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Abstract
In the absence of tumor antigen specificity, direct chemokine administration carries the risk of significant “on-
target, off-tumor” toxicities, highlighting the need for small-molecule approaches with reduced immunogenicity. 
This study investigates the synergistic potential of norcantharidin (NCTD) and lomitapide (lomi) in selectively 
restoring CCL4 expression by deactivating the tumor intrinsic β-catenin pathway. Due to its similar lipophilicity 
to lomi and potential to suppress β-catenin, NCTD prodrug (C12) was selected to be co-encapsulated with lomi 
in a nanoparticle-mediated co-delivery system (NP“C12 + lomi”). The NP“C12 + lomi” formulation exhibited a high 
encapsulation rate, uniform particle size, and suitability for therapeutic use. It effectively inhibited the proliferation 
of 4T1 cells and restored CCL4 expression. In both primary breast tumor and surgically resected tumor mouse 
models, NP“C12 + lomi” significantly increased the proportion of CD8+ cells in primary tumors, blood, and lung 
metastases, approximately doubling their presence. This led to a prolongation of median survival in mice to 59 
days. Furthermore, when combined with an immune checkpoint inhibitor, NP“C12 + lomi” substantially inhibited 
tumor growth and lung metastasis without affecting body weight or causing major tissue or organ damage. This 
was attributed to the controlled dissociation of the nanoparticle and the subsequent modulation of C12 and lomi, 
which mitigated CCL4-related toxicity. This study provides valuable insights into the safe production of chemokines 
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Introduction
Chemokines like CCL4 [1] and CXCL9/10 [2, 3] have 
been shown to facilitate the infiltration of crucial immune 
cells and synergize with immune checkpoint inhibitors 
(ICIs). The existing literature extensively details the role 
of chemokines in facilitating the infiltration of various 
immune cells into the tumor microenvironment(TME) 
[3]. Specifically, chemokine CCL4, which acts as a ligand 
for CCR5, is secreted by multiple immune cells, includ-
ing neutrophils, T cells, monocytes, and B cells [4]. Stud-
ies have shown that elevated levels of CCL4 enhance the 
recruitment of CD8+ T cells, thereby augmenting potent 
anti-tumor immune responses [4–6]. Despite its emerg-
ing role in immunotherapy, chemokine therapy faces 
several challenges. The low molecular mass and short 
half-life of chemokines require high dosages for effective 
administration in the TME, which can lead to immune-
related adverse effects (irAEs), such as cytokine release 
syndrome [7–9]. For example, IL-12 demonstrated high 
toxicity in a phase II trial involving intravenous admin-
istration, tragically leading to the fatalities of two out of 
seventeen patients [10]. These issues present substantial 
barriers to translating chemokine therapy into a widely 
applicable clinical strategy.

Given the limitations of chemokine-based thera-
pies, small-molecule immune modulators represent a 

promising alternative. These molecules are more stable, 
can be administered orally, and often demonstrate bet-
ter pharmacokinetic properties, such as enhanced tumor 
penetration and a reduced risk of immunogenicity [11, 
12]. Notably, small molecules can potentially circum-
vent the adverse effects associated with biologic thera-
pies, offering a more cost-effective and safer approach to 
cancer immunotherapy. Thus, small-molecule immune 
modulators hold the potential to circumvent the limita-
tions associated with biologics and could effectively serve 
as adjuncts to clinical ICIs [13, 14].

In melanoma treatment, the activation of the Wnt/β-
catenin signaling pathway has been found to be negatively 
correlated with CCL4 gene expression [2]. Targeting the 
tumor cell-intrinsic β-catenin pathway presents a prom-
ising strategy for restoring CCL4 expression and enhanc-
ing immunological cell infiltration [1, 15–17]. However, 
targeting β-catenin directly has limitations, such as the 
challenge of effective delivery and the need for high doses 
to achieve therapeutic outcomes without causing toxic-
ity. Norcantharidin (NCTD) diacid, a well-established 
inhibitor of protein phosphatase 1/2A (PP1/2A), associ-
ates with the β-catenin destruction complex, promot-
ing the ubiquitin-dependent degradation of β-catenin 
[18–21]. Despite its potential, the efficacy of NCTD is 
limited by its rapid clearance from the TME, poor cell 
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internalization, and potential systemic toxicity. Lomi-
tapide (lomi), an FDA-approved lipid-lowering agent, 
has been repositioned to inhibit PP2A, a critical regula-
tor of the β-catenin pathway [22, 23]. The combination of 
NCTD and lomi is strategically chosen because of their 
synergistic effects on β-catenin deactivation, which could 
restore CCL4 expression in tumor cells. Our preliminary 
investigations showed that while NCTD [24] and lomi 
individually exhibited modest effects on β-catenin deac-
tivation, their combined use significantly reduced cancer 
stemness and increased CCL4 expression. These find-
ings support further exploration of this dual small mol-
ecule regimen to enhance β-catenin inhibition in cancer 
treatment.

Beyond enabling precise targeting of drugs to tumor 
sites and malignant cells, nanoparticle (NP) formulations 
offer an ideal platform for colocalizing two molecules 
to exert synergistic effects, wherein synergistic drug 
combinations are physically integrated to enhance can-
cer treatment outcomes [25]. In this study, we propose 
a “synergism-triggered nanoparticle” to enhance CCL4 
expression in tumor cells. The “synergism-triggered 
nanoparticle” designed to modulate the release and activ-
ity of therapeutic agents in response to specific triggers, 
optimizing the local concentration of chemokines while 
minimizing systemic toxicity. This system leverages the 
synergistic combination of NCTD and lomi to enhance 
the activation of immune cells by restoring CCL4 expres-
sion in the TME. The advantages of this nanoparticle-
mediated combinatorial approach include: (I) the clinical 
safety profiles of both NCTD and lomi being well-estab-
lished; (II) synergism allowing for lower drug doses and 
reduced side effects [25] and (III) the NP-based integra-
tion that confines CCL4 expression to the desired site, 
preventing “on-target, off-site” toxicity from unintended 
chemokine distribution in vivo. This strategic frame-
work highlights the pivotal role of small-molecule agents 
in modulating immune cells, offering significant clinical 
implications for broad applicability and feasibility in can-
cer immunotherapy (Fig. 1).

Results
Synergistic induction of robust CCL4 production via 
β-Catenin suppression by “NCTD + lomi” synergism
Despite the exponential increase in studies using nano-
carriers to co-deliver drug combinations since 1999 [25], 
most research based on this de novo approach remains 
confined to preclinical stages, with Vyxeos® being the 
only approved example to date [26]. In this context, 
we sought to explore the underlying potentials of the 
“NCTD + lomi” regimen, both of which are already 
marketed. NCTD has been shown to suppress TNBC 
cancer stem cell (CSC)-like properties by deactivating 
β-catenin pathway [24]. However, its single use does not 

satisfactorily enhance CCL4 expression in tumor cells. 
Given that antineoplastic medicines with similar effects 
are often administered in combination, small mole-
cules eradicating CSC-like properties were presumed to 
assist NCTD in restoring CCL4. From a library of FDA-
approved drugs, the lipid-lowering agent lomi was found 
to have the potential to attenuate CSC-like properties 
[23] and was thus utilized as an adjunct to NCTD.

Regardless of the use of radiation, chemotherapy, or 
immunotherapy, TNBC features a poor prognosis and 
low five-year survival rate, and is deemed an inflamed-
cold tumor. The mouse TNBC 4T1 cell line was chosen 
as the cold tumor model, which exhibits limited immune 
infiltration and low response to anti-PD1 treatment [27]. 
As shown in Fig.  2A, the “NCTD + lomi” combination 
strategy was designed to treat 4T1 cells over four gen-
erations continuously. Compared to single-agent treat-
ments, the combination showed impressive synergism, 
diminishing active β-catenin levels from the 2nd genera-
tion and enhancing E-cadherin levels by the 4th genera-
tion (Fig. 2B). This was further validated by quantitative 
analysis of Western blot (WB) data from three indepen-
dent experiments, with the results represented in the 
column charts (Supplementary Fig.  1). The data consis-
tently showed significant reductions in active β-catenin 
and increased E-cadherin expression in the combination 
treatment group, highlighting the enhanced therapeutic 
efficacy. Furthermore, we utilized MSAB, a small mol-
ecule known to directly bind β-catenin and promote its 
proteasome-mediated degradation, thereby specifically 
inhibiting the Wnt/β-catenin pathway. Previous studies 
have demonstrated that MSAB can effectively suppress 
the growth of Wnt/β-catenin-dependent cancer cells, 
highlighting its potential as a therapeutic strategy [28]. 
To further investigate the mechanism underlying the 
enhanced antitumor effect of combination of NCTD and 
lomi, we performed WB analysis to evaluate β-catenin 
signaling. The results revealed that cells treated for four 
generations with NCTD and lomi markedly reduced 
the expression levels of both total and active β-catenin. 
Notably, this inhibitory effect was comparable to that 
of MSAB (Supplementary Fig.  2). These findings sug-
gest that combination of NCTD and lomi may suppress 
tumor progression, at least in part, by modulating the 
Wnt/β-catenin signaling pathway, in a manner similar to 
MSAB. To investigate whether the treatment affected the 
cancer stem-like cell population, we evaluated the mRNA 
expression levels of CD44 and CD24, two well-estab-
lished markers used to characterize breast cancer stem 
cells. In particular, the CD44⁺/CD24⁻/low phenotype has 
been widely associated with breast cancer stemness, self-
renewal, tumorigenicity, and therapeutic resistance [29]. 
The expression of CD44 was significantly reduced, while 
CD24 expression was elevated after treatment, leading to 



Page 4 of 26Zhao et al. Journal of Nanobiotechnology          (2025) 23:369 

an increased CD24/CD44 ratio (Supplementary Fig.  3). 
This trend suggests a reduction in the stemness pheno-
type of breast cancer cells. The shift in the CD24/CD44 
ratio suggests a reduction in stem-like characteristics, 
which could indicate a decrease in the cancer stem cell 
population after treatment. Both proteins were important 
markers for cancer stemness, and thus “NCTD + lomi” 
elicited more robust CCL4 expressions than its individual 
components (Fig.  2C). Preliminary evidence indicates 
that the combined use of the two drugs results in a five-
fold increase in the expression of the chemokine CCL4 

compared to the use of either drug alone (Fig. 2D). Inap-
propriate activation of the Wnt pathway drives tumor 
formation [30]. Similarly, the “NCTD + lomi” combina-
tion also exhibited a strong inhibitory effect on three-
dimensional (3D) soft agar long-term colony formation 
by 4T1 cells (Fig.  2E, F), implicating reduced oncogen-
esis of individual CSC at the distant organ. As β-catenin 
activation is strongly associated with CSC-like proper-
ties, the results revealed a deactivated β-catenin status 
due to the combination treatment. Immune evasion in 
many cancers is also associated with β-catenin activation, 

Fig. 1  Design and mechanism of “NCTD-C12 + lomi” nanoparticle to robust CCL4 production via Wnt/β-Catenin signaling pathway suppression.(A) Con-
struction of the nano drug delivery system. This panel illustrates the assembly of a nanoscale drug delivery system, which encapsulates two distinct 
therapeutic agents within a single nanocarrier. (B) Regulation of chemokine CCL4 expression via Wnt/β-Catenin signaling pathway modulation. In the 
nanocarrier system, the encapsulated drugs act synergistically to inhibit the activity of the PP2A protein, leading to a coordinated downregulation of 
the Wnt/β-Catenin signaling pathway. This synergistic inhibition is correlated with an elevated expression of chemokine CCL4, suggesting a potentiated 
therapeutic response due to the nanoparticle delivery approach. In contrast, when the two drugs are administered in their free state, they do not exhibit 
a synergistic effect on the inhibition of PP2A protein or the downregulation of the Wnt/β-Catenin signaling pathway. The lack of synergy results in a lower 
expression of CCL4, indicating a diminished therapeutic impact compared to the nanoparticle-mediated delivery. Created in https://BioRender.com
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Fig. 2  The synergism of two small-molecule combination to elicit CCL4 expression via deactivating β-catenin. (A) Schematic illustration of NCTD (5 µM) 
and lomi (2 µM) co-exposure from the 1st generation 4T1 cells to the 4th generation 4T1 cells. (B) Western blotting results of E–cadherin and active β-
catenin levels of 4 generations 4T1 cells after lomi + NCTD co-exposure. (C) Schematic representation illustrating the synergistic effect of NCTD and lomi 
on the regulatory mechanism of CCL4 expression. (D) qPCR analysis of CCL4 mRNA expressions on 4T1 cells after exposure to the single- and dual-drug. 
(E) Colony formation of 4T1 cells on soft agar. Anchorage-independent cell growths from control, NCTD, lomi and NCTD + lomi groups were evaluated 
by soft agar assay. The representative pictures were presented by Colony formation of 4T1 cells on soft agar. (F) Quantitative analysis of 4T1 cells colony 
formation. The data were presented as mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001
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which inhibits cytokines/chemokines gene expres-
sion. Chemokine CCL4 plays a critical role in recruiting 
immune cells, including CD8+ T cell infiltration [1, 31, 
32]. Thus, based on these pilot study results, we proposed 
a small molecule strategy utilizing NCTD and lomi to 
elicit CCL4 expression in TME.

In a combinatorial regimen, the efficacy magnitude is 
generally depicted as either simple additivity or super-
additivity (synergism). Traditionally, the primary role of 
developing co-delivery NPs has been to avoid the chemo-
resistance of tumor cells through various mechanisms, 
with synergism among drugs not being the top prior-
ity [33, 34]. However, in our case, the super synergism 
demonstrated by the “NCTD + lomi” combination far 
exceeded from their individual potencies. This suggests 
that their efficacy in deactivating β-catenin will dimin-
ish after NP physical disassociation, thereby minimizing 
impairment to somatic stem cells. Collectively, this level 
of synergism provided an excellent opportunity to mod-
ulate CCL4 expression by combining or separating the 
molecule pair.

Design and assessment of NCTD-lipid prodrugs
NCTD has antitumor effects due to its structure, which 
contains an oxygenated six-membered ring and dicar-
boxylic anhydride. However, it is prone to ring opening 
and hydrolysis in the aqueous environment, ultimately 
transforming into NCTD diacid. The limited half-life of 
NCTD diacid restricts its potential applications in cancer 
therapy [35]. In contrast, lomi is a hydrophobic molecule 
with a water solubility as low as 5.267 × 10− 8 mg L-1 [36]. 
The drastic differences in their physiochemical properties 
can lead to the premature release of NCTD, which may 
compromise the synergism needed to restore chemokine 
CCL4 in vivo. Precisely controlling the release profile of 
NCTD to match that of lomi is important. To optimize 
these unfavorable physicochemical properties, a prodrug 
strategy was adopted for NCTD in present study.

Despite the two carboxyl groups in NCTD diacid caus-
ing high polarity and leading to fast partition into the 
aqueous environment from the NP core, they are indis-
pensable for the pharmacological activity of attenuating 
β-catenin [20, 37]. The esterification of carboxyl func-
tional groups with short or long aliphatic alcohols is one 
of the most widely used methods in prodrug strategy 
[38]. Therefore, five NCTD ester prodrugs were designed 
and synthesized, as indicated in Fig.  3A. In this study, 
the prodrugs NCTD-C4(C4), NCTD-C6(C6), NCTD-
C8(C8), NCTD-C10(C10), and NCTD-C12(C12) were 
synthesized and characterized by TOF-MS, 1H NMR 13C 
NMR and Thin-layer chromatography (TLC) (Supple-
mentary Fig. 4–18). The TOF-MS data provided molec-
ular weight and formula information, while the NMR 
data helped verify the carbon backbone and hydrogen 

environments. TLC was conducted to assess the purity of 
the synthesized prodrugs. The results demonstrated clear, 
distinct spots for each compound, indicating the success-
ful separation of the main components and supporting 
the purity of the samples. The TLC data for each pro-
drug are presented in Fig. S19. As predicted by Discovery 
Studio™ software (Fig. 3B), the lipophilicity (expressed as 
LogP) of NCTD ester prodrugs was substantially elevated 
compared to the NCTD lead compound. Among them, 
the logP values of prodrug NCTD-C8, NCTD-C10 and 
NCTD-C12 were very close to that of lomi, suggesting 
their extended-release profiles when encapsulated in NPs 
with lomi. Cumulatively, the physiochemical properties 
of the NCTD prodrugs have met our expectations for 
further investigation.

As PP2A is a key target of NCTD for downregulating 
β-catenin [18, 19], a further docking study was conducted 
to investigate the binding modes of the prodrugs to the 
PP2A protein (Protein Data Bank entry 2IE4). Based on 
the CDOCKER_ENERGY values, a higher value after 
docking indicates a more stable combination of the 
modified compound and the protein. The docking val-
ues of NCTD and its prodrugs with PP2A are shown in 
Fig. 3C. NCTD, as a PP2A inhibitor, has a docking value 
of 15.0532. Among the synthesized prodrugs, the dock-
ing values of C4, C6, and C8 are similar but significantly 
differ from that of NCTD, suggesting that their combina-
tion with PP2A may be unstable. In contrast, the docking 
values of C10 and C12 are close to that of NCTD, with 
the C12 value being higher, indicating that the combina-
tion of C12 and PP2A may be more stable. C12 adopted 
binding poses in the active site of the 2IE4 protein simi-
lar to those of the natural ligand NCTD (Supplementary 
Fig. 20, 21). The two carboxyl groups of NCTD can form 
hydrogen bonds (yellow line) with ARG214, ASN117 
and HIS118, and the oxo bridge (red line) of the NCTD 
can form π-alkyl interactions with TYR127 (Fig.  3D). 
Similarly, the oxo bridge and two carbonyl groups in C12 
can form hydrogen bonds (yellow line) with ARG214 
and ASN117, and the cyclohexane ring in C12 can form 
hydrophobic interactions (cyan line) with TYR265, HIS59 
and ARG214 (Fig.  3E). Thus, it can be concluded that 
C12 fits in the active sites of the PP2A protein similar to 
NCTD, indicating that the non-hydrolyzed NCTD deriv-
atives also have the potential to downregulate β-catenin 
in a similar manner to NCTD.

Subsequently, we explored whether these NCTD-lipid 
prodrugs would achieve the desired pharmacological 
effects similar to NCTD. WB experiment was performed 
to identify the prodrugs’ potential to suppress β-catenin 
in combination with lomi in TNBC cell lines. The WB 
analysis, conducted in triplicate, revealed that the com-
binations of “C8 + lomi” and “C12 + lomi” exhibited simi-
lar effects to “NCTD + lomi” in reducing both total and 
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Fig. 3 (See legend on next page.)
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active β-catenin levels. The quantitative data from three 
independent WB experiments were analyzed and pre-
sented in the accompanying column charts (Fig.  3F; 
Supplementary Fig. 22). These data consistently demon-
strated that the NCTD modification did not affect its in 
vitro activity compared to unmodified NCTD.

Meanwhile, cytotoxicity was investigated to exclude 
non-specific effects against β-catenin (Fig.  3G). Com-
pared to NCTD, prodrug C4, C10 and C12 at the dosage 
of 40 µM showed very mild effects against 4T1 cell pro-
liferation, indicating that β-catenin downregulation by 
C12 was not due to non-specific cytotoxic effects. Con-
sidering lipophilicity, pharmacological activity, and non-
specific cytotoxicity, C12 became the final candidate for 
NP loading.

The utilization of a prodrug strategy stands as a prom-
ising avenue for optimizing unfavorable physicochemical 
properties, augmenting stability, and achieving precise 
delivery without compromising activity. Cathepsins play 
integral roles in various processes linked to lysosomal 
functions, including protein degradation, protein and 
lipid metabolism, autophagy, antigen presentation, recy-
cling of growth factor receptors, cellular stress signal-
ing, and lysosome-mediated cell death [39]. We explored 
the degradation of released NCTD-C12 in a cathepsin 
B-sensitive manner via LC-MS/MS analysis. The hydroly-
sis experiment of NCTD-C12, conducted in the presence 
of cathepsin B, revealed the transformation of NCTD-
C12 into NCTD after 72  h of incubation (Supplemen-
tary Fig. 23, 24). In vitro experiments demonstrated that 
the conversion rates of the prodrug C12 in a solution 
containing cathepsin B were 98.80% ± 0.59% (Fig.  4A). 
In vivo experiments (Fig.  4B) showed that in the extra-
cellular environment, only 22.83% ± 21.56% of the pro-
drug C12 was converted to NCTD, indicating that C12 is 
more stable in the absence of cathepsin B in vivo. These 
results suggest that prodrug C12 exhibits high extracellu-
lar stability and can be converted to NCTD within cells, 
thereby prolonging the drug’s therapeutic effect.

Engineering synergism-driving NP“C12 + lomi” formulation
In order to co-encapsulate NCTD-C12 with lomi in a 
single delivery system, they were mixed with lecithin 
and DSPE-PEG-RGD (synthesized from MAL-PEG-
DSPE and RGD-SH via Michael addition reaction [24]) 
to form nanoparticles through self-assembly using high-
pressure homogenization method. The highly lipophilic 

NCTD-C12 and lomi formed the hydrophobic core, 
while the phospholipids of DSPE-PEG-RGD stabilized 
the nanoparticles via the principle of similar phase sol-
ubilization. The hydrophilic terminus of PEG, which is 
connected to the RGD peptide, enabled tumor-targeting, 
leading to the successful formation of the NP“C12 + lomi”. 
The physical properties of these NPs were subsequently 
characterized. The encapsulation efficiencies (EE%) of 
C12 and lomi within NP“C12 + lomi” were determined 
to be 98.22 ± 3.20% and 86.77 ± 6.34%, respectively. At a 
concentration of 1 mg mL-1 of C12, the size of the loaded 
NPs was approximately 100–130  nm, with an average 
diameter of 127.7 ± 1.8  nm, while the blank nanopar-
ticles had a smaller size of 80.2 ± 2.3  nm. The increase 
in particle size for the loaded NP suggests that drug 
encapsulation resulted in a larger nanoparticle, which 
is commonly observed when drug molecules are incor-
porated. Furthermore, we repeated the Transmission 
Electron Microscopy (TEM) imaging to obtain repre-
sentative images with more nanoparticles (Supplemen-
tary Fig. 25, 26). The average size of the loaded NPs was 
76.2 ± 19.5 nm, while that of the blank nanoparticles was 
67.3 ± 25.8  nm. Although the absolute sizes measured 
by TEM were smaller than those obtained by Dynamic 
Light Scattering (DLS), this discrepancy is expected due 
to differences in the measurement principles. Neverthe-
less, both methods revealed a clear size increase upon 
drug loading. Furthermore, the size distribution observed 
from TEM is consistent with the PDI values measured by 
DLS (0.371 for NP“C12 + lomi” and 0.331 for NP blank), 
supporting the relatively narrow size distribution and 
acceptable homogeneity of the nanoparticles. The Zeta 
potential of the NP“C12 + lomi” was − 35.1 ± 2.2 mV, sig-
nificantly more negative than that of the NP blank, which 
exhibited a Zeta potential of -15.1 ± 2.0 mV. This notable 
difference in Zeta potential indicates that the drug load-
ing not only increased the particle size but also enhanced 
the stability of the NPs due to the increased negative sur-
face charge (Fig. 4C, D; Supplementary Fig. 27, 28). The 
particle size of NP“C12 + lomi” in PBS and RPMI-1640 
was maintained at approximately 100  nm over 15 days, 
suggesting good stability under normal physiological 
condition (Fig. 4E). The DSC analysis of NP“C12 + lomi” 
shows that the original crystal characteristic peak of 
C12 and the peak of lomi disappear. This suggests that 
the drug may have transformed into an amorphous 
state within the nanoparticles, indicating successful 

(See figure on previous page.)
Fig. 3  Rational Design of NCTD-lipid Prodrugs for Co-Encapsulation with lomi.(A) Molecular structure of NCTD-lipid prodrugs. (B) LogP values of NCTD 
prodrugs predicted by Discovery Studio™ software, indicating hydrophobic properties. (C) Scoring of the docking of NCTD and its prodrug with PP2A 
molecules by Discovery Studio™ software. (D) Docking of NCTD (depicted in yellow) into the PP2A (PDB entry 2IE4). (E) Docking of NCTD-C12 (depicted 
in green) into the PP2A (PDB entry 2IE4). (F) Western blot analysis depicting active β-catenin and total β-catenin levels in TNBC 4T1 cells co-exposed to 
NCTD prodrugs (5 µM) and lomi (2 µM) for 24 h. (G) Non-specific cytotoxicity analysis of all five NCTD prodrugs via MTT assay. C6 and C8 demonstrated 
most pronounced effects on TNBC 4T1 cell growth. The data were presented as mean ± SD (n = 6)
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Fig. 4 (See legend on next page.)
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drug encapsulation (Supplementary Fig. 29). TLC analy-
sis showed that the NP blank exhibited only a spot cor-
responding to the lipid component, while the C12 and 
lomi NP showed spots corresponding to their respective 
drug components. The NP“C12 + lomi” displayed two 
spots, representing the C12 and the lomi, indicating the 
successful co-encapsulation of both in the nanoparticles 
(Supplementary Fig.  30). We further investigated the 
intracellular localization of Cy5-labeled nanoparticles 
(Supplementary Fig.  31). The results showed significant 
co-localization of the nanoparticles with the endoplasmic 
reticulum, supporting their potential as effective drug 
delivery carriers capable of functioning in specific cel-
lular regions. Collectively, these findings affirm the suc-
cessful co-entrapment of C12 and lomi, leveraging their 
respective lipophilic properties.

The underlying design concept of the synergism-driv-
ing NPs underscores the importance of an extended-
release profile for the simultaneous colocalization of 
multiple payloads at specific sites [40]. To this end, a 
release-profile study was conducted. As depicted in 
Fig.  4F, approximately 10% of C12 or lomi was released 
from NP“C12 + lomi” after 24 h of incubation in PBS (1% 
Tween 20) at pH 7.4. Both C12 and lomi exhibited similar 
sustained-release patterns (Supplementary Fig.  32, 33). 
In stark contrast, the parent compound NCTD exhib-
ited rapid release from the NP“C12 + lomi”, with nearly 
100% of the drug released within the first 24 h. The data 
for NP“C12 + lomi” best fit the Korsmeyer-Peppas model. 
For the C12, the release followed the Korsmeyer-Peppas 
model (R²=0.962), with an exponent value of n = 0.65, 
indicating anomalous diffusion, where both diffusion 
and dissolution contributed to the release. In contrast, 
lomi followed the Korsmeyer-Peppas model (R²=0.993), 
with an exponent value of n = 1.02, suggesting erosion-
controlled release. These findings support the hypothesis 
that NP“C12 + lomi” can effectively facilitate small mol-
ecule colocalization in complex physiological environ-
ments, which is crucial for achieving pharmacological 
synergism. Additionally, we found that the conversion 
of C12 to NCTD in NPs in the presence of cathepsin B 
in vitro was 87.52%±5.17% (Supplementary Fig.  34), 
which differed little from the prodrug C12 conversion 
efficiency (98.80%±0.59%) mentioned above. The results 
indicated that the NPs did not affect the efficiency of the 

conversion of C12 to NCTD. To confirm the physical 
interaction and co-localization of the molecules, FRET 
efficiency was monitored over 8 h. As shown in Fig. S35, 
the FRET efficiency remained stable from 46.91% (0 min) 
to 45.05% (8 h), with only a minor decrease of 1.86% over 
the observation period. These results indicate that the 
molecular interaction remains stable over time, suggest-
ing a persistent close proximity between the donor and 
acceptor molecules. The minimal fluctuation in FRET 
efficiency further suggests that no significant dissociation 
or structural reorganization occurred within the time-
frame of the experiment.

Enhanced in vitro CCL4 expression mediated by synergistic 
NP“C12 + lomi”
Inappropriate activation of the Wnt pathway has been 
shown to drive cell proliferation [30], and β-catenin 
translocation into the nucleus can result in the activation 
of multiple genes, including cyclin D1 and cMyc, whose 
transcription triggers cell proliferation advancement. In 
order to better demonstrate the advantages of the C12, 
we conducted a comparative study of nanoparticles 
co-loaded with various prodrugs and lomi. WB experi-
ments showed that the NP“C12 + lomi” significantly 
reduced the expression of both total and active β-catenin 
(Supplementary Fig.  36). Additionally, the CCL4 and 
CD24/CD44 expression levels in the NP“C12 + lomi” 
group were significantly higher compared to the other 
groups (Supplementary Fig.  37, 38). This suggests that 
the NP“C12 + lomi” formulation not only impacts the 
β-catenin signaling pathway but may also promote a 
more favorable immune microenvironment, potentially 
enhancing the therapeutic effects by altering the stem-
like characteristics of the tumor cells. The increased 
CD24/CD44 ratio indicates a reduction in the can-
cer stem cell population, which could contribute to the 
improved anti-tumor activity observed with this formula-
tion. The drug-loaded NPs with varying NCTD prodrugs 
demonstrated a potent dose-dependent suppression of 
3D soft agar colony formation in 4T1 cells (Supplemen-
tary Fig. 39). Notably, NPs conjugated with lomi and lon-
ger carbon chains (NP“C10 + lomi” and NP“C12 + lomi”) 
exhibited near-complete inhibition of colony formation, 
which was significantly lower than both the control group 
and short-chain counterparts. This trend was further 

(See figure on previous page.)
Fig. 4  Fabrication and characterization of NPs co-loaded with lomi and C12.(A) In vitro analysis of cathepsin B-responsive prodrug NCTD-C12. In the 
presence of 10 unit mL− 1 cathepsin B, 1 mg mL− 1 NCTD-C12 was incubated in sodium acetate solution (pH 5.0) with 10 U mL− 1 cathepsin B for 72 hours. 
The final concentrations of NCTD and NCTD-C12 were determined by LC-MS/MS, the transition pairs of NCTD and NCTD-C12 were m/z 168.94→67 and 
523.4→123, respectively. (B) In vivo analysis of cathepsin B-responsive NCTD-C12. C12 was administered via intratumoral injection at a dosage of 10 mg 
kg− 1 when the tumor size reached ≈ 100 mm3. After 72 h, tumors were extracted, homogenized, and analyzed further by LC-MS/MS. (C) Determination of 
NP“C12 + lomi” size and NP blank using DLS method and the appearance of the NP“C12 + lomi”. (D) Representative TEM image showcasing NP“C12 + lomi” 
and NP blank. Scale bar, 50 nm. (E) Stability of NP“C12 + lomi” under various conditions. The NP were tested in cell culture fluids (RPMI-1640) and PBS at 
different temperatures (room temperature, 4 °C, and 37 °C). The particle size was measured over time to assess the stability of the NP under these condi-
tions. (F) In vitro release profiles of lomi, and C12 from NP“C12 + lomi” in pH 7.4 PBS with 1% Tween 20
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supported by spheroid formation analysis (Supplemen-
tary Fig.  40). Treatment with NP“C12 + lomi” resulted 
in both the smallest spheroid size and the fewest spher-
oids, outperforming all other groups. The results of the 
above experiment provide strong evidence that increased 
hydrophobicity and enhanced drug retention from lon-
ger-chain NPs contribute to improved anti-tumor effects.

An MTT study (Fig.  5A) was performed to analyze 
the proliferation of 4T1 cells exposed to NP“C12 + lomi” 
and free“C12 + lomi”. NP“C12 + lomi” inhibited 4T1 cell 
growth more efficiently than free“C12 + lomi” at lower 
dosages (C12 + lomi: 2.5 µM + 1 µM, 5 µM + 2 µM) due 
to the greater suppression of β-catenin. However, as the 
dosages increased, the distinction between the two treat-
ments disappeared, which may be attributed to the cyto-
toxic effects overwhelming the synergistic attenuation of 
β-catenin. To further assess the synergistic effect of the 
NP“C12 + lomi” combination, the combination index 
(CI) was calculated using the formula CI = Cl/IC50 + Cn/
IC50, where Cl and Cn represent the concentrations 
of C12 and lomi. The CI value for NP“C12 + lomi” was 
found to be 0.11, suggesting a synergistic effect between 
the two drugs at the tested concentrations. In addition, 
the hemolysis assay results showed that the positive 
control group (pure water) caused significant red blood 
cell lysis, while the negative control group (physiologi-
cal saline) did not exhibit any hemolysis. The different 
nanoparticle treatment groups (NP blank, lomi NP, C12 
NP, NP“C12 + lomi”) showed similar results to the nega-
tive control group, with no significant red blood cell lysis, 
indicating good biocompatibility of these nanoparticles 
in blood (Supplementary Fig.  41). We performed a cell 
migration assay with the same groups at four time points: 
0 h, 6 h, 24  h, and 48 h. The final results demonstrated 
that NP“C12 + lomi” curtailed the migration of TNBC 
4T1 cells (Supplementary Fig. 42).

The in vitro cell-based assays explored whether the 
synergistic NP could efficiently promote CCL4 expres-
sion. It was assumed that the integrated NP would 
achieve the synergism (“high expression”) of “C12 + lomi” 
more efficiently than the free drugs, which would exhibit 
reduced efficacy due to NP disassociation (“low expres-
sion”) in physiological environments (Fig.  5B). To test 
this, 4T1 cells were continuously treated with saline, 
NP“C12 + lomi”, free“C12 + lomi”, and a blank NP vehicle 
over eight generations. As shown in Fig. 5C, qPCR analy-
sis detected an upward trend in CCL4 expression levels 
after stimulating 8th generation 4T1 cells with the syner-
gistic NP. Compared to the control group, NP“C12 + lomi” 
successfully boosted CCL4 expression 10-folds in 8th 
passage 4T1 cells, whereas the free“C12 + lomi” combi-
nation did not alter CCL4 expression. This indicates that 
long-term treatment with the synergistic NP can induce 
CCL4 expression in cancer cells.

To determine whether the observed changes were 
induced by β-catenin suppression, several β-catenin 
phenotypic studies were performed. As indicated by the 
WB results in 4T1 cells of 1st culture passage (Fig.  5D; 
Supplementary Fig. 43), NP“C12 + lomi” attenuated both 
active and total β-catenin expression levels more effec-
tively than the free“C12 + lomi” treatment, suggesting 
that the synergistic NP could more efficiently suppress 
β-catenin by leveraging small-molecule co-localization. 
As a nuclear-cytoplasmic shuttling protein, the nuclear 
localization of β-catenin indicates its activation to 
increase target gene expression [21]. β-catenin immu-
nofluorescence (IF) staining showed that β-catenin is 
mainly localized in nucleus in 4T1 cells, as evidenced by 
the merged pinkish color from β-catenin IF staining (red) 
and nuclear DNA (deoxyribonucleic acid) DAPI fluores-
cent staining (blue) (Fig. 5E). In line with the WB analysis 
results showing diminished β-catenin level in 4T1 cells, 
very little and weak pinkish color was observed in cells 
exposed to NP“C12 + lomi” or free“C12 + lomi” for 48 h, 
indicating significantly less β-catenin nuclear localiza-
tion. Notably, compared to the free“C12 + lomi (5 µM, 
2 µM)” group, less β-catenin remained in the cytosol of 
4T1 cells in the NP“C12 + lomi (5 µM, 2 µM)” groups.

CSCs are generally enriched in nonattached sphere 
cultures, reflecting their anchorage-independent self-
renewal capacity. To examine this ability, 4T1 cells were 
cultured under anchorage-independent conditions in 
serum-free RMPI1640 medium in the absence or pres-
ence of C12 and lomi at dosages of 5 µM and 2 µM, 
respectively. The presence of NP“C12 + lomi” most effec-
tively inhibited sphere formation, as evidenced by the 
smaller sphere size in Fig.  5F. Fewer spheres also high-
lighted the potential of the synergistic NP to impair the 
self-renewal property of CSCs, which is usually main-
tained by activated Wnt/β-catenin signaling (Fig.  5G). 
These results were consistent with the qPCR results, 
suggesting that the synergistic NP likely induced CCL4 
expression via β-catenin suppression. Therefore, by lever-
aging synergism, NP encapsulation safely confers modu-
lator-like functions to the “C12 + lomi” combination and 
has a great chance to avoid their “on target, off tumor” 
toxicities in vivo.

Immunotherapy responses arising from the treatment of 
synergistic NP
Having confirmed the in vitro potency of the synergis-
tic NP, we next sought to identify its in vivo potency to 
stimulate immune system. The results of organ distribu-
tion of Cy7.5-labeled NPs were showed as Fig. S44. In the 
NP“C12 + lomi” group, prominent fluorescence signals 
were observed in both the liver and tumor tissues. Nota-
bly, the fluorescence intensity in the tumor region was 
significantly higher than in other areas, indicating that 
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Fig. 5 (See legend on next page.)
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the nanoparticles effectively accumulated in the tumor. 
In contrast, free Cy7.5 primarily accumulated in the liver, 
with relatively weak fluorescence signals observed in the 
tumor region. This differential distribution suggests that 
the nanoparticles, through specific biodistribution mech-
anisms, are able to target and accumulate in the tumor.

TNBC generally presents as a “cold tumor” with lim-
ited effector T cells infiltration, largely attributed to 
the loss of CCL4 expression in TME [1]. Therefore, we 
aimed to investigate whether normalizing CCL4 by the 
synergistic NP could restore immune status and boost 
immunotherapy for TNBC. A murine TNBC model 
using 4T1 cells was established to assess this hypothesis. 
Murine 4T1 cells were orthotopically inoculated into the 
fourth fat pad of female Balb/c mice. The formulations 
were administered intravenously (i.v.) twice per week 
for three weeks once the tumors grew to approximately 
100 mm3. As shown in Fig.  6A, fluorescence-activated 
cell sorting (FACS) analysis of the 4T1 primary tumors 
revealed increased immune cell infiltration, particu-
larly CD45+CD3+CD8+T cells. Additionally, more CD45
+CD11b+CD11C+Gr1-F4/80- dendritic cells (DCs) were 
infiltrated in the tumor, which typically promote T cell 
migration to the TME. Thus, the activated CD8+ cyto-
toxic T-cells returned to the primary tumor site with 
the help of NP“C12 + lomi”, likely due to the high expres-
sion of CCL4. Notably, these therapeutic outcomes were 
achieved without significant changes in animal body 
weight, indicating the absence of systemic toxicity (Sup-
plementary Fig. 45).

The accumulation of gene mutations blunts antitumor 
immunity by excluding CD8+ T cells from tumors in a 
Wnt/β-catenin signaling-dependent manner [41]. Con-
sistent with this report, we found fewer active β-catenin 
positive cells in 4T1 primary tumors, as evidenced by 
the merged pinkish color from β-catenin IF staining 
(red) and nuclear DNA DAPI fluorescent staining (blue) 
(Fig. 6B).

Research on CD8+ T cell-dependent antitumor immu-
nity has traditionally emphasized its role within pri-
mary tumors. Despite limited impact on primary tumor 
growth (Supplementary Fig.  46), the treatment group 
receiving synergistic NPs demonstrated elevated levels 
of CD8+ T cells in the bloodstream (Fig. 6C), prompting 

us to further investigate the potential antitumor activity 
of NP“C12 + lomi”. The increase in cytotoxic CD8+ T cell 
population in blood suggested NP“C12 + lomi” potential 
against metastasis.

To further elucidate the potential mechanism of the 
NP“C12 + lomi” in anti-tumor therapy, we investigated 
the therapeutic role of either C12 or lomi nanopar-
ticles alone, or NP“C12 + lomi”. We observed the 
NP“C12 + lomi” significantly increased the number of 
cytotoxic IFN-γ+ CD8+ T cells, granzyme B+ CD8+ T cells 
and cytotoxic IFN-γ+ CD4+ T cells in both the tumor tis-
sues and lymph nodes (Supplementary Fig. 47). In addi-
tion, the tumor growth curves (Supplementary Fig.  48) 
showed that the co-loaded nanoparticles significantly 
suppressed tumor growth compared to the control and 
single drug treatments. This suggests that the combined 
therapy of C12 and lomi may promote a more robust 
activation of CD8+ T cells, potentially enhancing their 
anti-tumor effects. From the images of the H&E-stained 
tissue sections (Supplementary Fig. 49), no obvious path-
ological variation in all groups was observed, indicating 
that the NP“C12 + lomi” therapy did not induce notice-
able tissue toxicity or injury in the studied organs.

NP-Mediated colocalization of small molecules enhances 
mitigation of lung metastasis in a post-surgery TNBC 
model
In the landscape of cancer treatments, surgery plays 
a fundamental role. However, it often faces the risk of 
incomplete resection and susceptibility to recurrence. 
To address this issue, we aimed to delineate the primary 
tumor’s anatomical boundaries and ascertain the post-
surgical potential of synergistic NPs in preventing tumor 
relapse and suppressing metastatic tendencies. To estab-
lish an orthotopic breast tumor model characterized 
by spontaneous metastases, luciferase-expressing 4T1 
tumor cells (4T1-Luc) were inoculated into the mam-
mary fat pad of BALB/c mice. When the tumor volume 
in the mice reached approximately 500 mm3, simulat-
ing post-surgery residual micro-tumor conditions, we 
executed tumor resection. As illustrated in Fig. 7A, this 
surgical procedure was followed by subsequent recov-
ery. The mice were then stratified into distinct sub-
groups, each receiving weekly administration of either 

(See figure on previous page.)
Fig. 5  In Vitro Assessment of NP“C12 + lomi” for β-catenin deactivation in TNBC 4T1 Cells. (A) Growth curves of 4T1 cells. Cell growth was monitored 
through optical density (OD) values (n = 6, *P < 0.05). 4T1 cells were treated with the indicated agents for 0, 24, 48, and 72 h. (B) Schematic illustration 
outlining the synergistic role of NP. This diagram outlines NP synergistic role in toggling the expression of CCL4 high or low. (C) Quantitative PCR analysis 
of CCL4 expression. 4T1 cells were subjected to various treatments, including saline, NP“C12 + lomi”, free“C12 + lomi”, or NP blank. Each treatment group 
underwent continuous culture over 8 passages, with a 48-hour treatment duration in each passage (n = 3, ***P < 0.001). (D) Western blot analysis of active 
β-catenin and total β-catenin levels. 4T1 cells from the 1st and 8th generations were analyzed for active β-catenin and total β-catenin levels. (E) Repre-
sentative IF images of β-catenin. 4T1 Cells were exposed to saline, NP“C12 + lomi”, free“C12 + lomi”, or NP blank for 48 h and then fixed by 4% paraformal-
dehyde for further IF staining. Scale bar, 50 μm. (F) Sphere formation assay. This assay demonstrates reduced sphere-forming activity in 4T1 cells with the 
indicated treatments. The spheres were cultured in a 10-day cycle. Scale bar, 100 μm. (G) Cells were photographed and counted. The graph represents 
the mean ± SD (n = 3). **P < 0.01; ***P < 0.001
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free“C12 + lomi” or NP“C12 + lomi” with a 7-day interval 
following tumor resection. We comprehensively evalu-
ated postoperative recurrence and metastasis in TNBC, 
involving sequential luminescence imaging at relevant 
junctures or thoracic areas (Fig.  7B). Analytical insights 
gathered on day 26 and day 47 post-tumor dissection dis-
tinctly demonstrated the superior inhibitory efficacy of 
synergistic NP against tumor metastasis.

Our study highlights the potential of nanoparticle-
based treatment as a novel approach to address these 
challenges. The primary aim of these interventions was 
to enhance murine survival rates. To this end, a com-
prehensive survival analysis was conducted, involving 
meticulous observation of the survival duration of mice 
over a period of 76 days. In this experiment, day 0 is 
defined as the day of tumor inoculation. This translated 

Fig. 6  NP“C12 + lomi” enhancing cytotoxic CD8+T cells and its potential for combinatorial use with ICI agent. (A) Flow cytometry analysis of immune cell 
populations in 4T1 primary tumors treated with NP“C12 + lomi”. Flow cytometry was employed to assess immune cell populations, including CD45+CD1
1b+CD11C+Gr1−F4/80− DC, CD45+CD3+CD4+ T cells, and CD45+CD3+CD8+ T cells, within 4T1 primary tumors treated with NP“C12 + lomi”. Mice bearing 
4T1 tumors were euthanized on day 29 post-inoculation, and primary tumors were harvested for analysis, using the gating method detailed in Supple-
mentary Fig. 50. Data with significance were denoted as *P < 0.05. (B) IF staining of β-catenin in 4T1 primary tumors. IF staining was conducted to visualize 
active β-catenin levels and cellular localization within 4T1 primary tumors. Fluorescent signals depict the relative levels of active β-catenin. NP“C12 + lomi” 
makes more cytosolic β-catenin undergo the destruction process into the proteasome and less β-catenin were transcribed to suppress CCL4 expression. 
Scale bar, 25 μm. (C) Comparison of final primary tumor weights and cytotoxic CD8+ T cells in blood among indicated groups. Despite limited impact on 
primary tumor growth, the increase in cytotoxic CD8+ T cell population in blood suggested NP“C12 + lomi” potential against metastasis
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Fig. 7  Antimetastatic efficacy of NP“C12 + lomi” in the 4T1 post-surgery model due to the colocalization of small molecules. (A) A schematic summary of 
how the 4T1 post-surgery model was established. (B) Metastases progression was monitored quantitatively in the free“C12 + lomi” and NP“C12 + lomi”-
treated groups at day 26 and day 47 after inoculation using biophotonic imaging analysis. (C) Survival analysis of treated mice (n = 7). (D) Quantification 
of metastases-infiltrating lymphocytes in blood and lung from BALB/c mice (n = 3). *P < 0.05
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to a substantial improvement in survival rates, as 
depicted in Fig.  7C. The median survival times for the 
NP“C12 + lomi” and the free“C12 + lomi” groups were 
59 days and 43 days, respectively. The prolongation of 
the survival period may be attributed to the anti-lung 
metastasis efficacy of the NP treatment. Additionally, we 
recorded the longitudinal alteration in body weight, as 
depicted in Fig. S51. The body weights of mice in each 
specific treatment group were tracked at 7-day intervals. 
Crucially, over the entire treatment duration, the body 
weight of mice in both experimental groups remained 
remarkably stable, emphasizing the safety profile of the 
developed synergistic NP throughout the therapeu-
tic regimen. In comparison to traditional postoperative 
chemotherapy, which often comes with significant side 
effects and variable efficacy in TNBC, our NP treatment 
demonstrated several advantages. The targeted delivery 
of drugs via nanoparticles allows for more precise drug 
delivery to the tumor site, reducing damage to healthy 
tissues and minimizing side effects [42]. Additionally, the 
ability to co-deliver multiple therapeutic agents within 
a single nanoparticle system enhances the synergistic 
effects of the drugs, potentially overcoming limitations 
seen with free drug administration [43].

The distinct therapeutic outcomes of “C12 + lomi” with 
or without NP suggest an involvement of the immune 
system. Systemic treatment with STING agonists in mice 
has been reported to eliminate dormant metastasis and 
prevent spontaneous outbreaks in a T cell-dependent 
manner [44]. Thus, we investigated whether the inhibi-
tion of tumor metastasis by synergistic NP relies on a T 
cell-dependent mechanism. FACS analyses of mice lungs 
and blood revealed increased expression levels of CD8+ 
T cells in the lungs of NP-treated mice. Significantly 
increased CD45+CD3+ T cell infiltration was observed 
in tumors treated with NP“C12 + lomi”. The CD8+ cell 
populations were also elevated, while the percentage 
of CD4+CD25+ T regulatory cells decreased (Fig.  7D). 
Elevated levels of serum CCL4 have been reported to 
improved disease-free survival [31]. In line with this, 
the administration of NPs facilitated prolonged inhibi-
tion of 4T1 metastasis without inducing significant tox-
icity. Mechanistically, we observed robust infiltration of 
immune effector cells, notably CD8+ T cells, into lung 
tissues and blood. Therefore, the physical co-localization 
of the two drugs appears to achieve a better therapeutic 
effect compared to the free drug. Our findings suggest 
that nanosystems could serve as ideal dual-drug delivery 
systems, enhancing the synergistic effects between drugs. 
Subsequent investigations will integrate NP with other 
immunotherapeutic approaches to assess its synergistic 
efficacy in suppressing metastatic progression.

Synergistic antitumor and antimetastatic effects of 
application NP“C12 + lomi” with BMS1016
BMS company once designed a series of small-molecule 
PD-1/PD-L1 interaction inhibitors, such as BMS1016, 
which significantly increased anti-PD-1/PD-L1 activity 
[45, 46]. We previously tested the efficacy of BMS1016 
combined with a β-catenin suppressor [46] and observed 
a trend of decreased CCL4 expression was in long-term 
experiments with the BMS1016, while NP“C12 + lomi” 
treatment resulted in increased CCL4 expression (Sup-
plementary Fig.  52). Reportedly, combined treatment 
with PD-1 blockade and Wnt/β-catenin signaling inhibi-
tors induces better antitumor immunity than either treat-
ment alone [41]. Thus, we propose a mechanism-oriented 
combination therapy where an ICI agent is combined 
with NP“C12 + lomi”. Similar to our previous study [46], 
BMS1016 was chosen as the ICI agent due to its intrinsic 
low immunogenicity as a small molecule.

In both 4T1 and E0771 cells, the combinatorial use of 
NP“C12 + lomi” and BMS1016 significantly elevated the 
secretion of CCL4 in a synergistical manner (Fig.  8A). 
Additionally, β-catenin activation can elevate PD-L1 
expression in tumor cells by binding the β-catenin/TCF/
LEF complex to the CD274 gene promoter region, lead-
ing to immune evasion in glioblastoma [47]. In the pres-
ent study, the combinatorial use of NP“C12 + lomi” and 
BMS1016 effectively diminished these unfavorable out-
comes in 4th passage 4T1 cells. The WB analysis, revealed 
that the NP“C12 + lomi” + BMS1016 combination treat-
ment significantly reduced PD-L1 expression than the 
NP“C12 + lomi” or BMS1016. The quantitative results are 
presented in the accompanying column chart (Fig.  8B, 
Supplementary Fig. 53). In a tumor cell-T cell co-culture 
system, the BMS1016 + NP“C12 + lomi” combination 
demonstrated synergistic immunostimulatory effects, 
with significantly enhanced T cell proliferation compared 
to individual treatments (Supplementary Fig.  54), indi-
cating enhanced T cell proliferation and potential immu-
nostimulatory effects of the combined regimen. Taken 
together, these in vitro results strongly suggest the sub-
stantial potential of combining NP“C12 + lomi” with ICI 
agents and promote further in vivo studies.

We tested the antitumor efficacy of BMS1016 com-
bined with NP“C12 + lomi” in a 4T1 tumor model fol-
lowing the schedule in Supplementary Fig.  55. Small 
molecules are favored for their better oral availabil-
ity compared to biologics. Thus, we included an oral 
administration group in the in vivo study. When tumor 
volumes reached approximately 100 mm3, groups of 
five mice received the following treatments: (1)saline, 
(2)BMS1016 (1  mg kg-1, intraperitoneally, i.p.) + oral 
NP“C12 + lomi” (20  mg kg-1, 10  mg kg-1)”, (3)BMS1016 
(1 mg kg-1, i.p.) + i.v. NP“C12 + lomi” (20 mg kg-1, 10 mg 
kg-1)”, (4)BMS1016 (1  mg kg-1, i.p.) + i.v. NP vehicle 
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Fig. 8 (See legend on next page.)
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every 3 days for a total of 10 (NP“C12 + lomi”) or 4 
(BMS1016) administrations. After 3 weeks of treatment, 
CCL4 levels in tumor burden were quantified by qPCR 
(Fig.  8C). Both oral and i.v. NP“C12 + lomi” combined 
with BMS1016 caused appreciable changes compared 
to the control mice. We further performed immunob-
lot analysis of tumor lysates for Wnt markers (total and 
active β-catenin) to investigate the association between 
CCL4 expression and β-catenin attenuation in the ani-
mals treated with BMS1016 + NP“C12 + lomi”. In agree-
ment with changes in CCL4 expression, we observed 
appreciable change in total and active β-catenin after 
BMS1016 + i.v. NP“C12 + lomi” treatments. However, 
tumors treated with BMS1016 + oral NP“C12 + lomi” 
did not show the same deactivation, as indicated by the 
weaker bands, this discrepancy was also reflected in the 
corresponding quantitative analysis (Fig. 8D; Supplemen-
tary Fig. 56).

The moderate efficacy could be explained by the dif-
ferent pharmacokinetic profiles of the oral and i.v. 
administration routes, evidenced by the lower plasma 
concentrations in Supplementary Fig.  57. Specifically, 
i.v. NP“C12 + lomi” administered at the same dosage of 
20 mg kg-1 (C12) and 10 mg kg-1 (lomi) resulted in plasma 
concentrations of C12 and lomi that were over 100-fold 
higher than those in the oral NP“C12 + lomi” group. This 
plasma concentration-time profiles upon i.v. administra-
tion to rats disclosed the long-circulation feature of i.v. 
NP. However, even when NP“C12 + lomi” reaches the gas-
trointestinal tract, it still faces barriers regarding stability 
and absorption.

In line with the results of CCL4 expression levels, the 
quantification of CD45+CD3+CD8+ T cell number in pri-
mary tumor tissue demonstrated an increase from two 
treatment modalities: BMS1016 + oral NP“C12 + lomi” 
and BMS1016 + i.v. NP“C12 + lomi” (Fig.  8E). The more 
robust contribution came from the BMS1016 + i.v. 
NP“C12 + lomi” group, which showed a nearly 2-fold 
increase in CD45+CD3+CD8+ T cells compared to the 
control group. Moreover, BMS1016 + i.v. NP“C12 + lomi” 
had the most potent effect on reducing 4T1 primary 
tumor growth, whereas BMS1016 + NP vehicle had little 
effect (Fig.  8F). These findings indicate that the combi-
nation of intravenously administered NP“C12 + lomi” 

and immune checkpoint therapy exhibits a pronounced 
inhibitory effect on orthotopic tumors.

Inappropriate activation of the Wnt pathway has been 
shown to drive cell proliferation and tumor formation 
[30]. With most solid-tumor cancers, the biggest dan-
ger is not the tumor itself but its ability to metastasize. 
Metastasis is the leading cause of cancer death [48] and 
has an inverse association with CD8+ T cells [49]. Activa-
tion of the Wnt/β-catenin signaling pathway is observed 
in various tumor cells and results in metastasis. Signifi-
cantly, BMS1016 + i.v. NP“C12 + lomi” also showed the 
most potent anti-metastasis efficacy, evidenced by the 
reduced lung metastatic nodules in the 4T1 tumor model 
(Fig. 8G). In contrast, BMS1016 + NP vehicle barely had 
CD8+ T cell infiltrating and antitumor effects. It is worth 
noting the sharp outcome distinctions between the oral 
NP and i.v. NP, which could be explained by the different 
pharmacokinetic profiles of the administration routes, as 
evidenced by the lower plasma concentrations in Fig. S57. 
Overall, these data indicated the potential application of 
synergistic NP to augment immunotherapy, providing 
a possible therapeutic strategy for turning cold tumors 
hot. Oral NP“C12 + lomi” was prone to disassociate in 
the digestive system due to degradation by stomach acids 
and proteases, ultimately becoming free small molecules.

Discussion
The restoration of chemokine CCL4 presents a promis-
ing avenue for ICI therapy, aiming to transform cold 
tumors into hot ones. Several strategies to upregulate 
CCL4 have been tested, but none have been successfully 
been translated into marketed drug forms for clinical 
use. The limited clinical application of chemokines is pri-
marily due to cytokine/chemokine-induced irAEs [7–9]. 
These limitations may arise from the on-target toxicity 
of chemokines, which occurs when the drug engages its 
intended protein target in healthy tissue, leading to toxic 
side effects. For instance, the collagen-binding domain-
based direct delivery of CCL4 (CBD-CCL4) by Williford 
et al. presents the risk of potentially accumulating at 
non-tumor sites with exposed collagen, such as wounds, 
potentially triggering off-target adverse events like cyto-
kine storms [50].In contrast to the drawbacks of biolog-
ics, which include immunogenic sensitivity, prolonged 

(See figure on previous page.)
Fig. 8  Antitumor efficacy of the combinatorial use of BMS1016 and NP“C12 + lomi” in the 4T1 Orthotopic TNBC Model. (A) Enhancement of CCL4 ex-
pression in TNBC 4T1 and E0771 cells with combinatorial use. Quantitative PCR analysis demonstrated elevated CCL4 expression in 4T1 and E0771 cells 
with the combinatorial use of BMS1016 and NP“C12 + lomi”. (B) Reduction of PD-L1 expression in 4T1 cells after long-term combinatorial treatments. WB 
analysis indicated diminished PD-L1 expression in 4T1 cells following prolonged combinatorial treatments with BMS1016 and NP“C12 + lomi”. (C) qPCR 
analysis of CCL4 levels in 4T1 primary tumors using GAPDH as an internal control (n = 3, *P < 0.05). (D) WB analysis of 4T1 primary tumors. WB analysis was 
performed for a panel of Wnt signaling markers, active and total β-catenin with β-actin serving as a loading control. Less β-catenin due to NP“C12 + lomi” 
treatment was transcribed to suppress CCL4 expression. (E) Flow cytometry analysis of CD45+CD3+CD8+ T cell populations in primary tumors. Flow cy-
tometry quantified CD45+CD3+CD8+ T cell populations in primary tumors collected on day 36 (n = 5, **P < 0.01). (F) Mean primary tumor weights for each 
treatment group (n = 5; ns, not significant; *P < 0.05; **P < 0.01). (G) Ex vivo images of lungs with metastatic nodules observed after 72-hour immersion in 
Bouin’s fixative. Tumor metastasis is indicated by the red arrow
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circulating half-life, limited tissue and tumor penetration, 
and lack of oral bioavailability, the two small molecules 
used in the present study, NCTD-C12 and lomi, stand 
out due to their lower immunogenicity and excellent 
safety and biocompatibility in tumor-bearing mice.

In contemporary clinical practice, synergy among 
various small molecules has the potential to enhance 
the therapeutic index of drugs. However, a significant 
challenge lies in achieving the co-delivery and synergy 
of small molecules to maximize the potential of immu-
notherapy. Although traditional nanomedicine delivery 
faces challenges such as low EPR effect and tumor tis-
sue heterogeneity [51]. Advanced biomaterials and drug 
delivery systems play a crucial role in delivering drugs 
efficiently, improving their efficacy while minimizing 
toxic side effects. In this study, the NP“C12 + lomi” suc-
cessfully co-encapsulation of lipophilic NCTD-C12 and 
lomi within the hydrophobic core of the nanoparticles 
through the self-assembly of lipid materials, thereby 
enabling both co-delivery and synergistic effects of small 
molecules. Meanwhile, due to the tumor-homing abil-
ity of the surface-modified RGD peptide, facilitated the 
specific accumulation of NP“C12 + lomi” in the tumor 
tissues, significantly reducing toxicity and side effects on 
normal tissues by ensuring targeted interaction with the 
intended protein.

NCTD-C12 and lomi are both inhibitors of PP2A. 
and by inhibiting PP2A, they enhance the stability of 
the β-catenin degradation of β-catenin [21]. The Wnt/β-
catenin signaling pathway plays a crucial role in the 
self-renewal of CSCs, making it an important therapeu-
tic target in cancer treatment. Compared to other CSC-
related signaling pathways, targeting the Wnt/β-catenin 
pathway has shown more promising therapeutic effects 
[52]. However, β-catenin has long been considered an 
“undruggable” target, limiting its application in clinical 
therapy [53]. Traditionally, the co-delivery of cytotoxic 
drugs (such as paclitaxel) aims to achieve synergistic 
effects through two distinct targets [54], effectively killing 
tumor cells. However, this strategy often enhances cancer 
stem cell properties and may lead to immune suppres-
sion [55]. In contrast, our study addresses this challenge 
using a non-cytotoxic approach by regulating β-catenin 
through a small-molecule co-loaded nanoparticle system. 
By upregulating the expression of chemokines, β-catenin 
phosphorylation is converted into a non-phosphorylated 
state, effectively reversing tumor immune escape. This 
mechanism enhances immune surveillance in tumors, 
offering a more effective and safer alternative compared 
to cytotoxic drug-based strategies. The co-localization of 
synergistic drug pairs at specific sites is crucial for their 
ability to modulate CCL4. The nanoparticle co-delivery 
strategy presented in this study offers at least two advan-
tages for this small molecule pair in modulating CCL4.

(1) Physiochemical Stability. A significant challenge 
in combination drug therapy is determining the opti-
mal manner in which multiple components should be 
administered to achieve the best outcomes [25]. Small 
molecule drugs vary widely, ranging from lipophilic to 
water-soluble compounds. To co-encapsulate substances 
with divergent lipophilicity within a common nano-
system, two established strategies are often employed. 
The first strategy involves nanocarriers comprising both 
lipophilic and hydrophilic elements to facilitate effec-
tive interactions with various compounds [56–58]. The 
second strategy involves modifying drugs into prodrugs, 
thereby enhancing their compatibility with the delivery 
system, as exemplified by the conversion of oxaliplatin 
into a prodrug with an axial carboxyl group for improved 
encapsulation [59]. In our study, we synthesized NCTD-
C12 to bridge the lipophilicity gap when combined with 
lomi, given their similar LogP values predicted by Dis-
covery Studio™ software (Fig. 3B), which allows them to 
have similar release behaviors from the nanoparticles. As 
a prodrug, a portion of NCTD-C12 could be enzymati-
cally converted into NCTD in both in vitro and in vivo. 
Importantly, molecular docking experiments for NCTD-
C12 revealed similar interaction energies between the 
NCTD parent molecule and the NCTD-C12 prodrug, 
suggesting that structural modifications did not compro-
mise the pharmacological properties of NCTD.

(2) Pharmacological advantage. The pharmacologi-
cal advantage of co-encapsulating drugs within NPs is 
pivotal for delivering multiple agents targeting diverse 
sub-cellular levels effectively [57]. For example, Trioli-
mus, a micelle co-loaded with paclitaxel, rapamycin, and 
17-AAG, exemplifies how co-encapsulation within a sin-
gle nanocarrier can achieve synergism against multiple 
cancer cell lines by targeting diverse cellular pathways 
[60]. Paclitaxel, a mitotic inhibitor, exhibits enhanced 
cytotoxicity when combined with rapamycin, which 
inhibits p70s6k phosphorylation, the mechanistic target 
of rapamycin (mTOR). Additionally, 17-AAG blocks the 
compensatory Akt pathway activated upon rapamycin 
treatment. Thus, this triple drug combination requires 
coordinated delivery within the same NP to achieve 
synergism by simultaneously blocking both p70s6k and 
Erk1/2 phosphorylation [60]. Similar studies have shown 
that Wnt/β-catenin signaling plays a key role in tumor 
immune escape, which further supports that the drug 
combinations in our study may improve therapeutic 
efficacy by affecting this signaling pathway [61]. NCTD 
suppresses CSC-like properties by inhibiting β-catenin 
activity [24]. However, standalone NCTD applica-
tion doesn’t sufficiently upregulate CCL4 expression in 
tumor cells. Remarkably, lomi attenuates CSC-like prop-
erties [23], but faces the same problem of poor efficacy 
when used alone, making it a valuable complementary 
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agent alongside NCTD in our investigation. As com-
pared to physically mixed free drugs, co-encapsulated 
NP“C12 + lomi” significantly up-regulated CCL4 expres-
sion and attenuated CSC-like properties, owing to the 
co-encapsulation in nanoparticles allowing them to co-
localize and work synergistically.

Selecting the right small-molecule combination is cru-
cial for NP-mediated chemokine regulation. Based on 
the involvement of Wnt/β-catenin signaling in cytokine 
regulation [62], this approach may extend to various 
chemokine and cytokine classes. As research increas-
ingly explores cytokine-ICI combinations [63], our study 
enhances understanding of a new paradigm in chemo-
kine treatment. It also offers key insights for designing 
nanomedicine with synergistic small-molecule combina-
tions for ICI therapy, advancing this field.

Conclusions
In summary, our research has resulted in the design of 
a chemokine-eliciting NP with significant potential for 
immunotherapy. Within the TME, chemokines are piv-
otal in regulating immune cell trafficking and shaping 
the immune landscape. However, systemic administra-
tion of chemokines is hindered by the risk of widespread 
toxicities, necessitating precise control over their expres-
sion specifically within the tumor site. This challenge 
has impeded the clinical translation of chemokine-
based therapies, leaving the generation of chemokines 
through small-molecule drugs relatively unexplored. Our 
study hypothesized that the NP functions as a modula-
tor, enhancing CCL4 expression through the synergistic 
action of the “NCTD prodrug + lomi” combination, which 
deactivates β-catenin. This synergistic mechanism is dis-
rupted upon NP disassociation, leading to the cessation 
of CCL4 expression. This proof-of-concept study intro-
duces an innovative NP-triggered approach for site-spe-
cific CCL4 elicitation, mitigating the risk of irAEs caused 
by random chemokine distribution. Co-formulating the 
NCTD prodrug with lomi within the NP emerges as a 
highly promising strategy for advancing small-molecule 
therapies. Our research not only expands the horizons 
of chemokine-based immunotherapy but also provides a 
foundation for further investigations into precisely con-
trolled chemokine expression, thereby enhancing the effi-
cacy and safety of cancer immunotherapies.

Materials and methods
Materials
Compound Norcantharidin (NCTD) was purchased 
from Weikeqi-biotech Inc. Ltd., China. Compound 
PEG2000-DSPE, lomi, n-Butyl alcohol, n-Hexyl alcohol, 
n-Octanol, n-Decyl alcohol, and 1-Dodecanol were pur-
chased from Shanghai Aladdin Bio-Chem Technology 
Co., Ltd., China. Lecithin was purchased from Alfa Aesar, 

China. Roswell Park Memorial Institute (RPMI) 1640 
medium, Dulbecco’s modified eagle medium (DMEM), 
FBS, L-Glutamine, penicillin/streptomycin cocktail, B27, 
0.05% and 0.25% Trypsin were purchased from Gibico, 
China. TESCA buffer, 10 mM NaAc buffer, normal melt-
ing point agar, lower melting point agar, dispase II and 
collagenases IV were purchased from Solarbio, China. 
DNase/RNase Deionized Water were purchased from 
TIANGEN, China. Isopropanol was purchased from 
Sangon Biotech Co. (Shanghai, China). Universal SYBR 
Green qPCR Supermix were purchased from US EVER-
BRIGHT INC, China. Cathepsin B (Cat. No. C6286) 
was purchased from Sigma-Aldrich, USA. Anti-mouse 
CD45-FITC antibody, Anti-mouse CD3-APC/eFluor780 
antibody, Anti-mouse CD4-APC antibody, Anti-mouse 
CD8-PerCP antibody, Anti-mouse CD25-eFluor450 
antibody, Anti-mouse CD11b-APC/eFluor780 antibody, 
Anti-mouse CD11c-APC antibody, Anti-mouse GR1-
PerCP antibody, Anti-mouse F4/80-eFluor450 antibody, 
Triton-X-100 were purchased from Thermo Scientific 
and BioLegend, USA. Compound BMS1016 was custom-
ized from Beijing Fuda Inc. Ltd., China. BSA, DAPI, DiO 
and DiI were purchased from Biyuntian Biotechnology, 
China.

Animals
SD rats, balb/c mice were acquired from Speiford Beijing 
Biotechnology Co., Ltd (Beijing, China). All animal study 
protocols were reviewed and approved by the Animal 
Ethical Committee at Tianjin University of Traditional 
Chinese Medicine and adhered to the animal care guide-
lines of the Laboratory Animal Management Committee.

Cell line and culture
4T1 cell line, E0771 cell line and A549 cell line was pur-
chased from National Collection of Authenticated Cells 
Culture, China. 4T1 cells were grown in RPMI 1640 
medium supplemented with 5% FBS, 1% penicillin/strep-
tomycin, 1 mM Sodium Pyruvate and 0.4 mM Glutamine 
and maintained at 37 ℃, 5% CO2. E0771 cells were grown 
in DMEM medium supplemented with 10% FBS, 1% pen-
icillin/streptomycin, 1 mM Sodium Pyruvate and 0.4 mM 
Glutamine and maintained at 37 ℃, 5% CO2.

Western blot analysis
Cells were lysed using lysis buffer following our published 
protocol [64]. The cell lysates were then applied to the 
bicinchoninic acid assay (Bio-Rad) to determine protein 
concentrations, followed by SDS polyacrylamide gel elec-
trophoresis (20–30  mg of protein/lane). The separated 
proteins were then transferred to polyvinylidene fluoride 
membrane (PVDF, Millipore, Massachusetts). 5% non-fat 
dry milk in PBS was applied for the blocking step before 
primary antibody incubation. The following primary 
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antibodies were used: anti-total-β-catenin, anti-active-β-
catenin (Cell Signaling Technology, US) (dilution 1:1000), 
and anti-E-cadherin (Cell Signaling Technology, US) 
(dilution 1:1000), anti-b-actin (Proteintech, US) (dilu-
tion 1:8000), the antibody dilution was prepared in PBS 
containing 1% BSA. After overnight primary antibody 
incubation at 4  °C, the membranes were washed (The 
washing buffer consisted of PBS with 0.1% Tween 20, pH 
7.4, and was used to wash the samples three times, each 
for 5 min) and then incubated with HRP-conjugated anti-
bodies (Biosharp, China) for 1  h at room temperature. 
Images were developed by BioRad ChemiDocMP Imaging 
System.

qPCR analysis
Total RNAs were extracted using the Trizol reagent (Invi-
trogen) and RNA concentrations were measured using 
NanoDrop™ One (Thermo Scientific). The cDNA was 
synthesized using the SuperScript™ II RT (Invitrogen) 
for qPCR amplification, which was carried out in ABI 
QuantStudio 3 System using ABI TaqMan gene expres-
sion assay. The GAPDH level was analyzed and used 
to normalize specific gene mRNA expression levels as 
described in our previous study [64]. The primers used 
in this study were previously reported [46], where their 
efficiency and specificity were validated. Briefly, qPCR 
was performed using these primers, with amplification 
conditions as follows: an initial denaturation and Taq 
activation at 94  °C for 10  min, followed by 35 cycles of 
denaturation at 94 °C for 1 min and annealing/extension 
at 56  °C, concluding with a final elongation at 72  °C for 
10 min. The primer sequences in the PCR were shown as 
follows:

Gene Primer sequence Base number
M-GAPDH-F  GGTG AAGG TCGG TGTG AACG 20
M-GAPDH-R CTCG CTCC TGGA AGAT GGTG 20
M-CCL4-F TTCC TGCT GTTT CTCT TACA CCT 23
M-CCL4-R CTGT CTGC CTCT TTTG GTCA G 21

Soft agar colony formation assay
The soft agar colony formation experiment was per-
formed in 60-mm tissue culture dishes following our 
previous protocol [24]. Cells were collected by trypsin-
ization and suspended in culture media at a concentra-
tion of 0.5 × 103 cells mL-1. Four milliliters of 0.6% normal 
melting point agar, were placed into each 60-mm tissue 
culture dish as the bottom agar. The preparation of the 
agar solution followed standard procedures: a suitable 
amount of agar was weighed and dissolved in water, then 
sterilized in an autoclave. Two milliliter of cell suspen-
sion (0.5 × 103 cells mL-1) and 2 mL of 0.8% lower melt-
ing point agar, and each treatment (NCTD, lomi and 
NCTD + lomi) were mixed and poured over the bottom 

agar. The control group underwent the same procedures 
as the treated group, except for the omission of the drug, 
and each group was repeated in triplicate. After solidi-
fication of this upper agar, 3 mL of culture media were 
added, and dishes were incubated at 37  °C in a humidi-
fied 5% CO2 atmosphere. Colony formation in the agar 
was fixed by methanol and then stained with 0.33% (w/v) 
crystal violet solution, imaged, and counted after 4-week 
culture.

The synthesis and characterization of NCTD prodrugs-C4, 
C6, C8, C10, C1
To a solution of Norcantharidin (1.0  g, 5.95 mmol) in 
n-Butyl alcohol (4 mL) was added H2SO4 (0.1 mL) at r.t. 
The mixture was refluxed for 65 min at 80  °C. Then the 
reaction mixture was cooled to r.t., washed with H2O 
(3 × 10 mL), and filtered to give a white waxy solid. The 
solid was recrystallized with n-hexane and filtered to give 
compound C4 (1.0 g, 3.36 mmol, 56%) as a white solid.

1H NMR (400  MHz, CDCl3) δ 4.91–4.84 (m, 2  H), 
4.14–3.95 (m, 4  H), 2.95 (s, 2  H), 1.83–1.76 (m, 2  H), 
1.60–1.49 (m, 6 H), 1.40–1.30 (m, 4 H), 0.91 (dd, J = 9.2, 
7.5 Hz, 6 H).

To a solution of Norcantharidin (1.0 g, 5.95 mmol) in 
n-Hexyl alcohol (4 mL) was added H2SO4 (0.1 mL) at r.t. 
The mixture was refluxed for 65 min at 80  °C. Then the 
reaction mixture was cooled to r.t., washed with H2O 
(3 × 10 mL), and filtered to give a white waxy solid. The 
solid was recrystallized with n-hexane and filtered to give 
compound C6 (1.1 g, 3.11 mmol, 52%) as a white solid.

1H NMR (400 MHz, CDCl3) δ 4.88 (dd, J = 3.3, 2.3 Hz, 
2  H), 4.10–3.95 (m, 4  H), 2.95 (s, 2  H), 1.84–1.75 (m, 
2  H), 1.61–1.49 (m, 6  H), 1.34–1.24 (m, 12  H), 0.87 (t, 
J = 7.8 Hz, 6 H).

To a solution of Norcantharidin (1.0 g, 5.95 mmol) in 
n-Octanol (4 mL) was added H2SO4 (0.1 mL) at r.t. The 
mixture was refluxed for 65 min at 80 °C. Then the reac-
tion mixture was cooled to r.t., washed with H2O (3 × 10 
mL), and filtered to give a white waxy solid. The solid was 
recrystallized with n-hexane and filtered to give com-
pound C8 (1.2 g, 2.92 mmol, 49%) as a white solid.

1H-NMR (DMSO-d6, 400 MHz): δ 4.65–4.64 (m, 2 H), 
3.92–3.80 (m, 4  H), 3.03 (s, 2  H), 1.53–1.44 (m, 8  H), 
1.24–1.21 (m, 20 H), 0.82 (t, J = 6.8 Hz, 6 H).

To a solution of Norcantharidin (1.0 g, 5.95 mmol) in 
n-Decylalcohol (4 mL) was added H2SO4 (0.1 mL) at r.t. 
The mixture was refluxed for 60 min at 100 °C. Then the 
reaction mixture was cooled to r.t., washed with H2O 
(3 × 10 mL), and filtered to give a white waxy solid. The 
solid was recrystallized with n-hexane and filtered to give 
compound C10 (1.7 g, 3.64 mmol, 61%) as a white solid.

1H-NMR (DMSO-d6, 400 MHz): δ 4.65–4.64 (m, 2 H), 
3.92–3.80 (m, 4  H), 3.03 (s, 2  H), 1.53–1.45 (m, 8  H), 
1.23–1.21 (m, 28 H), 0.82 (t, J = 6.8 Hz, 6 H).
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To a solution of Norcantharidin (0.6 g, 3.57 mmol) in 
1-Dodecanol (3 mL) was added H2SO4 (0.1 mL) at r.t. The 
mixture was refluxed for 60 min at 100 °C. Then the reac-
tion mixture was cooled to r.t., washed with H2O (3 × 10 
mL), and filtered to give a white waxy solid. The solid was 
recrystallized with n-hexane and filtered to give com-
pound C12 (1.3 g, 2.49 mmol, 70%) as a white solid.

1H-NMR (DMSO-d6, 400 MHz): δ 4.89–4.87 (m, 2 H), 
4.09–3.96 (m, 4  H), 2.95 (s, 2  H), 1.81–1.49 (m, 8  H), 
1.28–1.24 (m, 36 H), 0.87 (t, J = 6.8 Hz, 6 H).

All compounds were dissolved in dimethyl sulfoxide for 
in vitro treatments or further experiments.

Molecular Docking
The structure of the Protein Phosphatase 2  A Core 
Enzyme (PDB ID: 2IE4) was selected for molecular dock-
ing. The protein structure was processed by the Protein 
Preparation module in Discovery Studio 2019, wherein 
all water molecules were removed and all other param-
eters were set to default. A spherical region with a 11 Å 
diameter was established as the active site [65], centered 
on the ligand molecule. To select the best docking poses 
for further analysis, we considered the docking scores 
and the binding interactions with key residues of the tar-
get protein. Poses with the lowest binding energies (i.e., 
most negative docking scores) and stable interactions 
with the active site were selected for further analysis. 
Additionally, poses were evaluated for consistency across 
multiple docking runs. The docking simulations were 
conducted using the CDOCKER module, and the top-10 
poses of each compound were saved for further analysis. 
To validate the docking method, we re-docked a known 
ligand (okadaic acid, a previously reported inhibitor [66]) 
into the receptor binding site, and the result was consis-
tent with experimentally observed binding modes.

Preparation and characterization of NP
RGD-PEG2000-DSPE was obtained by the same method 
as described previously [24]. Briefly, Mal-PEG-DSPE and 
RGD-SH (molar ratio 1:1.5) were dissolved in 0.05  M 
HEPES/0.01  M EDTA aqueous solution and rotated 
overnight at room temperature in the dark. At the end 
of the reaction, ultrafiltration was performed to remove 
excess free RGD-SH peptide. Then, lomi, NCTD-C12, 
lecithin, PEG2000-DSPE, and RGD-PEG2000-DSPE were 
dissolved in chloroform (CHCl3) solution. Meanwhile, a 
certain amount of water was added to the above organic 
phase solution, the vortices were fully formed after the 
two solutions were mixed. And then they were homog-
enized by a high-pressure homogenizer (ATS, Canada) 
for half an hour. After removing the residual chloroform, 
the nanoparticles were left to self-assemble at room 
temperature overnight. Finally, the remaining free mol-
ecules were removed by an Amicon Ultra-4 centrifugal 

filter (Molecular cut-off 100,000, Millipore, Billerica, 
MA, US) and then resuspended in 0.9% saline to obtain 
a final desired concentration. The diameter and zeta 
potential of these nanoparticles were characterized by a 
Zetasizer Nano ZS90 (Malvern, UK). Transmission elec-
tron microscopy (TEM) was performed using a Hitachi 
H-7800 (Hitachi, Japan). The samples were placed on 
copper grids and negatively stained with 2% phospho-
tungstic acid (PTA) for enhanced contrast. The samples 
were observed at an acceleration voltage of 80  kV, and 
images were captured using a CCD camera. The mor-
phology of the nanoparticles was analyzed by measuring 
the size distribution and shape from the obtained images.

The content determination of C12 and Lomi by LC-MS/MS
Generally, C12 and lomi content in NP“C12 + lomi” solu-
tion and EE% were determined by LC-MS/MS method. 
A UPLC I-Class system (Waters Corp., Milford, MA, 
USA) interfaced with a XEVO TQ-MS mass spectrom-
eter (Waters, USA) equipped with electrospray ioniza-
tion (ESI) source were used in the study. The separation 
was performed on an Acquity UPLC BEH C18 column 
(2.1 × 50  mm, 1.7  μm). The flow rate was 0.4 mL min-1, 
and the mobile phase consisted of 0.1% formic acid in 
water (solvent A) and 0.1% formic acid in acetonitrile 
(solvent B). The gradient elution conditions were as fol-
lows: 0–1 min, 90% A; 1–3 min, 90%−0% A; 3–5 min, 0% 
A; 5–6 min, 0 − 90% A; 6–8 min, 90% A. And the injec-
tion volume was 4 µL. lomi and C12 were monitored in 
positive mode with multiple reactions monitoring. The 
precursor-to-product ion transition of lomi and C12 
were m/z 694→249 and 523→169, respectively. Briefly, 
nanoparticle solutions were diluted at 1:1 ratio with ace-
tone and then 1 M NaOH solution was added at 1:1 ratio 
after complete evaporation of acetone. The solutions 
were finally vortexed to release free drug from the ionic 
complexes. After centrifugation (10000  rpm × 5  min), 
supernatant was diluted by mobile phase and injected 
to the LC-MS/MS for quantification. C12 and lomi peak 
from nanoparticle solutions were quantified by compar-
ing to a calibration curve of known C12 and lomi con-
centration standard and corrected to account for sample 
dilution. The weight ratio of entrapped drug to added 
drug was defined as the encapsulation efficiency (EE%). 
The encapsulation efficiency (EE%) was calculated using 
the following formula: EE% = (1- Free Drug/Total Drug) 
× 100%.

Measurement of C12 and NP“C12 + lomi” responsive 
toward cathepsin B
C12 and NP“C12 + lomi”, was dispersed separately in 
solution in 1 mL sodium acetate buffer solution (pH 5.0) 
contained cathepsin B (U-activity unit = 10 U mL-1) for 
72  h. The samples were kept in isothermal shaker at 37 
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℃ and 100 rpm. At the predetermined time point, 100 µL 
of the sample solution was withdrawn, and same amount 
of acetonitrile was added immediately. The accumulative 
drug release was measured by LC-MS/MS.

The amount of NCTD and NCTD-C12 presenting in tumor 
tissue
Orthotopic mammary homograft tumors were estab-
lished by injecting 5 × 105 4T1 cells directly into the 
4th mammary gland fat pad, using a similar method 
described previously. NCTD-C12 was administered via 
intratumoral injection (i.t.) at a dosage of 10  mg kg-1 
following tumor growth to ≈ 100 mm3 for 72  h. After 
surgery, collected tumor tissue, added three times the 
volume of water for homogenization, then pipetted an 
appropriate amount of homogenate, added acetone, 
fully vortex and mix, centrifuge at 12,000 rpm at 4 °C for 
10  min, took the supernatant, nitrogen was used as the 
drying gas, add methanol, vortex and shake. The amounts 
of NCTD and NCTD-C12 was determined by LC-MS/
MS method.

Determination of drug release profile
Drug release profiles of NP“C12 + lomi” were deter-
mined using a dialysis method. To test C12 or lomi 
release, lyophilized NP“C12 + lomi” (2.5  mg) was dis-
persed in 0.4 ml of PBS and transferred to the dialysis bag 
(MWCO: 10  K). The dialysis bag was immersed into a 
250 mL glassware containing 200 mL PBS (1% Tween 20) 
and incubated in a water bath at 37 °C under stirring con-
dition. The amounts of drug released at the determined 
time points was determined by LC-MS/MS.

Determination of NP stability
DiO-DiL-labeled nanoparticles (DiO-DiL-
NP“C12 + Lomi”) and FITC-Dil-NP“C12 + Lomi” were 
prepared according to the procedure described in 
the preceding steps for preparing nanoparticles. The 
nanoparticles were then dialyzed in PBS (pH 7.4) at 37 °C 
with continuous shaking at 100  rpm to simulate in vivo 
drug release conditions. Samples were taken at various 
time points (0, 15, 30 min, 1, 2, 4 and 8 h) to measure the 
fluorescence intensity and calculate the FRET efficiency, 
which indicates the release and energy transfer dynam-
ics between the donor and acceptor molecules within the 
nanoparticles. According to the fluorescence intensity of 
the spectrum, the change of FRET efficiency of micelles 
at each time was calculated according to the following 
formula: EffFRET (%) = IR/(IG + IR) [EffFRET: FRET effi-
ciency; IR: Fluorescence intensity of DiI at 565  nm; IG: 
Fluorescence intensity of DiO at 501  nm (in DiO-DiI-
NP“C12 + Lomi”) or fluorescence intensity of FITC at 
525 nm (in FITC-Dil-NP“C12 + Lomi)]

In vitro cytotoxicity assay
An MTT assay was performed to evaluate the in vitro 
cytotoxicity. Briefly, cells were seeded on 96-well plates 
(3 ~ 5 × 103 cells/well in 100 µL of complete culture 
medium). Different concentrations of polymers or NPs 
were added into the wells 24  h after cell seeding and 
incubated with cells for 48  h; saline or dimethyl sulfox-
ide (DMSO) was used as a positive control. At the end 
of incubation, 50 µL of the MTT reagent (5  mg mL-1) 
was added to each well and incubated for 4 h. Then, 200 
µL of DMSO was added to each well and incubated for 
another 1  h. The plate was recorded using a microplate 
reader (SpectraMax i3x, Molecular Devices, Sunnyvale, 
CA, USA) at the wavelength of 570 nm. The inhibition of 
relative cell growth was determined by the following for-
mula: Cell Viability (%) = (Absorbance at 570 nm of NP 
treated cells) / (Absorbance at 570 nm of control − treated 
cells) × 100%.

Hemolysis assay
Preparation of Physiological Saline: 0.9 g of sodium chlo-
ride (NaCl) was dissolved in 99.1 mL of distilled water 
under continuous stirring to obtain a 0.9% (w/v) physi-
ological saline solution. Preparation of Red Blood Cell 
Suspension: Fresh mouse blood (6 mL) was collected in 
a 15 mL centrifuge tube and mixed with an equal vol-
ume of physiological saline. The mixture was centrifuged 
at 3,000 ×g for 5 min at 4 °C. The supernatant was care-
fully removed, and the RBC pellet was resuspended in an 
equal volume of physiological saline. This washing pro-
cess was repeated three times or until the supernatant 
became colorless. The purified RBCs were diluted with 
physiological saline in a 50 mL volumetric flask to pre-
pare a 2% (v/v) RBC suspension, which was stored at 4 °C 
for subsequent experiments. Preparation of Sample Solu-
tions: NP blank solution and drug-loaded NP solution 
(concentration range: 0.125–2 mg/mL) were mixed with 
an equal volume of the 2% RBC suspension. The mixtures 
were incubated in a water bath at 37 °C for 2 h, followed 
by centrifugation at 3,000 ×g for 10 min. The absorbance 
of the supernatant was measured at 540 nm using a spec-
trophotometer. Physiological saline and ultrapure water 
were used as negative (0% hemolysis) and positive con-
trols (100% hemolysis), respectively.

Cell migration assay protocol
4T1 cells in the logarithmic growth phase were seeded into 
culture dishes and incubated at 37 °C in a 5% CO₂ humidi-
fied atmosphere. When cellular confluence reached > 90%, 
parallel equidistant reference lines were drawn along the 
dish diameter using a sterile marker pen for orientation. 
Uniform scratch wounds were subsequently created per-
pendicular to these reference lines using a 200 µL pipette 
tip. Following scratch formation, detached cells were 
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removed by three PBS washes. Cells were then maintained 
in complete medium containing 10  µg/mL mitomycin C 
(to inhibit proliferation) and experimental drug treatments 
at specified concentrations. Phase-contrast images of 
wound closure progression were captured at 0, 6, 24, and 
48 h time points using an inverted microscope equipped 
with digital imaging system.

Immunofluorescence staining
Paraffin sections of tumor tissues were dewaxed in 
sequential series of solutions: 100%, 95%, 80%, 70%, and 
50% ethanol (each for 2 min), followed by a rinse in a dis-
tilled water for 10 min and then in 1 × PBS for 10 min. 
The slide rack was then placed in a beaker containing the 
retrieval solution and autoclaved at 121 ℃ with 15 Psi for 
20 min. After natural cooling, slides were rinsed twice in 
PBS for 5 min. Subsequently, closure solution (2% BSA, 
0.1% Triton-X-100 in PBS solution) was prepared and 
incubated for 30 min. Primary antibody solution was pre-
pared by diluting β-catenin to a 1:200 concentration with 
the blocking solution and then incubated overnight at 4 
℃ in a light protected, humidified container. Secondary 
antibody solution was prepared at a 1:300 ratio with 1 × 
PBS and incubated for 1 h at room temperature, followed 
by two rinses with PBS (5  min). Finally, DAPI solution 
was added and incubated for 10  min at room tempera-
ture, rinsed once with PBS for 5 min, and the slides were 
then mounted with a cover slip.

Suspension culture spheroid formation assay
The spheroid formation assay was performed following 
the published protocol with minor modifications [64]. 
Briefly, single 4T1 cells were plated in ultralow attach-
ment 48-well culture plates at a density of 2 × 103 cells per 
well suspended in serum-free RPMI 1640 medium con-
taining human recombinant basic fibroblast growth fac-
tor (20 ng mL-1), human recombinant epidermal growth 
factor (20 ng mL-1), 1% penicillin/streptomycin, B27 
supplement (1/50, v/v) and heparin (4  mg mL-1). Plates 
were incubated at 37  °C in cell incubator with 5% CO2. 
Spheres > 50 mm were viewed and photographed under a 
phase-contrast microscope after 10-day culture.

Evaluation of the therapeutic effect of systemic 
administration of NP on TNBC using a mouse orthotopic 
mammary homograft tumor model
The orthotopic mammary homograft tumors were estab-
lished by directly injecting 0.5 million of 4T1 cells into the 
4th mammary gland fat pad as the similar method described 
previously [24]. The treatment began on day 8 post 4T1 cell 
inoculation. NP“C12 + lomi” was administered i.v. or orally 
at the dosages of C12 (20  mg kg-1) body weight and lomi 
(10 mg kg-1) body weight; BMS1016 was prepared in Cre-
mophor vehicle (Cremophor EL/ethanol 1:1, diluted 1:4 

with PBS after the addition of BMS1016) was administered 
i.p. at the dosage of 1  mg kg-1 body weight; PBS and NP 
blank were set as controls. On day 36 post 4T1 cell inocu-
lation, all mice were euthanized. The lungs were harvested 
and collected. After immersion with Bouin’s fixative for 
24 h, the metastatic nodules on the surface of the lungs were 
counted and then the lungs were imaged individually. The 
mammary tumors were collected and weighted.

Flow cytometry
Single-cell dissociation from tumor tissue and the follow-
ing flow cytometry analysis of immune cells were per-
formed as below. Briefly, the tumor fraction was cut into 
pieces by manually mincing the tissues using scissors, 
followed by enzymatic digestion with 4 mg mL-1 collage-
nase IV (Roche, UK), 0.375 mg mL-1 dispase II, and 0.6% 
FBS for 60 min at 37 °C with gentle stirring. The digested 
samples were filtered through 70  mm cell strainer and 
centrifuged at 1600  rpm for 3  min. The cells were then 
incubated in labeling medium containing antibodies for 
30  min in the dark. After that, cells were washed and 
resuspended in PBS containing 0.1% FBS and proceeded 
to flow cytometry analysis, and all flow plots represent 
live, single cells, with 100,000 events.

In vivo bioluminescence imaging
Bioluminescence imaging (BLI) was performed at the 
indicated time points using an IVIS Lumina III in vivo 
imaging system (PerkinElmer). Analysis was performed 
using Living Image 4.3.1 software (Caliper Life Sciences). 
Mice underwent intraperitoneal injection with luciferin 
(150 mg kg-1; Promega) and were imaged (exposed time: 
Auto) under isoflurane anesthesia after 10 min. Animals 
were inspected daily and killed when experimental end-
points had been achieved or when symptomatic due to 
tumor progression. The mice were anesthetized by isoflu-
rane and further performed the surgical dissection.

Assessment of Lomi and NCTD-C12 pharmacokinetics
Twelve female SD rats were randomly divided into two 
groups, one group received a single intragastric gavage 
(i.g.) administration of lomi and C12 in NP, and the 
other group was by intravenous injection (i.v.). Each rat 
was given a single dose of C12 20  mg kg-1 body weight 
and lomi 10 mg kg-1 body weight, fasted for 12 h before 
administration, drank freely, and crossed after a clean-
ing period of 1 week. Blood samples were collected into 
heparinized Eppendorf tubes from fossa orbitalis vein at 
0.083, 0.167, 0.333, 0.5, 1, 2, 4, 8, 12, 24, 48, 72 and 96 h 
after administration, and then immediately centrifuged at 
3500 rpm min-1 for 10 min. The supernatants were sepa-
rated and stored at -80 °C until analysis. The concentra-
tions of C12 and lomi in blood plasma were quantified 
using HPLC-MS.
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Statistical analysis
For in vitro and rodent studies, all quantitative measure-
ments were performed on at least three independent 
replicates. All values are expressed as means ± SD. Sta-
tistical analysis was performed using GraphPad Prism 8. 
*P < 0.05, **P < 0.01, ***P < 0.001 was considered statisti-
cally different. Survival benefit was determined using a 
log-rank test. Biological replicates were used in all exper-
iments unless otherwise stated.
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