and CSCs.

2.4 | Insight Into the Co-Assembly Mechanism of
Nano-Cocktail

Furthermore, we conducted preliminary investigations into the
mechanisms involved in co-assembly between DSSD and SAL.
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Molecular docking simulation methods were utilized for the
clarification of the driving forces underlying the nanoassembly
process. As illustrated in Figure 2F, electrostatic interactions
and hydrophobic forces were determined to be the predominant
intermolecular interactions driving the formation of DSSD/SAL
nanoassembly. To further verify this, three frequently used
intermolecular force disruptive agents (sodium chloride [NaCl],
sodium dodecyl sulfate [SDS], and urea) were added to the hybrid
NAs to destroy the electrostatic interactions, hydrophobic effects,
and hydrogen bonds between DSSD and SAL, respectively. As
illustrated in Figure 2G, the nanostructure of DS NAs remained
stable even in the presence of urea, which revealed that hydrogen-
bonding interactions had a negligible impact on NAs formation.
In stark contrast, the particle size of DS NAs increased conspicu-
ously within a short period after incubation with NaCl and SDS.
These findings aligned with the molecular docking simulation
results, further substantiating the crucial roles of electrostatic
interactions and hydrophobic forces in the co-assembly process.

2.5 | Reduction-Responsive Prodrug Activation
and Nanoassembly Collapse

Successful nanoassembly and favorable performance of the
nano-cocktail prompted us to further investigate its reduction-
responsive prodrug activation and nanoassembly collapse. First,
release media containing serial concentrations of dithiothreitol
(DTT, a prevalent analogue of GSH) were employed for the
evaluation of in vitro release profiles of DTX. As illustrated
in Figure 2H, PDS NAs showed concentration-dependent DTX
release behaviors in the presence of DTT. Remarkably, approxi-
mately 90% of DTX was released within 2 h triggered by DTT (5
mM). In contrast, there is very little DTX released from PDS NAs
in the absence of DTT. Reduction-responsive prodrug activation
and DTX release from the nano-cocktail would certainly benefit
from reducing or even avoiding premature drug leakage and
off-target toxicity associated with the DTX/SAL combination.
Moreover, we also observed a sharp increase in the particle
size of PDS NAs along with nanoassembly collapse triggered by
DTT (Figure S7). Regrettably, owing to the serious interference
of DSSD with the quantitative method of SAL, we failed to
accurately assess the release characteristics of SAL from the
nano-cocktail. Still, tumor-specific nanoassembly collapse caused
by reduction-responsive prodrug activation would certainly trig-
ger rapid SAL release from the nano-cocktail. Given the high
GSH levels in both tumor cells and CSCs, the nano-cocktail
was expected to achieve site-specific prodrug activation-initiated
drug release at tumor sites, thereby realizing cancer cells/CSCs
double-killing in an efficient and safe manner.

2.6 | Cellular Uptake

Cellular internalization is of great significance to antitumor
potency of nanomedicines. We next evaluated the cellular uptake
behavior of nano-cocktail with the aid of confocal laser scanning
microscopy (CLSM). Coumarin-6 (C-6)-labeled NAs (named C-
6/PDS NAs) were prepared to probe the cellular uptake capacity.
The fluorescence intensity showed a time-dependent increase
in 4T1 cancer cells following treatment with both C-6 Sol and

C-6/PDS NAs from 0.5 to 2 h (Figure 3A,B). Significantly, at
equivalent concentrations of C-6, the cellular fluorescent signals
of C-6/PDS NAs consistently exhibited stronger intensity than
those of C-6 Sol at both 0.5 and 2 h. Moreover, the quantitative
data derived from flow cytometry provided further confirmation
of the superior cellular uptake efficiency of C-6/PDS NAs com-
pared to C-6 Sol under the same conditions (Figure 3C,D). High
cellular uptake efficiency of NAs should be ascribed to specific
endocytosis-mediated internalization mechanisms of nanopar-
ticles [38, 49]. These findings indicated that the nano-cocktail
demonstrated higher cellular uptake efficacy in comparison with
the free drug solution.

2.7 | Synergistic Cytotoxicity In Vitro

Encouraged by the outstanding colloidal stability, prodrug activa-
tion, and cellular uptake features of the nano-cocktail, we further
explored its synergistic cytotoxicity using MTT assays. We first
evaluated cell viability after treatment with various free drugs and
PDS NAs in 4T1 and MCF-7 cancer cells, which are derived from
different sources of breast cancer. As illustrated in Figure 3E,F,
despite the weak antiproliferative effect of SAL, drug combination
groups (DS Sol and PDS NAs) exhibited stronger cytotoxicity
against both 4T1 and MCF-7 cancer cells when compared to
DSSD. This was consistent with the previous data (Table S2),
further confirming the synergy effect of DSSD and SAL. Notably,
the DSSD/SAL mixture (DS Sol) showed inferior cytotoxicity
when compared to DTX Sol, which should be a consequence of
the delayed release of active DTX from DSSD. By contrast, PDS
NAs not only demonstrated much stronger cytotoxicity than that
of DS Sol, but even slightly better than the parent drug DTX at
high drug concentrations (Figure 3E,F). The in vitro antitumor
superiority of PDS NAs over DS Sol can be ascribed to more
effective and synchronous cellular uptake of DSSD and SAL after
formulating them into a carrier-free hybrid nanomedicine. More
importantly, the comparable cytotoxicity of PDS NAs with DTX
Sol suggested that rational design of a redox-responsive dimeric
prodrug and co-assembly with SAL did not significantly reduce
antineoplastic activity on the basis of safety. Following the various
treatments, apoptosis was detected in 4T1 cancer cells using the
Annexin V-FITC and PI dual-staining method. As illustrated in
Figure 3G,H, PDS NAs elicited extensive tumor cell apoptosis,
which was in agreement with the findings obtained from the MTT
test (Figure 3E).

Furthermore, we expected that the wide disparity in redox
stimuli between tumor cells and normal cells would result in
minimal off-target toxicity risk to the nano-cocktail. Human
hepatocytes (L02) and mouse fibroblast (3T3) cells were utilized
for further investigation of cytotoxicity toward normal cells. As
shown in Figures S8-S10, DTX Sol still showed potent killing
effects against two kinds of normal cells. In contrast, all the
DSSD-containing formulations (DSSD Sol, DS Sol, and PDS NAs)
exhibited negligible cytotoxicity against both L02 cells and 3T3
cells under identical conditions (Figures S8-S10). These outcomes
well validated the feasibility and superiority of dimeric prodrug
design in increasing tumor-specific antineoplastic effects and
decreasing off-target toxicity.
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FIGURE 3 | Cellular uptake and synergistic cytotoxicity of nano-cocktail. (A,B) Cellular uptake images of C-6 and C-6/PDS NAs in 4T1 cancer cells.
Scale bar represents 10 um. (C) Evaluation of cellular uptake using flow cytometry in 4T1 cancer cells and (D) quantification at 0.5 and 2 h (n = 3). (E)
The cytotoxicity on 4T1 cancer cells following various treatments (n = 3). (F) Cytotoxic effects of different formulations against MCF-7 cancer cells (n =

3). (G) Apoptosis analysis in 4T1 cancer cells after various treatments. (H) Quantitative assessment of apoptotic cells in 4T1 cancer cells (n = 3). Data are

given as mean + SD. p values: **p < 0.01, ***p < 0.001, ns means no significance.

2.8 | Anti-CSCs Efficacy In Vitro

As previously mentioned, our objective was to develop a nano-
cocktail with a dual-killing mechanism capable of effectively
eradicating both cancer cells and CSCs, thus providing a compre-
hensive coping strategy for chemotherapy-induced tumor stem-
ness evolution and CSCs-mediated chemoresistance. The above
data provided compelling evidence supporting the synergistic
enhancement of tumor-specific cytotoxicity by incorporating
SAL into the nano-cocktail. To further validate our design, we
prioritized investigating the impact of SAL against breast cancer
stem cells (BCSCs) in 4T1 cancer cells. Following SAL treatment,

a notable decrease in the proportion of CD133* CSCs and
CD44*CD24~ CSCs was observed in 4T1 cancer cells compared to
the untreated group, suggesting that SAL exhibited pronounced
efficacy in eliminating CSCs (Figure S11).

On the basis of these findings, we promptly explored the anti-
CSCs potential of the nano-cocktail (PDS NAs). Specifically,
a CSC-enriched 3D mammosphere model was established
from 4T1 cancer cells using the serum-free suspension culture
method, as shown in Figure 4A. Afterward, the characteristic
surface markers CD133* and CD44*CD24~ were used to identify
BCSCs in 3D-cultured 4T1 mammospheres. According to the flow
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In vitro anti-CSCs efficacy of the nano-cocktail. (A) The process of enriching BCSC spheres derived from 4T1 cancer cells.

(B) Representative flow cytometry images of CD133*-identified CSCs following different treatments. (C) The proportion of CD133* CSCs in 4T1
mammospheres exposed to different formulations (n = 3). (D) Representative images of flow cytometry analysis for the CD44+CD24~ -identified CSCs.
(E) Quantification of CD44"CD24~ CSCs after various treatments. (n = 3). p values: *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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cytometry results (Figure S12), it was observed that the proportion
of CD133* and CD447CD24- CSCs in 3D mammospheres
accounted for 12.08 + 0.67% and 35.90 + 1.80%, respectively, which
were much higher than those derived from 2D cultured adherent
4T1 cancer cells (3.57 + 0.27% and 5.44 + 0.21%, respectively).
This revealed the successful enrichment of prototypical stem-like
cells and established a foundation for further experimental
investigations. A growing body of research suggested that
CSCs demonstrate an overexpression in GSH levels, which
conferred resistance to multiple therapeutic strategies [31]. Prior
to investigating the anti-CSCs effect, we assessed the GSH levels
in both tumor cells and CSCs. Higher GSH levels were observed
in CSCs compared to tumor cells (Figure S13), which would
undoubtedly contribute to the high-efficiency prodrug activation
and SAL release of nano-cocktail in CSCs.

Subsequently, flow cytometry analysis was carried out to evaluate
the ratio of CD133* CSCs and CD447CD24~ CSCs in 3D mam-
mospheres following treatment with various formulations. As
expected, all the SAL-containing formulations (SAL Sol, DS Sol,
and PDS NAs) obviously reduced the ratio of BCSCs (Figure 4B-
E). It was mentioned that the combined treatment groups (DS Sol
and PDS NAs) exhibited a lower percentage of CSCs compared
to mono-treatment with SAL Sol, highlighting that SAL not
only specifically enhanced the cytotoxicity of DTX against tumor
cells but also possessed a significant advantage in synergistically
killing CSCs. Moreover, the nano-cocktail (PDS NAs) exhibited
the best in vitro anti-CSCs efficacy among all groups, which can
be ascribed to its effective cellular internalization and DTX/SAL
co-release capacity. Notably, DTX Sol did not lead to a reduction
in the population of BCSCs, instead, it induced an increased
proportion of CD133* CSCs and CD44*CD24~ CSCs in contrast
to the untreated control group (Figure 4B-E). These findings
indicated that DTX not only failed to eliminate BCSCs but also
triggered the stemness evolution of tumor cells. By comparison,
DSSD Sol did not cause similar phenotypic plasticity, which indi-
cated that the prodrug strategy, to a certain degree, contributed
to the relief of chemotherapy-induced tumor stemness evolution.
Overall, these results substantiated our initial hypothesis that
such a nano-cocktail had the potential to address the dual
challenges of chemotherapy-induced tumor stemness evolution
and CSCs-mediated chemoresistance.

2.9 | Pharmacokinetics

The in vivo disposition fate certainly exerts a profound impact
on the drug delivery and ultimate therapeutic efficacy of NAs.
As previously discussed, PEGylation decoration was expected
to stabilize the nano-cocktail and prolong its blood circulation
time in vivo. In this section, our attention was directed toward
the pharmacokinetics of PDS NAs. Given that it is difficult to
establish an appropriate analytical method for the simultaneous
determination of DSSD, DTX, and SAL, a near-infrared (NIR)
fluorescent dye (DiR) was utilized to label the nano-cocktail,
defined as DiR/PDS NAs. We next assessed the pharmacokinetic
characteristics of DiR Sol and DiR/PDS NAs by monitoring the
plasma fluorescence intensity changes in Sprague-Dawley (SD)
rats post intravenous injections. The primary pharmacokinetic
metrics were computed and presented in Table S5. Following the
intravenous administration of DiR Sol, the fluorescence signal

exhibited rapid clearance as illustrated in Figure 5A. Conversely,
DiR/PDS NAs with a larger area under the concentration-time
profile (AUC,_,,,) exhibited distinct superiority in prolonging
blood circulation time over DiR Sol (Figure 5A; Table S5), which
should be attributed to the favorable colloidal stability endowed
by PEGylation modification. These results provided supportive
evidence that the PEGylated nano-cocktail markedly prolonged
the duration of systemic circulation in vivo, which would
undoubtedly be beneficial for the selective tumor accumulation
of NAs through the enhanced permeability and retention (EPR)
effect [31].

2.10 | Biodistribution

Subsequently, we continued our investigation to study the
biodistribution features of the nano-cocktail in mice bearing
subcutaneous 4T1 tumors. Similarly, DiR was applied to fab-
ricate fluorescently-labeled nano-cocktail (DiR/PDS NAs). The
intensity of DiR fluorescence in tumor tissues was monitored at
predetermined time intervals using an in vivo imaging system
(IVIS). As depicted in Figure 5B,C, DiR/PDS NAs exhibited an
obviously enhanced fluorescence signal at tumor sites within
24 h than that of DiR Sol. Moreover, the peak accumulation in
tumors was detected at 12 h. Such results could be attributed
to the distinct advantages demonstrated by PDS NAs in terms
of colloidal stability (Figure 2E) and pharmacokinetic behavior
(Figure 5A). 24 h after injection, the mice were euthanized, and
their main organs, along with tumor tissues, were collected for
fluorescent imaging and semi-quantitative analysis. As illustrated
in Figure 5D,E, high tumor accumulation of DiR was observed in
the mice receiving DiR/PDS NAs, aligning well with the results
derived from in vivo imaging analysis.

2.11 | Synergistic Antitumor Activity

Motivated by the favorable drug delivery performance and
effective tumor accumulation capacity of the nano-cocktail,
we conducted further investigations to explore its synergistic
antitumor activity in mice bearing 4T1 xenograft tumors. Once
the tumors grew to around 100 mm?, we randomized the mice
into six groups (five mice per group) and respectively treated
them with saline, SAL Sol, DSSD Sol, DS Sol, DTX Sol, and PDS
NAs. The experimental protocol was illustrated in Figure 6A,
wherein various formulations were given intravenously to 4T1
tumor-bearing mice on alternate days, totaling five injections,
with each dose corresponding to 5 mg/kg of DTX. Additionally,
the body weight and tumor size of each mouse were monitored
and documented on a daily basis throughout the entire treatment
process.

As illustrated in Figure 6B-D and Figures S14-S16, monotherapy
with SAL and DSSD exhibited inferior antitumor efficacy, which
might be attributed to their inefficient cytotoxicity and inade-
quate tumor accumulation. Moreover, the DSSD/SAL mixture
(DS Sol) demonstrated enhanced antitumor efficacy relative
to that of SAL Sol and DSSD Sol, indicating the synergistic
antitumor potential of the DSSD/SAL combination. As expected,
the nano-cocktail (PDS NAs) exhibited the most pronounced
inhibitory impact on tumor growth among all groups throughout
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FIGURE 5 | The pharmacokinetic and biodistribution of nano-cocktail. (A) The pharmacokinetic profiles of DiR Sol and DiR/PDS NAs following
intravenous injection in SD rats (n = 6). (B) Living images of subcutaneous 4T1 tumor-bearing mice after DiR Sol and DiR/PDS NAs treatments. (C)
Average radiant efficiency of tumor site at various time points (n = 3). (D) Ex vivo fluorescence imaging of main organs and tumors from mice treated

with DiR Sol and DiR/PDS NAs at 24 h post-injection. (E) Semi-quantitative fluorescent analysis in major organs and tumors post-injection at 24 h (n =

3). Data are presented as mean + SD. p values: ****p < 0.0001.

the entire treatment period, with the highest tumor inhibitory
rate (Figure S16) and lowest tumor burden (Figure 6D). Besides,
the PDS NAs group demonstrated a significantly increased
ratio of necrosis, reduced cell proliferation indicated by Ki67-
positive cells, and elevated degrees of apoptosis in TUNEL assays
compared to the other groups (Figure 6E). Notably, DTX Sol also
displayed potent antitumor activity at the same dose, while it
was accompanied by a sharp body weight loss (Figure S17). Fur-
thermore, the mice treated with SAL Sol and DS Sol also caused
body weight reduction, hepatotoxicity, and pulmonary toxicity
(Figure 6F; Figures S17 and S18) in comparison to the saline group.
By contrast, PDS NAs exhibited potent antitumor effectiveness
along with favorable therapeutic safety. Additionally, the nano-
cocktail was effective in mitigating hemolytic toxicity associated
with SAL (Figure S19). Taking these results together, such a nano-
cocktail, precisely engineered through molecular co-assembly of
a DTX dimer and SAL, demonstrated considerable potential for
development into a promising anticancer nanomedicine with
high therapeutic efficiency and safety.

Encouraged by the promising synergistic antitumor outcomes
of the nano-cocktail, we further investigated the eradication
efficiency of CSCs in vivo. Initially, flow cytometry was performed
using two well-established strategies associated with BCSC phe-
notypes, including CD133* and CD44*CD24-. As shown in
Figure 6G,H, and Figures S20 and S21, SAL Sol and DS Sol
exhibited limited efficacy in inhibiting CSCs owing to their rapid
clearance rate and less tumor accumulation in vivo. In contrast,
the PDS NAs group demonstrated the most potent anti-CSCs
effect with the lowest percentage of CSCs as a result of the
synergistically enhanced anti-CSCs capacity of SAL. Note that

the mice treated with DTX led to a significant increase in CSCs,
reflecting that chemotherapy alone not only failed to eliminate
highly resistant CSCs, but also enhanced their stemness-related
properties. To validate the excellent performance of nano-cocktail
in eradicating CSCs, we proceeded to perform immunofluores-
cent staining to assess the expression levels of three core CSC
pluripotency factors (Sox2, Oct4, and Nanog) in tumor tissues.
Consistently, PDS NAs exhibited a significant downregulation
of pluripotency factors associated with CSCs among all groups
(Figure S22). The collective data presented above demonstrated
that the nano-cocktail held great potential for eradicating CSCs
and effectively counteracting the chemotherapy-induced tumor
stemness upregulation through incorporating SAL.

These favorable therapeutic outcomes provided us with a strong
motivation to further validate the synergistic antitumor response
and CSCs elimination effect of the nano-cocktail in the orthotopic
4T1 tumor model. For this purpose, we established a mouse
model bearing an orthotopic 4T1 tumor, known for its higher
malignancy compared to xenograft tumors, and implemented
a similar treatment schedule as depicted in Figure 7A. Based
on the results from the analysis of tumor volume (Figure 7B;
Figure S23), excised tumor image (Figure 7C), and tumor weight
(Figure 7D), it could be observed that the nano-cocktail (PDS
NAs) exhibited superior in vivo antitumor efficacy compared
to all other experimental groups. This conclusion was further
substantiated by the outcomes related to tumor volume and
weight inhibition rate as well as tumor burden (Figure 7E-G).
Moreover, the remarkable antitumor efficacy of PDS NAs was also
confirmed through H&E and TUNEL staining analysis (Figure
S24). From the body weight curve, only the mice treated with
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FIGURE 6 | Invivo antitumor activity of the nano-cocktail in mice bearing 4T1 xenograft tumors. (A) Diagram of the establishment and treatment
scheme. (B) Tumor growth curves following different treatments (n = 5). (C) Tumor weight at the completion of treatment (n = 5). (D) Tumor burden
of mice following various treatments (n = 5). (E) Images of H&E, Ki67, and TUNEL staining on tumor slices following different therapies. Scale bar
represents 50 um. (F) Parameters of the hepatorenal function following the last treatment (n = 3). (G) Proportion of CSCs detected using the CD133
surface marker (n = 4). (H) Proportion of CSCs identified by CD44 and CD24 surface markers (n = 4). Data represented as mean + SD. p values: *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns means no significance.
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FIGURE 7 | Invivoantitumor efficacy of the nano-cocktail in mice bearing orthotopic 4T1 tumors. (A) Diagrammatic representation of therapeutic

process. (B) Tumor growth curves following different treatments (n = 5). (C) Tumor images after the last treatment (n = 5). (D) Tumor weight following
the completion of treatment (n = 5). (E,F) The inhibition rate of tumor volume and weight across different groups (n = 5). (G) Tumor burden following
the final treatment (n = 5). (H) Body weight alterations throughout the treatment period (n = 5). (I) Percentage of CD133* CSCs in tumor tissues (n =
4). (J) Proportion of CSCs characterized as CD44*CD24" in tumor tissues (n = 4). (K) Immunofluorescence-stained images of the tumor sections with
three CSC pluripotency factors (Sox2, Oct4, and Nanog). Scale bar represents 50 um. Data shown as mean + SD. p values: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, ns indicates no significance.
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DTX Sol, SAL Sol, and DS Sol exhibited weight loss, indicating
the favorable therapeutic safety of PDS NAs (Figure 5H). Further-
more, serum biochemical analysis (Figure S25) and H&E staining
sections of major organs (Figure S26) provide additional evidence
supporting the excellent biocompatibility of PDS NAs. We next
determined the quantities of CSCs in tumor tissues following
treatment with various formulations. Our findings demonstrated
that PDS NAs conspicuously decreased the population of CD133*
CSCs and CD44*CD24~ CSCs (Figure 71,J; Figures S27 and S28),
and also downregulated the expression of CSC pluripotency
factors within tumors. Together, these data were in accordance
with the evaluation outcomes from the 4T1 xenograft tumor
model, highlighting the exceptional potency of the nano-cocktail
in eradicating CSCs, thereby amplifying its antitumor effects.

3 | Discussion

Revealing the underlying mechanisms behind therapy resistance
has enabled CSCs to be an important therapeutic target for inter-
vention in cancer treatment [50]. Despite constituting a small
subset within tumors, CSCs possess multiple resistance mech-
anisms against conventional chemotherapeutic agents [13, 17].
Furthermore, chemotherapy acts as a selective stimulus to induce
phenotypic changes of non-stem cancer cells, resulting in the
enrichment of drug-resistant CSCs and consequently mediating
tumor regeneration and metastasis [20]. Therefore, it is critical to
devise precise strategies for effectively eradicating CSCs in order
to advance cancer therapy. Here, we designed a carrier-free nano-
cocktail based on molecular nanoassembly of a redox-responsive
dimeric prodrug and an anti-CSCs agent, enabling simultaneous
eradication of both cancer cells and CSCs in an efficient and
safe manner. We initially synthesized a dimeric prodrug of
DTX by conjugating two DTX molecules together through the
disulfide bond as a redox-responsive linkage. Furthermore, SAL
was strategically selected as the second component in the nano-
cocktail owing to its widespread recognition as a promising
anti-CSCs agent. Interestingly, the dimeric prodrug was able to
easily co-assemble with SAL to form stable NAs without requiring
extra carrier materials. Meanwhile, a minor proportion of DSPE-
PEG,x (20 wt%) was used for surface decoration to enhance
the colloidal stability and pharmacokinetic behavior of NAs. It
was worth mentioning that the intermolecular forces between
DSSD and SAL were responsible for driving the nano-cocktail
formation, where DSPE-PEG,y only played a crucial role as a
PEGylation modifier in the co-assembly process, rather than
serving as a carrier material. Benefiting from the distinct advan-
tages of prodrug strategy and co-precipitation nanotechnology,
PDS NAs demonstrated exceptional performance in terms of
co-loading efficiency and co-release behavior. In particular, the
nano-cocktail enabled on-demand prodrug activation and site-
specific drug release under conditions of GSH overexpression
in tumor cells and CSCs, effectively circumventing the risk of
off-target superposition toxicity associated with the DTX/SAL
combination. More importantly, the integration of SAL within
the nanosystem not only significantly reduced the proportion of
CSCs, but also synergistically enhanced the selective toxicity of
DTX towards both tumor cells and CSCs.

Formulating DSSD and SAL as a “two-in-one” nano-cocktail
significantly enhanced the capacity of synchronous co-delivery,

tumor-specific accumulation, and synergistic tumor eradication
with cancer cells/CSCs double-killing modality. The surface
modification of DSSD/SAL NAs with DSPE-PEG, resulted in
extended systemic circulation time and increased tumor-site
specific accumulation, laying a solid foundation for the imple-
mentation of an antitumor strategy with high efficiency and
safety. Precise co-delivery of DSSD and SAL exhibited potential
as a double-killing therapeutic strategy to effectively eliminate
cancer cells and CSCs, so as to counter the limitations of
insufficient anti-CSCs monotherapy efficacy and chemotherapy-
induced tumor stemness upregulation. The in vivo antitumor
results obtained from both xenograft and orthotopic 4T1 breast
cancer mouse models suggested the potency of nano-cocktail in
synergistically suppressing tumor growth and efficiently reducing
tumor stemness. Furthermore, the safety assessment revealed
that PDS NAs were successful in evading body weight reduction,
hepatic function impairment, and pathological tissue changes
induced by the DTX/SAL combination throughout the entire
therapeutic duration. The favorable treatment safety of PDS NAs
could be ascribed to its unique characteristics of on-demand pro-
drug activation and site-specific drug co-release within the tumor.
The nano-cocktail fabricated by the molecular prodrug/drug
nanoassembly strategy with a dual-killing mechanism capable
of simultaneously eradicating a substantial number of tumor
cells and drug-resistant CSCs, has great promise as a synergistic
chemotherapy modality towards clinical breast cancer therapy.

4 | Conclusion

In summary, we successfully developed a one-stone-two-birds
nano-cocktail by exploiting a prodrug strategy and molecular
nanoassembly technique to realize synergistic eradication of can-
cer cells/stem cells. The small nano-cocktail offered a powerful
tool to simultaneously deal with the challenges of chemotherapy-
induced tumor stemness evolution and CSCs-mediated chemore-
sistance. Furthermore, it has achieved remarkable efficacy in
suppressing tumor stemness and exerting synergistic antitumor
effects in both xenograft and orthotopic 4T1 breast cancer
mouse models. We demonstrated that the nano-cocktail not only
elicited robust breast cancer cell death through SAL-synergizing
chemotherapy with DSSD, but also dramatically reduced the
proportion of BCSCs in tumors. More importantly, the off-target
superposition toxicity of drug combinations can be avoided
by on-demand prodrug activation and site-specific SAL release
from PDS NAs. As expected, the nano-cocktail strategy achieved
robust therapeutic activity against breast tumor-bearing mice
with reduced systemic toxicity. This study presents a simple
and feasible paradigm for the rational design of synergistic
chemotherapy nanomedicines with high efficacy and safety.

In the future, such a nano-cocktail is expected to provide a
more effective solution for clinical cancer treatment, potentially
realizing breast cancer eradication by simultaneously eliminating
cancer cells and CSCs. Particularly, the precise depletion of CSCs
would make a significant contribution to reducing the recurrence
of breast cancer. However, despite the fact that the clinical
translation of carrier-free nanomedicines is not constrained by
the difficulties associated with the development of new carrier
materials into pharmaceutical excipients, the clinical application
of the nano-cocktail still faces some practical challenges. On the
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one hand, tumor heterogeneity remains a major challenge for
the clinical translation of most nanomedicines, especially those
stimuli-responsive nanosystems. Tumor heterogeneity may not
only lead to differences in the activation efficiency of prodrugs
but also affect the synergistic efficacy of two drugs. On the
other hand, the difference between animal models and human
beings represents another major challenge impeding the clinical
translation of nanomedicines. Looking ahead, the synergy and
safety of the nano-cocktails need to be further verified in large
animals, including primates. Obviously, the clinical translation of
such a uniquely engineered nano-cocktail still has a long way to
go. We will persist in our efforts to advance its clinical translation
with the hope that it will truly benefit cancer patients in the near
future.

5 | Methods
5.1 | Materials

SAL was sourced from Aladdin Biochemical Technology
Co. Ltd. (Shanghai, China). DTX, DiR, dithiothreitol (DTT),
cell culture medium, Hoechst 33342, and 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were
procured from Meilun Biotech Co. Ltd. (Dalian, China). The
flow cytometry antibodies were provided by BioLegend, Inc.
(USA). The Annexin V-FITC/PI Apoptosis Kit was purchased
from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG,;) was
obtained from A.V.T. Pharmaceutical Co., Ltd. (Shanghai,
China). 4,4’-Dithiodibutyric acid was purchased from TCI
(Shanghai) Development Co. Ltd. (Shanghai, China). 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDCI) and 4-dimethylaminopyridine (DMAP) were supplied by
Energy Chemical (Shanghai, China). Ultra-low attachment 6-well
plates were acquired from Corning (Sigma-Aldrich, American).
All solvents and reagents employed were of analytical or
high-performance liquid chromatography (HPLC) grade.

5.2 | Cell Culture

4T1 mouse breast cancer cells, MCF-7 human breast cancer cells,
and 3T3 mouse embryonic fibroblast cells were acquired from the
Cell Bank of Chinese Academy of Sciences (Shanghai, China),
L02 human normal liver cells were purchased from the Cell Bank
of Chinese Academy of Sciences (Beijing, China). 4T1 cancer cells
and L02 cells were cultured in RPMI-1640 medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
solution. MCF-7 cancer cells were cultivated in DMEM, whereas
3T3 cells were maintained in DMEM/F12 medium. Both media
contained the aforementioned supplements. Meanwhile, all cell
lines were maintained at 37°C with 5% CO2.

5.3 | Animals

All animals were sourced from Changsheng Biotechnology Co.,
Ltd. (Shenyang, China). Male Sprague-Dawley (SD) rats weigh-
ing 180-220 g were used for the pharmacokinetic study, while

female BALB/c mice weighing 18-22 g were utilized for the
pharmacodynamic study.

5.4 | Synthesis of a Dimeric Prodrug of DTX

DTX (0.4 mmol) and 4,4’-dithiodibutyric acid (0.2 mmol) were
dissolved in dichloromethane (CH,Cl,). Subsequently, EDCI (0.8
mmol) and DMAP (0.04 mmol) were sequentially added to the
reaction mixture. After stirring for 1 h at 25°C, additional EDCI
(0.4 mmol) and DMAP (0.04 mmol) were introduced, and the
reaction was permitted to proceed for another 24 h under identical
conditions [48]. Purification of the reaction product was achieved
via a preparative liquid chromatography system, which yielded
DSSD at a rate of 32.6%. To assess the purity of the prodrug,
a reverse-phase HPLC system was employed. The structure of
prodrug was verified using MS, 'H NMR, and *C NMR.

5.5 | Investigation of the Optimal Synergistic
Dosage Proportion of DSSD and SAL

We initially prepared DSSD/SAL hybrid nanoassemblies (NAs)
through the one-step nanoprecipitation method in order to
explore the ideal dosage ratio between DSSD and SAL. Specif-
ically, we separately solubilized DSSD and SAL in a mixture
of anhydrous ethanol and tetrahydrofuran, resulting in each
solution at a concentration of 5 mg mL~. The DSSD/SAL mixture
was subsequently added dropwise to deionized water (2 mL) at
molar ratios of 5:1, 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4, and 1:5, and stirred
at 1500 rpm for 2 min to prepare bare DSSD/SAL NAs. Under a
vacuum, the organic reagents within the system were eliminated
at a temperature of 34°C, after which the preparation volume was
readjusted to 2 mL.

Moreover, the synergistic effects of DSSD and SAL on tumor cells
were evaluated through the MTT assay. Briefly, 4T1 cancer cells (2
x 10 cells/well) were seeded into 96-well plates and cultured until
adherent. The initial medium was replaced with fresh medium
supplemented with varying concentrations of DSSD and SAL at
molar ratios that ranged from 5:1 to 1:5, respectively. After 48 h
of incubation, each well received an addition of MTT solution
(20 uL), followed by an additional 4 h incubation. Afterwards,
the liquid in the wells was carefully removed and replaced with
dimethyl sulfoxide (DMSO, 200 uL) for the dissolution of formed
formazan crystals. Finally, cell viability was determined at 490
nm utilizing a microplate reader (Thermo Scientific, USA). The
cooperativity index (CI) was computed to evaluate the synergistic
effect between DSSD and SAL. It was calculated as follows:

CI = A X IC,, (DSSD/SAL) /ICs, (DSSD)

+ B x IC4, (DSSD/SAL) /ICs, (SAL)

where “A” and “B” represented the dosage proportion of DSSD
and SAL when DSSD and SAL were treated collectively; ICs,
(DSSD) or ICs, (SAL) indicated the calculated ICs, upon treat-
ment of cells with DSSD or SAL, respectively; ICy, (DSSD/SAL)
referred to the calculated IC5, when DSSD was combined with
SAL at different molar ratios. The results could be categorized as
antagonistic (CI > 1), additive (CI = 1), and synergistic (CI < 1)
effects.
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5.6 | Preparation and Characterization of
DSSD/SAL NAs

We fabricated the optimal DSSD/SAL NAs (DS NAs) utilizing the
one-step nanoprecipitation technique at a 1:1 molar ratio. Fur-
thermore, the PEGylated NAs were prepared with the addition
of different concentrations of DSPE-PEG,x (10 wt%, 20 wt%, and
30 wt%). The formulation containing 20 wt% DSPE-PEG,x was
used for the final preparation of PEGylated DSSD/SAL NAs (PDS
NAs) via a similar preparation process. Particle diameter, zeta
potential, and PDI of both DS NAs and PDS NAs were measured
using a Zetasizer (Nano ZS, Malvern Co., UK). Additionally, the
morphologies of NAs were visualized through TEM (Hitachi,
HT?7700, Japan) after staining with 2% phosphotungstic acid. The
drugloading (DL) rates of DS NAs and PDS NAs were determined
as follows (1)—(4):

DLprx of DS NAS = mpgsp X Mprx X 2/Mpssp/ (Mpssp + Msar)

X 100% (1)
DLg,, of DS NAs = mgu 1/ (Mpgsp + Mgar) X 100% 2

DLy of PDS NAs = 0.8 X Mpgsp X Mpyrx

X 2/Mpssp/ (Mpssp + Msar) X 100%  (3)

DLg,; of PDS NAs = 0.8 X mgar / (Mpssp + Msar) X 100%  (4)

where myggp, is the total mass of DSSD in the formulation, mg,;,
is the total mass of SAL in the formulation, My is the molecular
weight of DTX, Myygqp is the molecular weight of DSSD, and Mg,
is the molecular weight of SAL.

5.7 | Colloidal Stability

The stability of the NAs was evaluated by measuring particle
size variations. Specifically, both DS NAs and PDS NAs were
incubated at a concentration of 0.5 mg mL™ in PBS (pH 7.4)
for 12 h at 37°C. Particle diameters were measured at 0, 0.5, 1,
2, 4, 6, 8, 10, and 12 h using a Zetasizer. Stability of PDS NAs
in PBS (pH 7.4) containing 10% FBS was further investigated
at various time intervals. Furthermore, we evaluated the long-
term storage stability of PDS NAs by storing them for 30 days
at 4°C. To examine the lyophilization stability of PDS NAs,
10% sucrose was used as a protective agent. The stability of
lyophilized samples was characterized by recording the variations
in particle diameter before and after lyophilization. Additionally,
the morphological characteristics of the freeze-dried PDS NAs
were evaluated through TEM.

5.8 | Exploration of Co-Assembly Mechanism of
DSSD and SAL

The co-assembly mechanism between DSSD and SAL was investi-
gated via molecular docking simulations conducted on the Yinfo
Cloud Platform. Using the compound structure preparation util-
ity, the 3D models of DSSD and SAL were initially generated and

then optimized through energy minimization in the MMFF94
force field. Afterward, small-molecule-small-molecule docking
was carried out with the AutoDock Vina program. A semi-flexible
docking approach was employed to obtain as many as nine output
conformations after an internal clustering process, allowing for a
detailed analysis of the interactions [29]. Furthermore, different
intermolecular interaction disruptors were used to co-incubate
with NAs in order to further explore the co-assembly driving
forces. Briefly, DS NAs were suspended in a solution containing
NaCl, SDS, and urea, with a concentration of 10 mM, then
incubated at 37°C for 12 h. The Zetasizer was used to determine
the particle diameter variations of the DS NAs.

5.9 | Reduction-Responsive Drug Release and
Nanoassembly Collapse

The DTX release profiles from PDS NAs were evaluated using a
medium composed of PBS (pH 7.4) with 30% anhydrous ethanol,
with DTT as the reduction-stimulus agent. Specifically, 1 mL of
PDS NAs was added to the release medium (30 mL) containing
varying concentrations of DTT (0, 1, 2, and 5 mM), and the
mixture was incubated at 37°C. At 1, 2, 4, 6, 8, and 12 h, 200
uL samples were taken out and immediately replaced with fresh
release medium. Quantification of the cumulative DTX release
from PDS NAs was performed using HPLC. Furthermore, PDS
NAs were incubated in a release medium containing 5 mM DTT.
Alterations in their morphology and particle size were monitored
utilizing TEM and Zetasizer.

5.10 | Cellular Uptake

4T1 cancer cells (5 x 10* cells/mL) were seeded onto glass
coverslips in 12-well plates. After a 24-h cultivation period, free
coumarin-6 solution (C-6 Sol) or C-6-labeled PDS NAs (C-6/PDS
NAs), both at 200 ng mL™! C-6 concentration, were added for
0.5 or 2 h. After washing the cells three times with cold PBS,
they were fixed using 4% paraformaldehyde, and the nuclei
were labeled with Hoechst 33342 for 10 min. The intracellular
fluorescence was observed by means of CLSM (C2, Nikon, Japan).
For evaluation by flow cytometry, 4T1 cancer cells (1 x 10°
cells/well) were plated into 12-well plates for 24 h. After being
treated with C-6 Sol or C-6/PDS NAs, the cells underwent
washing, harvesting, and resuspension in cold PBS for subsequent
quantitative evaluation. Untreated cells served as the control.

5.11 | Cytotoxicity Assay

To assess the in vitro antiproliferative efficacy of PDS NAs, the
MTT assay was conducted on two types of cancer cell lines (4T1
and MCF-7 cells) and two normal cell lines (L02 and 3T3 cells).
Briefly, 4T1 and MCF-7 cancer cells (2 x 10° cells per well) were
seeded into 96-well plates and allowed to adhere. Fresh media
consisting of different concentrations of SAL solution (SAL Sol),
DSSD solution (DSSD Sol), DSSD/SAL solution (DS Sol), DTX
solution (DTX Sol), and PDS NAs were subsequently added to
the cells. A negative control was established by culturing cells in
fresh blank medium. Cell viability was evaluated by MTT assay
following a 48-h culture period, as outlined in prior studies. In
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addition, the cytotoxic effects of SAL Sol, DSSD Sol, DS Sol, DTX
Sol, and PDS NAs towards normal cells were also assessed using
L02 and 3T3 cells through the same experimental procedure.

5.12 | Apoptosis Assay

4T1 cancer cells (1 x 10° cells per well) were plated in 12-
well plates and cultured overnight. Subsequently, the existing
medium was exchanged for a fresh medium that contained SAL
Sol, DSSD Sol, DS Sol, DTX Sol, and PDS NAs. After 24 h of
incubation, cell samples were collected by EDTA-free trypsin
digestion and labeled with Annexin V-FITC and PI following
the manufacturer’s protocol. Finally, flow cytometry was applied
to assess the apoptosis rate, followed by data analysis utilizing
FlowlJo software.

5.13 | Formation and Identification of CSCs

The serum-free suspension culture method was employed to
enrich CSCs. In brief, 4T1 cancer cells (1 x 10* cells/mL) were
introduced into 6-well ultralow attachment plates (Corning)
with DMEM/FI12 culture medium, supplemented with 1 x B27
supplement (Gibco), basic fibroblast growth factor (bFGF, 20
ng mL™), epidermal growth factor (EGF, 20 ng mL™), 0.4%
bovine serum albumin, insulin (5 ug mL™), and 1% penicillin-
streptomycin solution. In the absence of serum, the cells formed
3D mammospheres with a spherical structure. Half of the
medium in each well was replaced every 3-4 days with fresh
medium to partially refresh the environment. After 7-10 days of
culture, the CSCs-enriched 3D mammosphere model was suc-
cessfully established and subsequently utilized for identification
and further experimental investigations.

In order to identify CSCs, the 3D mammospheres were har-
vested through gentle centrifugation, followed by digestion into
single cells using StemPro Accutase (Invitrogen). Afterwards,
CSCs were screened with the APC-labeled anti-mouse CD133
antibody, or FITC-conjugated anti-mouse/human CD44 and PE-
conjugated anti-mouse CD24 antibodies under dark conditions
at 4°C. After being washed and resuspended in cold PBS, flow
cytometry was employed to evaluate the expression of CD133, as
well as CD44 and CD24, in 3D mammospheres.

5.14 | GSH Level Detection

To detect the levels of GSH, 4T1 cancer cells or CSCs were rinsed
with cold PBS, harvested by centrifugation, and then intracellular
GSH levels were assessed according to the protocol provided in
the GSH assay Kkit.

5.15 | In Vitro Anti-CSCs Efficacy

4T1 cancer cells (2 x 10° cells per well) were plated in 6-well
plates and allowed to adhere. Subsequently, we assessed the
impact of SAL on CSCs by incubating the cells with SAL and
conducting cell staining using CD133* and CD44*CD24" surface
markers. The staining procedure was carried out following

the aforementioned protocol. In addition, we investigated the
CD133* and CD44*CD24~ populations on 3D mammospheres
after treatment with different formulations. In brief, the dissoci-
ated mammospheres (2 x 10° cells/well) were plated into 6-well
ultralow attachment plates and incubated overnight. Afterward,
the cells were treated with different formulations and cultured for
48 h. Relevant to the established procedure, the cells were stained
and evaluated using flow cytometry to determine the percentage
of CD133* CSCs and CD44*CD24~ CSCs.

5.16 | Pharmacokinetics

DiR was selected as a fluorescent probe for labeling PDS NAs,
referred to as DiR/PDS NAs. Male SD rats were given DiR Sol
or DiR/PDS NAs via intravenous injection at a dose of 1 mg kg™*
DiR (n = 6). At predesigned time points (0.033, 0.083, 0.25, 0.5,
1,2, 4, 8,12, and 24 h), blood samples were collected and plasma
was obtained by centrifuging at 10000 rpm for 3 min. The plasma
samples were processed using the protein precipitation method
for the extraction of DiR. Finally, DiR concentrations in plasma
were quantified by microplate reader (Ex/Em = 748/780 nm).

5.17 | Biodistribution

For the establishment of a 4T1 mammary tumor model, female
BALB/c mice received subcutaneous injections of 4T1 cancer cells
in the right flank. When the tumor size reached approximately
400 mm?, a random assignment was performed to divide the
mice into two groups (n = 3). DiR Sol or DiR/PDS NAs were
intravenously injected into the mice at a dose of 0.8 mg kg~! of
DiR. At 1, 2, 4, 6, 8, 12, and 24 h, the mice were anesthetized
and subjected to imaging with the IVIS. 24 h after injection,
mice were euthanized, and fluorescence imaging was conducted
on collected samples of major organs and tumors. Fluorescence
signals were quantified by the ROI tool (n = 3).

5.18 | In Vivo Antitumor and Anti-CSCs Efficacy

To evaluate the antitumor potency of PDS NAs, we established
both xenograft and orthotopic 4T1 tumor models using BALB/c
mice. Once the volume of the tumor was approximately 100
mm?, we randomized the mice into six groups (n = 5). Then the
mice received intravenous injections of saline, SAL Sol, DSSD
Sol, DS Sol, DTX Sol, and PDS NAs with each dose equivalent
to 5 mg kg~! of DTX, on alternate days. Daily measurements
were taken to record changes in tumor volume and body weight.
Upon completion of the observation period, blood samples from
mice in each group were obtained and then centrifuged to obtain
serum samples for evaluating hepatic and renal function. Mice
were euthanized, after which their major organs and tumors
were isolated and collected. Subsequently, the tumor tissues
were photographed and weighed. Main organs and tumors were
preserved in a 4% paraformaldehyde solution prior to undergoing
H&E staining for the assessment of pathological alterations. Ki67
immunohistochemistry and TUNEL immunofluorescence stain-
ing were applied to evaluate the proliferation rates and apoptosis
levels of tumor cells. Furthermore, immunofluorescence staining
was also used to assess the expression of CSC pluripotency factors
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(Sox2, Oct4, and Nanog) in tumor tissues. The tumor burden and
tumor inhibitory rate were calculated as follows (5)-(7):

Tumor burden (%) = (Wiumor/ Wnice) X 100% 5)

where W, . represents the tumor mass and W, refers to the
body weight of the mice.

Tumor volume inhibition rate = (V, - V,) /V, (6)

where V_ denotes the tumor volume in the control (saline)
group and V, indicates the tumor volume in each respective
experimental group.

Tumor weight inhibition rate = (W, - W,) /W, @)

where W, denotes the tumor weight in the control (saline)
group and W, indicates the tumor weight in each respective
experimental group.

5.19 | Flow Cytometry Analysis

The tumor samples were obtained from mice, and CSCs within
the tumor tissues were identified by CD133* and CD44*CD24~
cell surface marker staining. Briefly, tumors were dissected
into small pieces, subjected to collagenase digestion, followed
by filtration through a membrane filter (pore size, 70 pm) to
produce suspensions of single cells. Afterward, the cells were
incubated with the corresponding antibodies as per the previously
mentioned protocol and examined by flow cytometry to quantify
the proportion of CSCs in tumor tissues.

5.20 | Hemolysis Assay

Next, we evaluated the compatibility of PDS NAs by means
of hemolysis tests. Fresh blood was obtained from healthy rats
and placed in heparin-coated anticoagulant tubes. To extract
erythrocytes, the supernatant was isolated from the blood sample
through centrifugation at 8000 rpm for 5 min, followed by three
rinses with saline solution. A 2% suspension of erythrocytes
was prepared and co-incubated with SAL Sol and PDS NAs
for 1 and 3 h, respectively. Afterwards, the samples underwent
centrifugation (5000 rpm, 5 min), after which 200 L of the
supernatant was carefully transferred to a 96-well microplate.
The absorbance measurements were conducted at 545 nm using
a microplate reader. Positive and negative controls consisted of
water and saline, respectively.

5.21 | Statistical Analysis

All data were presented as the mean =+ SD. Statistical differences
were analyzed using two-tailed Student’s t-test. Statistical signifi-
cance was set at p < 0.05, where *p < 0.05, **p < 0.01, ***p < 0.001,
and ***p < 0.0001.
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