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Paclitaxel/Luteolin Coloaded Dual-Functional Liposomes for

Esophageal Cancer Therapy
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Combination therapy integrating chemotherapeutic agents with natural
bioactive ingredients represents an attractive strategy for esophageal
squamous cell carcinoma (ESCC) treatment, yet achieving tumor-specific
co-delivery remains a critical challenge. Herein, we report that the
combination of luteolin (LUT) and paclitaxel (PTX) exerts a remarkable
synergy in ESCC treatment, while concurrently alleviating PTX-induced
hepatotoxicity; EA2 aptamer has been identified for its exceptional specificity
and strong affinity toward Catenin Alpha 1 protein (CTNNAT) in ESCC cells.
Leveraging this specificity, nanosized EA2-modified pH-sensitive liposomes
(EA2-PSL-PTX/LUT) are successfully developed with effective co-loading,
controlled release, and good biostability. EA2-PSL-PTX/LUT exhibits
stimuli-triggered release in the acidic tumor microenvironment and facilitates
specific cellular uptake and endosomal escape in ESCC cells. In vivo imaging
confirms precise tumor localization, deep tumor penetration, and prolonged
retention of the nanocarrier. In vitro and in vivo findings validate that the
nanocarrier potentiates synergistic inhibitions of PTX and LUT. Notably,
EA2-PSL-PTX/LUT significantly activates the tumor microenvironment by
promoting dendritic cell maturation and T cell infiltration. And the
immunosuppressive microenvironment has been remodeled by decreasing
myeloid-derived suppressor cells and regulatory T cell accumulation. This
study provides a strategy for precise delivery of combinational
chemotherapeutic drugs for ESCC targeted therapy.

1. Introduction

Esophageal cancer is a major gastrointesti-
nal malignancy, ranking 11th in global in-
cidence and 7th in mortality among ma-
lignant tumors.[!l Notably, China has the
highest incidence rate, contributing to 9.9%
of cancer-related fatalities.?) More than
90% of esophageal cancer cases in China
are esophageal squamous cell carcinoma
(ESCC), which is characterized by insidi-
ous progression, high malignancy, strong
invasiveness, and poor prognosis. While
early diagnosis and treatment®! have led
to a decline in ESCC incidence, the overall
five-year survival rate remains low at 20.9—
30.3%.1*) Chemotherapy is essential for
treating advanced and metastatic ESCC,P]
and paclitaxel (PTX; Figure Sla, Support-
ing Information) is the key therapeutic
agent. PTX can bind to g-tubulin, inhibit
microtubule depolymerization during cell
division and mitosis, and thereby induc-
ing cell cycle arrest and apoptosis.[®) How-
ever, effective clinical practice remains hin-
dered. The low solubility of PTX leads
to inadequate membrane transport, rapid
blood clearance, and low bioavailability.”]
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Additionally, owing to its limited targeting to tumors, higher
doses are required, resulting in nonspecific binding and intolera-
ble cytotoxicity. Repeated chemotherapy can also provoke host re-
sponses that create a tumor-friendly microenvironment, promot-
ing tumor metastasis and multidrug resistance.l® Furthermore,
PTX and its metabolites can also cause hepatotoxicity.l’) These
challenges reduce the overall efficacy and contribute to ESCC
treatment failure. Therefore, it is critical to address the limita-
tions of single-agent chemotherapy.

Combination therapy has emerged as an attractive
approach.'” Notably, combination chemotherapy that inte-
grates chemotherapeutic drugs with bioactive ingredients
shows great potential for treating cancer.'! Advanced high-
throughput screening technologies have revealed several
bioactive compounds from traditional Chinese medicine, such
as jesridonin,[?! cinobufagin,’®! and schizandrin A, that
synergistically inhibit ESCC along with PTX, offering promising
prospects for clinical application. These compounds can reduce
dosage and toxicity while improving efficacy by modulating
the tumor microenvironment, inhibiting angiogenesis, miti-
gating multidrug resistance, inducing apoptosis, and activating
antitumor immune responses.(!]

Luteolin (LUT; Figure S1b, Supporting Information), a natural
flavonoid possesses antioxidant properties, |1l affects the polar-
ization function of macrophages in the tumor microenvironment
(TME),!"”] and exhibits antiproliferative effects against various
cancer cells.'81%] Recent studies have demonstrated that combin-
ing LUT with PTX synergistically inhibits ESCC by suppressing
epithelial-mesenchymal transition, which reduces cell migration
and induces apoptosis.[2°l More importantly, LUT exhibits potent
hepatoprotective effects against liver injury in mice.l?!] Given the
hepatotoxicity associated with PTX chemotherapy, the utilization
of hepatoprotective agents, such as LUT, is particularly appealing.
In our preliminary studies, LUT counteracted PTX-induced hep-
atocyte damage and proliferation inhibition and improved liver
function parameters in AML12 cells in vitro. As such, the com-
bination of PTX and LUT presents a promising strategy for en-
hancing the anti-ESCC efficacy and remodeling the tumor mi-
croenvironment while mitigating hepatotoxicity. However, there
is an urgent need for therapeutics to codeliver PTX and LUT at
specific ratios to target cancer cells.

Various nanotechnology-based drug delivery systems (NDDS),
such as nanoparticles,??l micelles,[?*! nanoemulsions,**! and
liposomes,?°! have significantly improved the efficiency of com-
bination chemotherapy. These nanocarriers enable effective co-
loading of chemotherapeutic agents, enhancing their synergistic
effects by synchronizing exposure in tumor cells. They also offer
several advantages, such as good biocompatibility, enhanced drug
solubility, prolonged in vivo circulation time, increased bioavail-
ability via the enhanced permeability and retention (EPR) mech-
anism, and promote accumulation in tumors.l?¢?’] Substantial
progress has been made in the design of stimulus-responsive
NDDS based on TME (e.g., pH, redox state, and enzymes) to
achieve controlled and sustained drug release in tumor tissues
and cells. pH-sensitive liposomes (PSL), a specific types of liposo-
mal NDDS predominantly incorporating 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) and the weakly amphiphilic
acid cholesterol hemisuccinate (CHEMS),[?®) are designed to re-
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spond to acidic environments and release encapsulated drugs.
By leveraging this unique feature, PSL can achieve precise, tar-
geted, and controlled delivery of anticancer agents directly to tu-
mor sites, maximizing treatment efficacy while minimizing sys-
temic toxicity. However, despite the exceptional performance of
PSL, only 0.7% of intravenously administered NDDS success-
fully reaches the tumor site in clinical practice.[?’! This limited
targeting is primarily due to passive targeting efficiency, which
can result in suboptimal tumor accumulation, limited intratu-
moral passive diffusion, and insufficient tissue selectivity at the
tumor sites.3%) Additionally, the dense nature of tumor tissue also
poses challenges for PSL penetration, necessitating overcoming
barriers, such as the vascular endotheliumP! and extracellular
matrix,*?! to enter the tumor interstitium.

Actively targeted modified liposomes can overcome the lim-
itations of nonspecific targeting. Various ligands based on the
overexpression of cancer cell surface molecules can be incor-
porated into liposomes, thereby facilitating targeted cellular up-
take. One innovative approach involves the use of the cell-
systematic evolution of ligands by exponential enrichment (Cell-
SELEX) technology,?3! which allows for the identification of
single-stranded RNA or DNA (aptamers) with high affinity for
tumor cells. Aptamers offer several advantages, including low
molecular weight, minimal immunogenicity, ease of synthesis
and modification, high specificity, remarkable affinity, and effi-
cient tumor penetration.[**! Hence, they are increasingly being
acknowledged as a premier strategy for targeted nanoparticle
drug delivery. We have previously reported that an engineered
EA1 aptamer-modified nano-system significantly enhanced drug
and gene delivery to tumors, exhibiting excellent ESCC suppres-
sion efficiency.3]

In this study, we aimed to develop a nanosized liposomal code-
livery system (EA2-PSL-PTX/LUT) with a core-shell structure
(Scheme 1) to realize efficient coloading, active targeting, and
controllable corelease of PTX and LUT in ESCC tumors/cells,
achieve reduced toxicity and enhanced efficacy, and remodel
the immunosuppressive microenvironment in treating ESCC.
This system was constructed using a lipid material comprising
DOPE, CHEMS, and D-alpha-tocopheryl polyethylene glycol suc-
cinate (TPGS) for efficient coloading of PTX and LUT within the
PSL core, while the shell was modified with the EA2 aptamer
to specifically target ESCC cells. EA2-PSL-PTX/LUT achieved
high coloading efficiency, responsive controlled release, and good
biostability. Furthermore, enhanced intracellular uptake and en-
dosomal escape ability were validated in ESCC cells. Specific tu-
mor targeting, prolonged retention, and deep tumor penetration
of EA2-PSL-PTX/LUT were confirmed in tumor-bearing mice.
Both in vivo and in vitro experiments demonstrated the syn-
ergistic efficacy and safety of EA2-PSL-PTX/LUT for the treat-
ment of ESCC. Additionally, based on the human peripheral
blood mononuclear cell (PBMC)-engrafted tumor-bearing mice
model, EA2-PSL-PTX/LUT was confirmed to remarkably rebuild
the immunosuppressive microenvironment of ESCC tumors by
reeducating the TME into an immune-activated state, decreasing
immunosuppressive-related cell infiltration, and softening the
stromal barrier. Overall, this study presents an innovative strat-
egy for precise codelivery of chemotherapeutic agents to improve
targeted therapy outcomes for ESCC.
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Scheme 1. a) Schematic of a targeted co-delivery system for PTX and LUT via EA2 aptamer-modified PSL. b) Our hypothesis posits that precise co-delivery
of PTX and LUT via nano-sized, PSL, functionalized with EA2 aptamers, could facilitate efficient co-loading, targeted delivery, and controllable co-release
of the PTX/LUT within ESCC tumor/cells, achieving reduced hepatotoxicity, enhanced synergistic chemotherapy, and remodeled the immunosuppressive

microenvironment for ESCC treatment.

2. Results and Discussion

2.1. LUT and PTX Exert a Remarkable Synergistic Inhibition on
ESCC with Alleviated Hepatotoxicity

In preliminary experiments, we used the CCK-8 assay to assess
the effects of PTX and LUT on the proliferation of KYSE-150
cells. The drugs exhibited a time- and dose-dependent inhibition
of cell proliferation. The IC,, values for PTX and LUT at 48 h
were 12.82 nM and 44.25 pM (Figure Slc-d, Supporting Infor-
mation), respectively. A combinatorial drug experiment was de-
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signed using the CompuSyn software to evaluate the synergistic
effects of PTX and LUT at dosages ranging from 1/2 ICs, to 2
ICy,. Individual or combined administration of PTX and LUT re-
sulted in substantial inhibition of cell growth (Figure 1a), with
the PTX+LUT combination group demonstrating a more pro-
nounced inhibitory effect than the individual drug groups. Sub-
sequently, the CompuSyn software was used to calculate the com-
bination index (CI) for LUT and PTX. The CI curve (Fa-CI plot)
is illustrated in Figure 1b. All CI values were below 1, indicat-
ing robust synergistic cytotoxicity in KYSE-150 cells. With a min-
imum CI of 0.704, the actual inhibition rate reached 68.52% at a
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Figure 1. LUT and PTX exerts a remarkable synergistic inhibition on ESCC with alleviated hepatotoxicity in vitro and in vivo. a) Cell viabilities of KYSE-150
cells treated with PTX (6 and 12 nM) or in combination with LUT (22.5, 45, and 90 uM) for 48 h using CCK-8 assay. b) Cl values of PTX combined with
LUT using the CompuSyn software. c) Effects of combined PTX and LUT on proliferative ability of KYSE-150 cells evaluated by RTCA assay, treatments
include PBS, PTX (12 nM), LUT (22.5 uM), and Combined (PTX, 12 nM and LUT, 22.5 uM). d) LDH leakage of KYSE-150 cells after the treatment of
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concentration of 12 nM PTX and 22.5 uM LUT, which were se-
lected for subsequent experiments.

Next, the cytotoxic effects of PTX and/or LUT were evalu-
ated using real-time cell analysis (RTCA), lactate dehydrogenase
(LDH) leakage, cell morphology, and colony formation assays.
The cell index values obtained from the RTCA were monitored
for 72 h (Figure 1c). Compared to treatment with PTX or LUT
alone, the combined treatment resulted in a marked decrease
in the cell index. LDH is a crucial enzyme in intracellular ox-
idative phosphorylation, and the death or apoptosis of cancer
cells can lead to elevated LDH release. We observed a signifi-
cant elevation in LDH levels (Figure 1d) following the combina-
tion treatment. Additionally, KYSE-150 cells exhibited a polygo-
nal shape with well-defined cell borders and a homogeneous dis-
tribution (Figure 1e; Figure Sle, Supporting Information). Con-
versely, after treatment with PTX and/or LUT for 48 h, striking
alterations in cell morphology were observed. The cells exhibited
a substantial decrease in number and appeared shrunken and
rounded, with enlarged cytoplasmic vacuoles and extended pseu-
dopods. They displayed a more disorganized arrangement, which
was particularly pronounced in the combined treatment group.
Consistent with the RTCA findings, colonies subjected to the
combination treatment displayed reduced size and fewer num-
bers than those treated with either drug individually (Figure 1f;
Figure S1f, Supporting Information), and the colony formation
rate was markedly diminished following the combination treat-
ment (Figure S1g, Supporting Information). Furthermore, Tran-
swell and wound healing assays were employed to assess the syn-
ergistic effects on cell migration and invasion. Compared to treat-
ment with either drug alone, the combined treatment notably
augmented the inhibition of cell migration, as evidenced by the
reduced number of invaded cells (Figure 1g; Figure S1h, Support-
ing Information) and larger scratched wound area (Figure 1h-i;
Figure S1i, Supporting Information).

The cytotoxic effects of PTX and LUT, administered alone or in
combination, were further assessed in nude mice bearing KYSE-
150 tumors. The body weight of mice in each group gradually
increased throughout the treatment period (Figure S2a, Support-
ing Information), with no notable differences observed. Notably,
both PTX and LUT showed significant antitumor effects. More-
over, compared with the PBS control group or the groups treated
with PTX or LUT alone, the cotreatment group displayed more
pronounced inhibition of cell growth, as evidenced by the tumor
growth profile (Figure S2b, Supporting Information), tumor size
(Figure 1j), and tumor weight (Figure 1k). Hematoxylin and eosin
(HE) staining, terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) assay, and Ki67 staining revealed that the
combination treatment markedly augmented apoptosis and sup-
pressed the proliferation rates. Specifically, HE staining (Figure

www.advancedscience.com

S2¢, Supporting Information) revealed a dense cluster of tumor
cell nuclei with a relatively uniform, spherical morphology in the
PBS-treated group. Conversely, treatment with PTX or LUT alone
induced morphological alterations, such as condensed nuclei, re-
duced cytoplasmic and nuclear staining, cytoplasmic vacuoliza-
tion, and cell shrinkage, particularly in the cotreatment group.
Compared to the PTX or LUT alone groups, the cotreatment
group exhibited a decrease in the brown-stained area in the Ki67
assay (Figure 11), whereas in the TUNEL assay (Figure S2d, Sup-
porting Information), an increase in the red fluorescence signal
was observed. Those findings indicated that the cotreatment syn-
ergistically promoted apoptosis and inhibited cell proliferation
in vivo. Moreover, hepatic function indexes (alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and LDH), as de-
picted in Figure 1m and Figure S2e, Supporting Information) ex-
hibited marked elevations in the PTX-treated group but were mit-
igated in the cotreatment group. These observations highlight the
hepatoprotective properties of LUT against PTX-induced hepato-
toxicity.

Subsequently, AML12 cells were exposed to varying concen-
trations of PTX. The IC;, value was determined to be 150 nM,
which was used for PTX-induced hepatic damage (Figure S3a,
Supporting Information). Compared with the control group, the
PTX treatment group exhibited pronounced cytotoxicity, as ev-
idenced by decreased cell viability and increased LDH leakage.
Conversely, pretreatment with different concentrations of LUT
for 12 h led to a dose-dependent increase in cell viability (Figure
S3b, Supporting Information) and a distinct reduction in LDH
leakage (Figure S3c, Supporting Information), indicating a sig-
nificant protective effect of LUT against PTX-induced hepato-
cytotoxicity. Additionally, LUT significantly attenuated the eleva-
tion of ALT, AST, alkaline phosphatase (AKP), and malondialde-
hyde (MDA) levels induced by PTX, while increasing superoxide
dismutase (SOD) levels (Figure S3d-h, Supporting Information).
These results highlighted the efficacy of LUT in improving liver
function indicators in AML12 cells, mitigating oxidative stress,
and reducing lipid peroxidation. Cell morphology assessment
(Figure S3i, Supporting Information) revealed a decrease in cell
number and cell shrinkage caused by PTX. However, LUT treat-
ment significantly mitigated these changes in cell morphology.
The 5-ethynyl-2’-deoxyuridine (EdU) assay (Figure S3j-k, Sup-
porting Information) further confirmed that LUT counteracted
the PTX-induced reduction in cell proliferation. We further con-
ducted Western blotting analysis of key proteins involved in the
Nrf2/ARE antioxidant pathway in PTX-treated AML12 cells. Re-
sults demonstrated that LUT pretreatment significantly upregu-
lates Nrf2, HO-1, and NQO1 expression while reducing Keapl
activation (Figure S3l-m, Supporting Information). Our find-
ings suggest that LUT has chemo-preventive potential against

combined PTX and LUT for 24 h. e) Representative morphological changes of KYSE-150 cells after the treatments for 24 h. Red arrows: vacuolation
degeneration, blue arrows: pseudopod. Scale bars, 75 um. f) Effects of combined PTX and LUT on colony formation ability of KYSE-150 cells. g) Effects
of combined PTX and LUT on cell invasion of KYSE-150 cells using Transwell assays. Scale bars, 250 um. h-i) Migration abilities of treated KYSE-150 cells
by wound-healing assay. Scale bars, 250 um. j-k) Tumor photographs and tumor weights of isolated tumor tissues after various treatments, including
PBS, PTX (5 mg kg™'), LUT (50 mg kg~"), and Combined (PTX, 5 mg kg~" and LUT, 50 mg kg™"). I) Representative micrographs of Ki67 staining of
tumor tissues. Scale bars, 100 um. m) Serum hepatic function indicators (ALT and AST) after different treatments. For in vitro assay, all data expressed as
mean + SD (n =5); for in vivo anti-tumor study, all data expressed as mean + SD (n = 3). Statistical significance between different groups was obtained

by one-way ANOVA using the Tukey’s post-test (a, d, i, k, m). “p < 0.05, ““p < 0.01, “*p < 0.001, significant as compared to the PBS group. ##p < 0.01,
###p < 0.001, significant as compared to PTX or LUT group.
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PTX-induced hepatotoxicity plausibly through the attenuation of
oxidative stress.

Consistent with the in vitro results, PTX-induced liver injury
was also observed in mice (Figure S4a, Supporting Information).
Notably, LUT treatment substantially ameliorated the loss of
liver function in a dose-dependent manner, as evidenced by the
reduced serum ALT and AST levels (Figure S4b-c, Supporting
Information), decreased MDA levels (Figure S4d, Supporting
Information), and elevated hepatic SOD levels (Figure S4e,
Supporting Information). These results underscore the ability of
LUT to enhance the antioxidant capacity of the liver tissue and
suppress lipid peroxidation. The hepatic coefficient (Figure S4f,
Supporting Information) further indicated that PTX induced
hepatomegaly in mice, which was alleviated by LUT. Consistent
with these biochemical findings, HE staining (Figure S4g,
Supporting Information) revealed that PTX triggered significant
inflammation, loss of cell boundaries, cytoplasmic vacuolization,
and necrosis in the liver, whereas LUT ameliorated these patho-
logical changes. Collectively, the in vitro and in vivo data clearly
demonstrate that LUT and PTX exert a remarkable synergistic
inhibition on ESCC with alleviated hepatotoxicity.

2.2. Aptamer EA2 Exhibits High Binding Affinity and Specificity
for CTNNA1 in ESCC Cells

As depicted in Figure S5a (Supporting Information), our previ-
ous study!®*! enabled the enrichment of aptamers, leading to the
discovery of an EA2 aptamer that binds strongly to esophageal
cancer cells. The significant and specific binding of EA2 to KYSE-
150 cells was confirmed using confocal imaging (Figure S5b,
Supporting Information). EA2 exhibited an excellent binding
ability to target cells at 37 °C, indicating its potential for in
vivo applications. Further assessment of the binding selectivity
of EA2 via flow cytometry (Figure S5c¢-d, Supporting Informa-
tion) demonstrated its excellent affinity for various human ESCC
cell lines (KYSE-150, KYSE-30, KYSE-410, and Eca9706) and low
affinity for other cancer cell lines (MCF-7, AGS, Nalm-6, SW620,
Hela, A431, A549, U251, and HepG?2), indicating that EA2 ex-
hibits high binding affinity and specificity for ESCC cells. In con-
trast to other ESCC-specific aptamers documented,?¢38! such as
Sgc8, AS411, and EGFR (Table S1, Supporting Information), EA2
exhibited significantly higher specificity (Figure 2a). Moreover,
the dissociation constant (Figure 2b) was calculated to be within
the nanomolar range (23.9 + 3.3 nM), suggesting the high bind-
ing affinity of EA2 for KYSE-150 cells. The predicted secondary
structure of EA2 is shown in Figure 2b. We further validated the
in vivo targeting of EA2 using a subcutaneous xenograft mice
model. Compared with random ssDNA, significantly higher flu-
orescence signals were observed in the tumor and liver regions
at 10 and 30 min after EA2 administration (Figure 2c). The con-
siderably increased fluorescence intensity (Figure 2d-e) further
demonstrated that EA2 could target ESCC tumors and undergo
liver metabolism. Then, clinical tumor tissues were used to con-
firm the specific binding of EA2 to ESCC cells. Prominent pink
fluorescence signals were detected in the ESCC tissue (Figure
S5e, Supporting Information), with no specific binding observed
in other tumor types (breast, cervical, colorectal, gastric, liver, and
ovarian cancers). These findings indicate that EA2 could serve as
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a specific recognition probe for clinical diagnosis and targeted
therapy of ESCC.

To determine the target type of EA2, KYSE-150 and KYSE-30
cells were treated with proteinase K for the degradation of surface
proteins. Compared with that in untreated cells, fluorescence
signals notably decreased following proteinase K pretreatment
(Figure 2f), indicating that the targets of EA2 were likely mem-
brane proteins. To identify the target, biotinylated EA2 was
synthesized for ssDNA pull-down experiments. Cell mem-
brane proteins were incubated separately with biotinylated
EA2 and controls, and the binding complex was purified using
streptavidin-modified magnetic beads and analyzed using SDS-
PAGE. A discernible protein band at ~100 kDa was observed
in the EA2 lane but not in the bead or random ssDNA lanes
(Figure 2g; Figure S6a, Supporting Information), indicating the
specific binding of EA2. Specific protein bands were further
purified and analyzed via mass spectrometry (MS) using the Pro-
teome Discovery 1.3. A list of protein candidates was obtained
(Figure 2h; Figure S6b, Supporting Information), with CTNNA1
scoring the highest and having the most matched peptides
known to be highly expressed in the cell membrane of ESCC
cells.® To verify the MS results, the expression of CTNNA1
in ESCC cell lines was assessed using Western blotting. As
illustrated in Figure S6¢ (Supporting Information), KYSE-150,
KYSE-30, KYSE-410, and Eca9706 cells exhibited markedly
elevated levels of CTNNA1 compared with that in HEEC. Addi-
tionally, confocal imaging (Figure 2i) revealed colocalization of
EA2 and CTNNA1. Subsequent knockdown experiments using
specific siRNAs (Table S2, Supporting Information) targeting
CTNNAL1 in KYSE-150 cells revealed a notable reduction in
CTNNA1 expression (Figure S6d, Supporting Information).
Then, flow cytometry analysis of KYSE-150 cells treated with
siCTNNA1 (Figure 2j) showed decreased binding, confirming
the essential role of CTNNAL1 in the interaction between EA2
and KYSE-150 cells. These results confirm CTNNAI as the
molecular target of EA2.

To further investigate the binding sites between CTNNA1 and
EA2, 3D structures of CTNNA1 and EA2 (Figure S6e-f, Support-
ing Information) were constructed, followed by molecular dock-
ing to identify the optimal model through molecular minimiza-
tion. The cluster conformation of the complex structure (Figure
S6g, Supporting Information) revealed that EA2 binds to the ex-
tracellular domain of CTNNAIL. A magnified view (Figure 2k)
further elucidates the key interactions between the amino acids
of CTNNA1 and the base sites of EA2. Following structural
preparation and model optimization, the interactions between
CTNNAL1 and EA2 were assessed and the amino acid residues
involved in these interactions were documented (Table S3, Sup-
porting Information). In terms of interaction frequencies, the in-
teraction between CTNNA1 and EA2 was predominantly medi-
ated by van der Waals forces. The CTNNA1 amino acids, such
as GLN875, ASP876, ARG872, and ASP561, were predicted to
be pivotal for binding to key residues. Subsequently, the bind-
ing affinity between CTNNA1 and EA2 was validated using mi-
croscale thermophoresis (MST). The changes in the fluorescence
intensity over time in the MST experiments are shown in Figure
S6h (Supporting Information), with a high signal-to-noise ratio
(12.26), confirming the high quality of the data. The strength
of the molecular interactions between CTNNA1 and EA2 was
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Figure 2. Specificity, binding target, and in vivo targeting characterization of the ESCC-specific aptamer EA2. a) Comparison of the binding specificity
of FAM-labeled aptamer EA2, AS411, EGFR, and Sgc8 to target KYSE-150 cells. b) Determination of the dissociation constant (Ky) of EA2 to KYSE-150
cells; predicted secondary structure of EA2 by mFold was embedded. c-d) In vivo targeting specificity and biodistribution of Cy5-labeled random ssDNA
(5 nmol) and EA2 (5 nmol) in ESCC subcutaneous tumor xenograft mice model. e) Fluorescence intensity in tumors. f) Determination of the target
type using proteinase K treatments. g) Differential band analysis by SDS-PAGE after ssDNA pull-down assays. KYSE-150 cell membrane proteins were
incubated with biotin-EA2-labeled beads (lane 1), random ssDNA-labeled beads (lane 2), and beads only (lane 3). SDS-PAGE was used to analyze the
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monitored by plotting the normalized fluorescence intensity
against the EA2 concentration (Figure S6i, Supporting Informa-
tion). The electrophoresis rates in the capillaries significantly in-
creased with the increase in EA2 concentration, resulting in an
“S”-shaped fitting curve that indicated a pronounced and strong
concentration dependency on the upper and lower plateaus. The
K values (2.07 + 0.60 uM) obtained from MST assay (Figure 21)
further corroborated the specific binding between CTNNA1 and
EA2. Additionally, to investigate the competitive binding mecha-
nism between EA2 and CTNNA1, we adopted a multi-pronged ex-
perimental approach, including flow cytometry, immunofluores-
cence staining, and MST analysis. Immunofluorescence imag-
ing revealed that pre-incubation with excess CTNNA1 antibody
led to a dramatic reduction in EA2 binding to KYSE-150 cells
(Figure S6j, Supporting Information), providing direct evidence
for competitive interaction. This observation was consistently
supported by flow cytometry analysis (Figure S6k, Supporting
Information), which mirrored the CTNNA1 antibody-mediated
blockade. Notably, MST analysis demonstrated a marked reduc-
tion in EA2 binding affinity (Figure S6l, Supporting Informa-
tion). Upon CTNNA1 antibody treatment, the K, values of EA2
increased markedly from 2.3 + 0.6 uM to 299.6 + 11.8 uM, di-
rectly evidencing antibody-induced competitive displacement of
EA2 from its binding epitope on CTNNA1. Collectively, these
findings highlight a strong affinity, specificity, and in vivo target-
ing abilities of EA2 toward ESCC cells, providing a solid founda-
tion for the development of targeted nanomedicine platforms for
esophageal cancer.

2.3. Development of EA2 Aptamer-Modified PSL for Codelivery of
PTX and LUT

To circumvent PTX-induced hepatotoxicity and enhance the
synergistic effects of PTX and LUT, we designed an aptamer-
modified PSL to facilitate efficient coloading, targeted delivery,
and controllable corelease of PTX and LUT within ESCC tu-
mor/cells. The formulation of the nanocarriers included two
steps (Scheme 1): preparation of PTX/LUT-loaded PSL, followed
by modification with the targeting molecule, EA2 aptamer. The
nanocarrier possessed several unique features: i) DOPE and
CHEMS were integrated to facilitate co-encapsulation of hy-
drophobic drugs (PTX and LUT) within the lipophilic core, en-
suring selective release in the acidic TME and effective endoso-
mal escape.[*] Additionally, the fusogenic properties of DOPE
and CHEMS augment their interaction with the cell membrane,
thereby promoting internalization.*!) ii) PEGylation (addition
of TPGS) was aimed at maintaining the stability of liposomes,
minimizing drug leakage during blood circulation, and mitigat-
ing nonspecific interactions between liposomes and serum pro-
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teins, thereby impeding liposome clearance by the reticular en-
dothelial system (RES).[*? iii) The liposome was cationized us-
ing polyethyleneimine (PEI), which is abundant in amino groups
and demonstrates the “proton sponge” effects.[** The positively
charged amino groups can interact with the negatively charged
phosphate groups in the EA2 aptamer through electrostatic ad-
sorption, thereby promoting cellular internalization. iv) The EA2
aptamer, specific for the ESCC cell surface marker CTNNA1, was
attached to the liposomes, facilitating the targeted codelivery of
PTX and LUT.

First, we investigated the effects of the proportions of lipids
(DOPE and CHEMS), drug-to-lipid molar ratio, and TPGS ad-
dition (Figure S7 and Tables S4-S6, Supporting Information)
on the formulation. An increase in the DOPE content led to
a decrease in particle size (Figure S7a,d, Supporting Informa-
tion), which is attributable to the inherent structural flexibil-
ity of DOPE.[**l A higher drug-to-lipid molar ratio apparently
enhanced the vesicle organization, resulting in smaller parti-
cle sizes (Figure S7b,e, Supporting Information), albeit with a
slightly decreased encapsulation efficiency (Table S5, Supporting
Information). This could be attributed to the vesicle-stabilizing
properties of CHEMS and interactions of lipophilic drugs with
the hydrocarbon chain.l*’l Moreover, the addition of TPGS to
PSL improved its encapsulation efficiency (Table S6, Support-
ing Information) and reduced the mean particle size (Figure
S7c¢.f, Supporting Information). The optimal molar ratio of PSL-
PTX/LUT was determined to be DOPE:CHEMS:TPGS:LUT:PTX
= 6:4:0.25:0.427:0.043, with a corresponding mass ratio for 10 mL
liposome of 44.64, 19.47, 3.78, 1.222, and 0.365 mg, respectively.
At the optimal molar ratio, the encapsulation efficiency of PTX
and LUT was 95.36 + 1.17% and 91.78 + 3.18%, respectively,
with a drug loading capacity of 2.79 + 0.07%. Subsequently, the
results of gel electrophoresis (Figure S8a, Supporting Informa-
tion) and loading capacity (Figure S8b, Supporting Information)
revealed that unbound EA2 was present at the bottom of the gel.
Conversely, most of the EA2 (80-250 pmol) appeared to be se-
questered in the wells, and 250 pmol EA2 was chosen for effective
liposome modification. Additionally, the fluorescence emission
spectra (Figure 3a) corroborated the characteristic peaks of FAM-
EA2-modified PSL-PTX/LUT observed at ~520 nm, whereas no
peak was discernible for PSL-PTX/LUT, further indicating the
successful conjugation of EA2 and PSL-PTX/LUT.

The liposomal solutions appeared as homogeneous milky-
yellow emulsions, displaying a prominent Tyndall effect
(Figure 3b). Various analytical techniques were employed to
investigate the properties of the liposomes and assess the impact
of aptamer modification, including TEM morphology (Figure 3c),
DLS for hydrodynamic particle size (Figure 3d), polydispersity
index (Figure 3e), and zeta potential analysis (Figure 3f). Both
PSL-PTX/LUT and EA2-PSL-PTX/LUT exhibited homogeneous

captured proteins, and the gel was silver-stained. The red dashed box indicates the specific band. h) CTNNA1 was identified as the binding target of EA2
by differential analysis of protein abundance and scores. i) Confocal imaging and colocalization analysis of FAM-labeled EA2 and CTNNAT1 antibody in
KYSE-150 cells. Blue: cell nuclei; green: EA2; red: CTNNAT protein in cell membrane. White arrows: colocalization, Scale bars, 20 um. j) Flow cytometry
assays of the binding of FAM-labeled EA2 to KYSE-150 cells treated with the siCTNNA1. k) Computational binding model, key interactions, and an
enlarged image of the binding interfaces between EA2 and CTNNA1 by molecular docking using the HDOCK software. The key residues (amino acids)
interacting with EA2 were depicted in cyan sticks, while the interacting base sites of EA2 were highlighted in green. |) Kinetic constant (K;) analyses of
CTNNAT interacting with EA2 using microscale thermophoresis assay. All data expressed as mean + SD (n = 3), statistical significance between different
groups was obtained by an unpaired two-tailed Student’s t test (e). ““p < 0.01, significant as compared to the random ssDNA group.
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Figure 3. Preparation and physicochemical characterizations of EA2 aptamer-modified and PTX/LUT-co-loaded pH-sensitive liposome (EA2-PSL-
PTX/LUT). a) FAM fluorescence emission spectra of PSL and FAM labeled-EA2 aptamer-modified PSL. The emission spectrum was recorded from
500 to 850 nm, with an excitation wavelength of 488 nm. b) Bright-field appearance and Tyndall effects of PSL-PTX/LUT (#1) and EA2-PSL-PTX/LUT
(#2). c) Representative TEM characterization. Scale bars, 200 nm. d) Particle size distributions using DLS analysis. e-f) Polydispersity index and surface
Zeta potential. g-h) In vitro drug release profiles of PTX and LUT from EA2-PSL-PTX/LUT in 0.1 M PBS (pH 7.4 and pH 5.5). i) Stability assessment
of PSL-PTX/LUT and EA2-PSL-PTX/LUT using mean particle size in PBS and DMEM supplemented with 10% FBS at 4 and 37 °C, respectively. All data

expressed as mean + SD (n = 3), statistical significance between different groups was obtained by an unpaired two-tailed Student’s t test (e, f, g, h). "p

< 0.05, p < 0.01, ™ p < 0.001, indicating statistical significance between the compared groups.

and well-defined spherical structures with a small particle size
(=100 nm), low polydispersity index (PDI) (x0.2), and consistent
and singular particle size distribution. However, in comparison
to PSL-PTX/LUT, EA2-PSL-PTX/LUT displayed a noticeably
larger particle size (Figure S8c, Supporting Information, 127.42
+ 4.67 nm versus 102.82 + 4.08 nm, p < 0.0001) and a lower
PDI (0.162 + 0.019 versus 0.217 & 0.043, p < 0.05), indicating
that EA2-PSL-PTX/LUT had a narrower range of particle size
distribution. Moreover, EA2-PSL-PTX/LUT showed a relatively
lower absolute zeta potential (-15.83 + 1.04 versus —25.67 + 0.57,
p < 0.01), which could be attributed to the cationization of EA2.
Particle size plays a pivotal role in the clearance of nanoparticles
and influences their circulation, biodistribution of encapsulated
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drugs, and cytomembrane penetrability. Nanoparticles within
the range of 70-200 nm can evade rapid clearance by the retic-
uloendothelial system (RES), resulting in prolonged in vivo
circulation, enhanced tumor enrichment via EPR effects, and
increased cytomembrane penetrability.

Subsequently, we investigated the pH-responsive release of
PTX and LUT from EA2-PSL-PTX/LUT under various condi-
tions (pH 7.4 and pH 5.5). EA2-PSL-PTX/LUT displayed a pH-
triggered drug release (Figure 3g-h). Under physiological con-
ditions (pH 7.4), EA2-PSL-PTX/LUT remained relatively stable
and released only minimal amounts of LUT over time. Even af-
ter 72 h, only 23.8% of LUT was released. Conversely, in an acidic
environment (pH 5.5) simulating the TME, the release of LUT
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was notably expedited, which was attributed to the presence of
DOPE and CHEMS, with a remarkable cumulative release of
64.7% within 24 h. Although acid-accelerated release was also ob-
served, the mechanism of PTX was relatively different, present-
ing a sustained release characteristic. These findings suggested
that EA2-PSL-PTX/LUT maintained its structural integrity under
neutral and physiological pH conditions with minimal drug re-
lease, whereas gradual drug release occurred as the pH transi-
tions from 7.4 10 5.5.

To confirm the high stability of liposomes with low PDI,
we assessed the long-term storage stability (2 weeks) at 4 and
37 °C. Upon visual inspection, no nanoprecipitation, sedimenta-
tion, crystallization, or layer separation was detected during the
storage of PSL-PTX/LUT and EA2-PSL-PTX/LUT. Dynamic light
scattering (DLS) analysis was performed to evaluate the physi-
cal stability of the liposomes by monitoring the changes in size
and PDI over time. EA2-PSL-PTX/LUT maintained stability, with
only a slight increase in size and PDI in culture medium con-
taining 10% FBS (Figure 3i, Figure S8d, Supporting Informa-
tion). This phenomenon can be ascribed to surface modification
of the PEG shell of TPGS, which increased the steric hindrance
between nanoparticles and provided a steric repulsion to keep
sufficient stability.l*”] These findings underscore the robust ca-
pacity of liposomes to withstand salt- and serum-induced disso-
ciation and highlight their potential for systemic delivery.

The biocompatibility and safety of EA2-PSL-PTX/LUT were
further investigated. The hemolysis assay (Figure S9a, Sup-
porting Information) demonstrated that even at a high dilution
of 125x, the hemolysis rate remained below 2% (Figure S9b,
Supporting Information), indicating nonhemolytic behavior and
ensuring excellent biosafety for intravenous administration. The
biosafety of EA2-PSL-PTX/LUT was evaluated by intravenously
injecting into mice. The physiological effects of various treat-
ments in vivo were examined using complete blood counts.
Most of blood routine data (Figure S9c-n, Supporting Informa-
tion) were within the normal range, and no obvious change
was observed. Evaluation of hepatotoxicity and nephrotoxicity
based on serum biochemical indexes (Figure S10a-i, Supporting
Information) further showed no significant changes in serum
nitric oxide (NO), ALT, AST, AKP, total bile acid (TBA), LDH,
uric acid (UA), blood urea nitrogen (BUN), and creatinine (CRE)
levels between different treatments. No significant changes
were observed in the coefficients of the main organs (Figure
S10j, Supporting Information). Histopathological analysis of the
liver and kidney tissues (Figure S10k, Supporting Information)
revealed slight inflammation in the PTX and LUT combination
group, whereas no morphological changes were observed in
the EA2-PSL-PTX/LUT group, suggesting a reduction in the
hepatotoxicity of free PTX due to the EA2 aptamer-modified
PSL. In addition, HE staining of the heart, spleen, lungs, and
brain revealed no irregularities or lesions, indicating the safety
and biocompatibility of EA2-PSL-PTX/LUT.

2.4. Enhanced Specific Cellular Internalization, Lysosomal
Escape, and In Vivo ESCC Targeting Ability of EA2
Aptamer-Modified PSL

To investigate whether EA2-modified PSL could be specifically
taken up by ESCC cells and could particularly be recognized
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and bound to CTNNA1-overexpressing tumor cells, we prepared
EA2 modified PSL-DiD (EA2-PSL-DiD), and analyzed the uptake
of EA2-PSL-DiD in various tumor cell lines using flow cytome-
try (Figure S11a-b, Supporting Information). A significantly en-
hanced cellular uptake by KYSE-150 cells compared to the up-
take by other cancer cells, notably by those with low CTNNAT1 ex-
pression (Figure S11c, Supporting Information), such as A549,
HCT-116, U251, and SiHa cells, were observed. Interestingly, in-
creased uptake was also noted in FaDu and CAL-27 squamous cell
carcinomas with relatively higher CTNNA1 expression. Further-
more, to evaluate the targeting specificity of EA2-modified PSL,
KYSE-150 cells were mixed with PBMCs, and then incubated
with EA2-PSL-DiD or PSL-DiD (Figure 4a). A marked enrich-
ment of EA2-modified PSL-DiD in KYSE-150 cells was observed
(Figure 4b, 46.18% versus 5.92%, an 8.9-fold increase), whereas
only a 2.4-fold enrichment was observed in PBMCs. Similarly,
specific enhanced uptake by ESCC cells (Figure S12a-c, Support-
ing Information) was also observed in the coculture of myeloid-
derived suppressor cells (MDSCs) with KYSE-150 cells. Collec-
tively, these findings indicate that EA2-modified PSL exhibit ex-
cellent targeting specificity to ESCC cells.

Achieving potent tumoricidal effects requires the binding of
NDDS to target cells, internalization, and subsequent release
of the nanomedicine within cells. The cellular uptake and lyso-
somal escape of liposomal nanocarriers were investigated us-
ing C6 as a fluorescent probe. The intracellular fluorescence of
C6 increased over time (Figure 4c-d) in both free drug and li-
posomal forms. Compared to free C6, the liposomal nanocar-
riers showed significantly enhanced cellular internalization. By
leveraging the homing recognition between EA2 and CTNNA1,
EA2 aptamer-modified liposomes (EA2-PSL-C6) exhibited sub-
stantially elevated fluorescence levels. The internalization abil-
ity of the nanocarriers was further assessed quantitatively us-
ing flow cytometry (Figure 4e; Figure S11d, Supporting Infor-
mation), which confirmed the superior efficacy of EA2-PSL-
C6 delivery, as evidenced by the distinct shift in the fluores-
cent cells (purple curve). Subsequently, endocytosis inhibitors
were used to delve deeper into the endocytosis of EA2-PSL us-
ing confocal imaging and flow cytometry. Both the representa-
tive fluorescence images (Figure S13a, Supporting Information)
and flow cytometry data (Figure S13b-c, Supporting Informa-
tion) illustrated the strong inhibitory effects of chlorpromazine,
genistein, cytochalasin D, colchicine, nystatin, and wortman-
nin, whereas other uptake inhibitors, such as orthovanadate and
chloroquine, did not affect the cellular uptake efficiency. These
findings suggested that the uptake of EA2-PSL may involve the
synergistic effects of multiple internalization mechanisms, in-
cluding caveolin-mediated, cytoskeleton-mediated, micropinocy-
tosis, and phagocytosis-mediated endocytic pathways.

The effective transport of nanocarriers from endo/lysosomes
to the cytoplasm is essential for antitumor efficacy. We further in-
vestigated the endo/lysosomal escape of EA2-PSL-C6 from KYSE-
150 cells using confocal imaging. Color scatter plots were used to
analyze the correlation between red and green fluorescence sig-
nals. Initially, the majority of C6 was localized to the cell mem-
brane at 2 h (Figure 4f), with a distinct separation between the
LysoTracker Red (endo/lysosome) and green (C6) signals, indi-
cating that the membrane transport of EA2-PSL-C6 was facil-
itated by the homing recognition between EA2 and CTNNAL.
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Figure 4. Enhanced specific cellular internalization and lysosomal escape of EA2 aptamer-modified PSL. a) Schematic diagram of cellular uptake experi-
ments in the coculture model of PBMCs with KYSE-150 cells. b) Flow cytometry analysis of the cellular uptake of KYSE-150 cells or PBMCs after incubation
with PSL-DiD or EA2-modified PSL-DiD for 2 h. PBMCs were labeled with PerCP anti-human CD45 antibody. c-d) Confocal imaging to detect the cellular
internalization of C6-loaded PSL and EA2-PSL in KYSE-150 cells at 2 and 6 h. Mean fluorescence intensity (MFI) was calculated by Image]. Nuclei were
stained with DAPI. Scale bar: 25 um. e) Flow cytometry analysis of cellular uptake at 1 h. KYSE-150 cells were incubated with free C6, C6-loaded PSL, and
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After prolonged incubation, a noteworthy colocalization of C6
and endo/lysosomes was observed at 4 h, characterized by colo-
calized puncta emitting yellow fluorescence and strong positive
correlation peaks. This observation suggested that a substan-
tial portion of EA2-PSL-C6 was effectively transported via the
endo/lysosomal pathways. Subsequent observations at 6 h re-
vealed a dynamic interplay between separation and colocaliza-
tion, indicating lysosomal escape. Notably, pronounced separa-
tion was observed at 12 h, indicating the effective destabilization
of endo/lysosomal membranes by EA2-PSL-C6, thereby facilitat-
ing the entry of C6 into the cytoplasm. Moreover, as the endocy-
tosis time increased, the intensity of green fluorescence within
the cells increased, whereas the overlapping yellow fluorescence
decreased. Nevertheless, a significant quantity of C6 was con-
sistently and effectively delivered by the EA2-PSL nanocarrier,
which progressively translocated to the nucleus within 12 h.
After intravenous injection, biodistribution of nanoparticles
in the blood circulation might influence the targeting of EA2-
modified PSL and cause off-target toxicities. We performed
biodistribution studies using blood cells (Figure S14, Supporting
Information), which further revealed that the incubation time did
not significantly affect the uptake of EA2-modified PSL, facilitat-
ing longer circulation time in the blood. Moreover, EA2 modifi-
cation significantly enhanced the specific ability to kill KYSE-150
cells (Figure S15, Supporting Information), whereas only a slight
increase was observed for PBMCs. These findings indicated that
EA2-modified PSL could specifically target ESCC cells and ex-
hibit low off-target toxicities. Furthermore, the in vivo tumor-
targeting ability of the EA2-modified PSL was investigated in
tumor-bearing mice. The DiR fluorescence intensity at the tumor
site increased within the initial 24 h (Figure 5a-b), indicating sus-
tained and continuous accumulation of nanocarriers. Maximum
DiR accumulation in the tumors was observed at 24 h for both
PSL-DiR and EA2-PSL-DiR, with the fluorescence intensity of
EA2-PSL-DiR being 1.2-times greater than that of PSL-DiR. Com-
pared with PSL-DiR, EA2-PSL-DiR exhibited remarkably higher
tumor accumulation at each time point (p = 0.0043). The fluo-
rescence intensities within the tumors decreased over time ow-
ing to degradation and clearance of the nanocarriers. However,
PEGylation extended the circulation time of the nanocarriers, en-
abling the detection of fluorescence intensities within the tumors
even at 72 h. The highest and preferential tumor accumulation
of EA2-PSL-DiR was confirmed by ex vivo images (Figure 5c-f),
and the relative fluorescence intensity of EA2-PSL-DiR in the tu-
mors was approximately 2.1-, 1.5-, and 2.6-fold higher than that
of PSL-DiR at 2, 24, and 72 h (Figure 5f), respectively, indicating
enhanced tumor-targeting efficiency. The high tumor accumula-
tion of EA2-PSL-DiR can be attributed to the synergistic effects of
the active targeting properties of the EA2 aptamer, pH-sensitive
release, slow blood clearance, and EPR effects of the nanocar-
rier. Additionally, a notable reduction in liver fluorescence was
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observed (Figure 5e), suggesting that the delivery system effec-
tively reduced hepatotoxicity.

The enhanced tumor penetration and specific targeting abili-
ties of EA2-PSL were further elucidated by observing frozen tu-
mor sections. Tumor cells were stained with FITC-labeled anti-
EpCAM antibody. As illustrated in Figure 5g, a markedly high
red fluorescence signal was detected in the EA2-PSL-DiD group,
which correlated well with the in vivo imaging results. A more dif-
fusive fluorescence pattern was noted in the EA2-PSL-DiD group,
whereas the PSL-DiD group showed red fluorescence predom-
inantly concentrated in the peripheral area of the tumor nest.
Additionally, the increased red fluorescence signal within tumor
cells further demonstrated the specific targeting efficacy of EA2-
PSL toward tumor cells. These findings indicate that EA2-PSL
exhibits a favorable tumor penetration. We further characterized
the distribution of PSLs in tumors, including in tumor cells
(CD45~ /EpCAMY), stromal cells (CD45"/EpCAM™), and im-
munocytes (CD45%/EpCAM™) using flow cytometry (Figure 5h;
Figure S16, Supporting Information). PSLs exhibited preferen-
tial distribution within tumor cells, with their accumulation be-
ing inversely correlated with EA2 modification. Compared to the
PSL group, the EA2-PSL group demonstrated a significantly en-
hanced capacity to enter tumor cells (Figure 5i), suggesting that
EA2 modification substantially increases the uptake of PSLs in
tumor cells. These findings collectively indicate the specific ca-
pacity of EA2 aptamer-modified PSL to efficiently and gradually
deliver chemotherapeutic agents to ESCC cells.

2.5. In Vitro Synergistic Cancer Suppression Efficiency
Enhancement by EA2 Aptamer-Modified PSL

After successfully developing a coloaded delivery system for PTX
and LUT, which incorporated aptamer-mediated ESCC-targeted
binding and exhibited acid-triggered drug release characteris-
tics, we evaluated the inhibitory efficacy of EA2-PSL-PTX/LUT
in KYSE-150 cells. The free drugs (PTX and/or LUT) and their
single-drug-loaded PSL counterparts (PSL-PTX and PSL-LUT)
were used as controls. The cytotoxicity of free drugs and vari-
ous NDDS was investigated using the CCK-8 assay. Blank PSL
exhibited negligible toxicity in KYSE-150 cells, underscoring
the biosafety of this nanocarrier. In contrast, cell viability was
significantly reduced following treatment with the drug-loaded
nanocarriers (Figure 6a). Consistent with the aforementioned
findings, the PTX and LUT combination displayed heightened
synergistic cytotoxicity compared with the individual free drugs,
whereas the PSL carrier markedly enhanced their cytotoxicity.
Notably, EA2-PSL-PTX/LUT exhibited the highest cytotoxicity to-
ward KYSE-150 cells, which was attributed to the strong binding
specificity of the EA2 aptamer to CTNNA1-overexpressing ESCC
cells and increased cellular uptake of the drugs. The suppres-
sion efficiency of EA2-PSL-PTX/LUT was evaluated based on cell

EA2-PSL (containing equivalent amount of C6, 5 uM), and then collected for flow cytometry. f) Endocytosis and endosomal escape of C6-loaded EA2-PSL
by observing colocalization of C6 and LysoTracker-labeled lysosomes in KYSE-150 cells. KYSE-150 cells were incubated with C6-loaded EA2-PSL for 2, 4,
6, and 12 h at 37 °C, and lysosomes were subsequently labeled with LysoTracker Red. Nuclei were stained with DAPI. Green, red, and blue fluorescence
represent C6, endo/lysosome, and nuclei, respectively. Scale bar: 25 um. Data expressed as mean + SD (n = 3), statistical significance between different
groups was obtained by one-way ANOVA using the Tukey’s post-test (d). “p < 0.01, significant as compared to the free C6 group. ##p < 0.01, significant
as compared to PSL-C6 group.
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Figure 5. Tumor targeting and penetration of EA2 aptamer-modified PSL in vivo. a) Representative fluorescence images of KYSE-150 tumor-bearing
mice at different time intervals post-intravenous injection with DiR-loaded PSL and EA2-PSL. The tumor regions are delineated by red dashed circles.
b) Fluorescence intensity analysis and pharmacokinetic profiles of accumulated DiR at tumor sites. c-f) Ex vivo imaging and biodistribution of tumor
tissue and major organs at 2, 24, and 72 h post-intravenous injection with DiR-loaded PSL and EA2-PSL. BALB/c nude mice, inoculated with 5 x 10° cells
KYSE-150 cells, were intravenously injected with DiR-loaded PSL and EA2-PSL (at equivalent amount of DiR, 1 pg). Subsequently, fluorescence images

Adb. Sci. 2025, 12, 2411930 2411930 (13 of 21) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

morphology, colony formation, EdU, and 3D spheroid growth as-
says. Distinct alterations in cell morphology were observed in the
PSL-PTX/LUT group (Figure 6b; Figure S17a, Supporting Infor-
mation), characterized by reduced cell numbers, a shrunken and
rounded appearance, enlarged cytoplasmic vacuoles, extended
pseudopods, and disorganized arrangement. These morpholog-
ical changes were more pronounced in the EA2-PSL-PTX/LUT
group. Additionally, colony formation (Figure S17b, Support-
ing Information) and EdU assay results (Figure 6¢-d; Figure
S17c-d, Supporting Information) demonstrated reduced colony
size and proliferation rates in the NDDS-treated groups, with
EA2-PSL-PTX/LUT displaying superior antiproliferative effects
compared to PSL-PTX/LUT. Although 2D cellular models pro-
vide insights into cell-particle interactions, they lack the com-
plexity of the 3D environment. To further validate the cytotoxicity
of EA2-PSL-PTX/LUT, its spatial and temporal efficacy was eval-
uated in 3D KYSE-150 spheroids. EA2-PSL-PTX/LUT potently
inhibited spheroid growth (Figure 6e; Figure S17e-f, Support-
ing Information), surpassing the limited effects of free PTX or
LUT, and PSL-PTX/LUT. Moreover, wound-healing (Figure 6f-g;
Figure S17g-h, Supporting Information) and Transwell assays
(Figure 6h-i; Figure S17i-j, Supporting Information) revealed that
EA2-PSL-PTX/LUT exhibited enhanced inhibition of cell migra-
tion and invasion compared to PTX and LUT, as evidenced by
larger wound areas and reduced number of invading cells. These
findings underscore the potential of EA2 aptamer-modified mul-
tifunctional carriers in delivering PTX and LUT intracellularly,
thereby enhancing their synergistic antitumor effects.

2.6. In Vivo Antitumor Efficacy of EA2-PSL-PTX/LUT

The in vivo antitumor effects of the liposomal carriers were evalu-
ated in a mouse model subcutaneously inoculated with KYSE-150
cells (Figure 7a). No noticeable behavioral or mental abnormal-
ities were observed throughout the treatment period. The mini-
mal fluctuations in body weight among all the groups over time
(Figure S18a, Supporting Information) indicated the safety and
biocompatibility of the nanocarriers. Notably, the tumor growth
curves (Figure 7b; Figure S18b, Supporting Information) con-
firmed superior tumor growth inhibition by EA2-PSL-PTX/LUT,
whereas the tumor volume steadily increased over time in the
PBS and PTX and LUT combination groups. Correspondingly,
bioluminescence imaging, performed to capture the ESCC tu-
mor burden after treatment with nanocarriers (Figure 7c), re-
vealed noticeable tumor growth inhibition and delayed progres-
sion in all NDDS-treated mice. PSL-PTX/LUT exhibited a sig-
nificant reduction in tumor burden compared to the PTX and
LUT combination group (2.28 + 0.87 X107 a.u. versus 0.60 + 0.22
x107 a.u., p < 0.01). EA2-PSL-PTX/LUT demonstrated the most
profound suppression of tumor growth, displaying the lowest
tumor burden (0.084 + 0.037 X107 a.u.). The remarkable can-
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cer suppression efficacy of PSL can be attributed to several fac-
tors: (i) prolonged circulation of PSL prevents direct contact
with the plasma, minimizes drug leakage during circulation,
and reduces nonspecific interactions with serum proteins; (ii)
selective release of PSL into the acidic TME and efficient en-
dosomal escape; (iii) enhanced cellular internalization of EA2-
PSL-PTX/LUT through EPR effects and specific binding of the
EA2 aptamer to ESCC cells. Following treatment, tumor tissues
were excised and collected (Figure 7d) for measuring the tumor
weight (Figure 7e), which revealed superior therapeutic efficacy
of EA2-PSL-PTX/LUT. Furthermore, a comparison of the HE
staining results of the tumors (Figure 7f) showed notable necro-
sis of tumor cells in the PSL groups, with the most severe cel-
lular changes (condensed nuclei, reduced cytoplasmic and nu-
clear staining, cytoplasmic vacuolization, and cell shrinkage) ob-
served in the EA2-PSL-PTX/LUT group, indicating its superior
tumor-suppressive efficacy. The Ki67 assay (Figure 7g) showed
a decrease in the brown-stained area, whereas the TUNEL assay
(Figure 7h) showed an increase in the red fluorescence signal,
indicating that EA2-PSL-PTX/LUT promoted cell apoptosis and
inhibited cell proliferation in vivo. Collectively, EA2-PSL offers
significant advantages in targeted delivery of PTX and LUT for
enhanced synergistic suppression of ESCC.

2.7. EA2-PSL-PTX/LUT Inhibited Tumor Growth by Remodeling
the Immunosuppressive Tumor Microenvironment

Next, we investigated whether EA2-PSL-PTX/LUT inhibited tu-
mor growth by altering the immunosuppressive TME. The capac-
ity of EA2-PSL-PTX/LUT to rebuild the immunosuppressive mi-
croenvironment within ESCC tumors was evaluated in a PBMCs-
engrafted KYSE-150 tumor-bearing mouse model (Figure 8a).
The percentage of human CD45* cells was evaluated in mouse
peripheral blood after 15 days of injecting PBMCs. The propor-
tion of human CD45* cells exceeded 20% (Figure S19a-b, Sup-
porting Information), confirming successful establishment of
the model. During treatment, the body weights of the mice grad-
ually increased without significant changes among the groups
(Figure S19c¢, Supporting Information). Both PTX and LUT com-
bination and EA2-PSL-PTX/LUT significantly inhibited the tu-
mor growth (Figure 8b; Figure S19d, Supporting Information).
The EA2-PSL-PTX/LUT group exhibited the greatest antitumor
efficiency, consistent with the observed superiority of the antitu-
mor activity in the nude model.

To further investigate the mechanisms of EA2-PSL-PTX/LUT
for immunochemotherapy, we analyzed the alterations in the im-
mune profiles within TME after administration using flow cy-
tometry (Figure S20, Supporting Information). Tumors treated
with EA2-PSL-PTX/LUT had significantly higher levels of CD45*
immune cells than those treated with PBS or free PTX and LUT
(Figure 8c-d), highlighting the increased recruitment of immune

were captured and quantified at 1, 2, 4, 6, 12, 24, 36, 48, 60, and 72 h. For ex vivo imaging, mice were euthanized at 2, 24, and 72 h after injection, and
their main organs were collected for live imaging scanning. g) The representative immunofluorescence images showing the tumor penetration after 24-h
intravenous injection of DiD-loaded PSL and EA2-PSL, as examined by confocal microscopy. Nanoparticles were indicated by DiD (red), tumor cells were
depicted in green. Scale bar: 200 pm. h-i) Flow cytometry analysis investigating the biodistribution of nanoparticles in tumors (tumor and non-tumor
cells) after injection of DiD-loaded PSL or EA2-PSL for 24 h. All data expressed as mean = SD (n = 3), statistical significance between different groups
was obtained by an unpaired two-tailed Student’s t test (b, d, e, f, i) ““p < 0.01, “*p < 0.001, significant as compared to the PSL group.
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Figure 6. In vitro synergistic cancer suppression efficiency of EA2 aptamer-modified PSL in KYSE-150 cells. a) Cell viabilities of KYSE-150 cells treated
with free drug or different NDDS for 48 h using CCK-8 assay, treatments include PBS (#1), blank PSL (#2), PTX (#3), PTX-loaded PSL (#4), LUT (#5),
LUT-loaded PSL (#6), free PTX+LUT (#7), PSL-PTX/LUT (#8), and EA2-PSL-PTX/LUT (#9) at equimolar doses of PTX (7.5 nM) and LUT (15 uM).
b) Representative morphological changes. Cells were treated with free drug or different NDDS for 24 h, and images were captured by inverted optic
microscope. Scale bars, 250 um. c-d) The suppression effects of different NDDS on proliferation of KYSE-150 cells by EdU assay. Scale bar, 200 um. e)
3D tumor spheroid images of the KYSE-150 cells showing the anticancer effects of various NDDS. Scale bars, 50 um. f-g) Suppression effects of free drug
or different NDDS on migration abilities of KYSE-150 cells using wound healing assay. Representative images were captured at 0, 12, 24, and 48 h. Scale
bars, 250 um. The wound area was analyzed by Image]. h-i) Inhibition effects of free drug or different NDDS on invasion abilities of KYSE-150 cells using
a Transwell assay. Invaded cells were fixed and stained with crystal violet, and images were captured by inverted optic microscope. Cells were destained
using DMSO for detecting OD value at 570 nm. Scale bars, 500 um. All data expressed as mean + SD (n = 3), statistical significance between different
groups was obtained by one-way ANOVA using the Tukey’s post-test (a, d, g, i). “p < 0.05, “p < 0.01, “*p < 0.001, indicating statistical significance
between the compared groups.
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Figure 7. In vivo anti-tumor efficacy of EA2-PSL-PTX/LUT. a) Schematic diagram of therapeutic strategy with PBS (#1), Free PTX and LUT (#2), PSL-
PTX/LUT (#3), and EA2-PSL-PTX/LUT (#4). b) Individual tumor growth curves of KYSE-150 tumor-bearing mice with different treatments. c) Luciferase
signals of ESCC tumor burden were imaged by bioluminescence after different treatments administered five times. Mean luminescence levels of ESCC
tumors in mice were calculated. d-e) Tumor photographs and tumor weights of isolated tumor tissues. f-h) Representative micrographs of HE, Ki67,
and TUNEL staining of tumor tissue in each group. Luciferase-expressing KYSE-150 cells were subcutaneously inoculated into BALB/c nude mice
(5%108/100 pL) to establish a subcutaneous xenograft tumor model. Various treatments were intravenously injected into mice at equimolar doses of
PTX (2.5 mgkg™') and LUT (10 mg kg™"). Treatments were given every 7 days for a total of five cycles. All data expressed as mean + SD (n = 4), statistical
significance between different groups was obtained by one-way ANOVA using the Tukey’s post-test (b, c, €). “p < 0.05, “*p < 0.01, “*p < 0.001, indicating
statistical significance between the compared groups.
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Figure 8. EA2-PSL-PTX/LUT increases intratumoral accumulation of DCs and CD8" T cells. a) Schematic diagram of therapeutic strategy with PBS (#1),
free PTX and LUT (#2), and EA2-PSL-PTX/LUT (#3) at equimolar doses of PTX (2.5 mg kg~") and LUT (10 mg kg~") in the PBMCs-engrafted tumor-
bearing mice model. b) Individual tumor growth curves of KYSE-150 tumor-bearing mice with different treatments. c-d) Representative flow cytometric
analysis and proportion of immune cells (CD45%) in tumors. e-f) Representative flow cytometric analysis and proportion of DCs (CD11b*/CD11c") in
CD45" cells. g) Representative immunofluorescence images showing tumor-infiltrating DCs, as examined by confocal microscopy. Blue: DAPI; Green:
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cells to the tumor microenvironment by EA2-PSL-PTX/LUT.
To further validate the recruitment of immune cells, we em-
ployed a Transwell co-culture system to mimic the ESCC tumor
microenvironment under NDDS treatment condition (Figure
S21a, Supporting Information). Confocal microscopy analysis
(Figure S21b-c, Supporting Information) revealed that activa-
tion of CTNNAI signaling significantly enhances immune cell
recruitment. Intriguingly, non-modified NDDS demonstrated
dual functionality: while inducing cytotoxic effects on KYSE-150
cells, they concurrently recruited immune cells at levels signif-
icantly higher than the EA2 control group. Furthermore, the
EA2-modified NDDS (EA2-PSL-PTX/LUT) achieved a 1.5-fold in-
crease in PBMC infiltration compared to the unmodified PSL-
PTX/LUT formulation.

Mature dendritic cells (DCs), as the primary antigen present-
ing cells, are important in initiating both innate and adaptive
immune responses. The presence of MDSCs and regulatory T
cells (Tregs) can inhibit the maturation of DCs, thereby im-
pairing their ability to secrete essential costimulatory molecules
and cytokine signals required for T-cell activation. Therefore,
the maturation of DCs within the tumor was investigated. Both
flow cytometry (Figure 8e-f) and immunofluorescence analysis
(Figure 8g) revealed that EA2-PSL-PTX/LUT considerably in-
creased the infiltration of DCs into the tumor. Compared with
the PBS group, the maturation of DCs was notably increased
to approximately 20% in the EA2-PSL-PTX/LUT-treated group
(Figure 8h-i), which was essential for promoting the priming and
recruitment of T cells. Subsequently, mature DCs present anti-
gens to T cells and induce their activation. Therefore, T cells were
further analyzed. As shown in Figure 8j-], the total number of
tumor-infiltrating CD8* T cells was significantly increased after
the treatments. Compared to PBS or free PTX and LUT, EA2-PSL-
PTX/LUT markedly increased the infiltration (Figure 8k) and
granzyme B production (Figure 8m-n) in specific cytotoxic CD8*
T cells within the TME. These results demonstrate that EA2-PSL-
PTX/LUT can effectively promote the infiltration and maturation
of DCs, increase intra-tumoral T-cell recruitment, and boost an-
titumor CD8" T-cell immunity within the TME.

The immunosuppressive TME has the potential to undermine
therapeutic efficacy. Specifically, during ESCC development, the
abundance of MDSCs increases progressively, creating an im-
munosuppressive microenvironment, while the proportion of
antitumor CD8* T cells declines in parallel. Hence, we ana-
lyzed the immunosuppressive cells, including MDSCs, Tregs,
and tumor-associated macrophages (TAMs), in tumors. A signif-
icantly higher percentage of MDSCs was observed in the PBS
group (Figure 9a-c). EA2-PSL-PTX/LUT treatment substantially
blocked the infiltration of MDSCs. Additionally, flow cytometry
data showed that EA2-PSL-PTX/LUT considerably depleted Tregs
(Figure 9d-e). TAMs are the main executors that induce phagocy-
tosis of tumor cells. Hence, we further clarified the expression
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of M1-type (CD86) and M2-type (CD206) TAMs in tumors after
treatments. Flow cytometry data (Figure 9f-j) showed that the pro-
portion of CD86" cells was significantly increased, whereas that
of CD206% cells was decreased in tumors treated with EA2-PSL-
PTX/LUT compared with that in tumors treated with PBS or free
PTX and LUT. These findings suggested that EA2-PSL-PTX/LUT
significantly promoted the polarization of TAMs toward the M1-
type. These results collectively indicate that the immunosuppres-
sive TME was dramatically reversed by EA2-PSL-PTX/LUT treat-
ment.

The antitumor immunity conferred by the infiltration of im-
mune cells is significantly impeded by physical barriers in tu-
mors. For example, activated cancer-associated fibroblasts (CAFs)
and secreted collagen I can prevent T cells from entering tumors,
thereby enabling tumor cells to evade immune surveillance. We
investigated the physical barriers (characterized by collagen I)
and activated CAFs (characterized by a-SMA) in the tumors. Dif-
fuse intracytoplasmic a-SMA and collagen deposition was abun-
dant in the PBS group, whereas the EA2-PSL-PTX/LUT treat-
ment notably reduced the a-SMA-positive CAFs and collagen in
the tumors (Figure 9k). These findings suggested that EA2-PSL-
PTX/LUT alleviated the stromal barrier by deactivating the CAFs
and reducing the collagen deposition. Taken together, EA2-PSL-
PTX/LUT reeducated the TME into an immune-activated state of
ESCC tumors by promoting maturation of dendritic cells, infil-
tration of T cells, and M1-type polarization of TAMs. Additionally,
the immunosuppressive microenvironment was remarkably re-
modeled by decreasing the MDSC and Treg infiltration and soft-
ening of the stromal barrier.

Despite preclinical promise, translating EA2-PSL-PTX/LUT
to the clinic still requires addressing critical challenges, such
as batch-to-batch consistency, storage stability, and formula-
tion standardization. Notwithstanding these hurdles, the trans-
lational potential of our nanocarrier is underscored by its dual
functionality—targeted drug co-delivery and TME remodeling,
which addresses unmet needs in ESCC therapy. Moving forward,
integrating pharmacokinetic modeling and conducting toxicity
studies (including cardiovascular, hepatic and renal safety) will
bridge the gap between preclinical and clinical. While this study
establishes a foundational framework, interdisciplinary collabo-
rations are needed to refine manufacturing processes, enhance
formulation stability, and validate safety profiles, thereby advanc-
ing aptamer-targeted liposomes toward clinical viability in ESCC
therapy.

3. Conclusions

In conclusion, the synergistic inhibitory effects of LUT and PTX
on ESCC, with reduced hepatotoxicity, are noteworthy, and this
study aimed to develop an effective NDDS to capitalize on them.

CD11¢; Scale bar, 200 um. h-i) Representative flow cytometric analysis and proportion of matured DCs (CD80"/CD11c"). j) Representative flow cyto-
metric analysis for CD8% and CD4* T cells in tumors. k) Quantitative analysis of CD8" T cells in CD45% cells. |) Representative immunofluorescence
images showing tumor-infiltrating T cells, Blue: DAPI; Green: CD8* T; Red: CD4™ T; Scale bar, 200 um. m-n) Representative flow cytometric analysis for
the expression of the cytotoxicity markers Granzyme B in tumor-infiltrating CD8% T cells. For tumor growth curves, data expressed as mean + SD (n =
5); for flow cytometry, data expressed as mean = SD (n = 3). Statistical significance between different groups was obtained by one-way ANOVA using

the Tukey's post-test (b, d, f, i, k, n). “p < 0.05, “*p < 0.01, “*p < 0.0071, indicating statistical significance between the compared groups.
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Figure 9. EA2-PSL-PTX/LUT remodels the immunosuppressive tumor microenvironment. a-b) Representative flow cytometric analysis and proportion of
MDSCs (CD11b*/CD33*/HLA-DR™) in myeloid cells. #1: PBS, #2: Free PTX and LUT, #3: EA2-PSL-PTX/LUT at equimolar doses of PTX (2.5 mgkg™") and
LUT (10 mg kg™"). c) Representative immunofluorescence images showing the distribution of MDSCs in tumors, as examined by confocal microscopy.
Blue: DAPI; Red: CD33; Green: CD11¢; Scale bar, 200 pm. d-e) Representative flow cytometric analysis and proportion of Tregs (CD4+/CD25% /FOXP3*)
in CD45™ cells. f-g) Representative flow cytometric analysis and proportion of TAMs (CD11b*/CD68*) in CD45™ cells. h-j) Representative flow cytomet-
ric analysis and proportion of M1 (CD86™/CD206~) and M2 (CD206%/CD86~) TAMs in CD45% cells. k) Representative immunofluorescence images
showing the expression of a-SMA and collagen deposition in tumors. Blue: DAPI; Red: a-SMA; Green: collagen |; Scale bar, 200 um. All data expressed
as mean + SD (n = 3), statistical significance between different groups was obtained by one-way ANOVA using the Tukey’s post-test (b, e, g, i, j). p <
0.05, p < 0.01, indicating statistical significance between the compared groups.

The selected aptamer, EA2, demonstrated a high specificity and ~ enhanced antitumor efficacy against ESCC. Notably, EA2-PSL-
binding affinity for CTNNA1 in ESCC cells. A pH-sensitive, = PTX/LUT was confirmed to remarkably reeducate the immuno-
aptamer-modified, multifunctional liposomal drug delivery plat-  suppressive TME of ESCC tumors into an immune-activated
form (EA2-PSL-PTX/LUT) was successfully engineered for tar-  state by promoting the maturation of dendritic cells, infiltration
geted combination chemotherapy. This nanocarrier shows im-  of T cells, M1-type polarization of TAMs, and decreasing MDSC
mense promise for achieving efficient coloading, precise target-  and Treg infiltration. These results validate our hypothesis that
ing, and controlled corelease of PTX and LUT. It enhances cel-  pH-responsive and aptamer-modified multifunctional liposomes
lular uptake, prolongs the circulation time, and increases the  hold considerable potential as nanocarriers for the precise deliv-
accumulation of drugs in malignant tissues. In both in vitro  ery of combination chemotherapeutic agents for ESCC targeted
and in vivo studies, EA2-PSL-PTX/LUT exhibited significantly  therapy.
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4. Experimental Section

Animals Experiments:  C57BL/6 mice (SPF, female, 8 weeks, license No.
A202308080054), BALB/c nude mice (SPF, female, 4-5 weeks, license No.
A202308220078) and NCG mice (Prkdc)KO/KO, (112rg)KO/KO (SPF, fe-
male, 5 weeks, license No. A202412100332) were purchased from Gem-
Pharmatech Co., Ltd. (Nanjing, China). All animals were housed in a spe-
cific pathogen-free facility in microisolator cages with a 12/12 h light/dark
cycle, maintained at ambient temperature of 20-26 °C, and relative hu-
midity of 40-70%. Animals were provided with autoclaved food and had
access to acidified autoclaved water. All animal procedures were approved
by the Animal Care and Use Committee of the Affiliated Huai'an No. 1
People’s Hospital of the Nanjing Medical University (DW-P-2024-008-01).

Statistical Analysis: The mean + standard deviation was used to rep-
resent the acquired experimental data. GraphPad Prism 10.0 (GraphPad
Software, USA) was used to draw all graphs and conduct statistical anal-
yses. Comparisons between two groups were performed using an un-
paired two-tailed Student’s t test. Through a one-way analysis of variance
(ANOVA) coupled with the Tukey's post hoc test, the statistical signifi-
cance of differences among diverse groups was evaluated. Significance
levels (p <0.05, p ©0.01, p <0.001, and p “0.0001) were deemed statisti-
cally acceptable.

Details of reagents, antibodies, and methods used are provided in the
Supporting Information.
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