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The response rate of programmed cell death protein-1 (PD-1) inhibitors in breast cancer remains unsatisfactory,
primarily due to the limited infiltration and activity of tumor-infiltrating T lymphocytes (TILs). Previous studies
demonstrated that oxymatrine (Om) and astragaloside IV (As) could enhance TIL infiltration and function by
inhibiting cancer-associated fibroblasts (CAFs) and promoting mitochondrial activity in TILs, respectively. Thus,
combining Om and As may be a promising strategy to improve the antitumor effects of PD-1 inhibitors in breast
cancer. However, co-delivery above drugs into breast cancer tissue is challenging due to their low bioavailability
and distinct physicochemical properties. This study addresses this challenge by formulating Om and As co-loaded
liposomes (Om-As-Lip) and comparing the scale-up production methods: high-pressure homogenization (EP-
HPH) and microfluidics. Om-As-Lip prepared via microfluidics demonstrated superior entrapment efficiency (As:
99.03 + 0.04 %, Om: 67.01 £ 0.02 %) and a significantly higher production rate (22.12 mL/min) compared to
EP-HPH (1.19 mL/min). Additionally, Om-As-Lip produced by microfluidics increased the area under the curve
(AUC) (Om: 6.17-fold, As: 2.07-fold) and maximum concentration (Cmax) (Om: 1.58-fold, As: 3.49-fold)
compared to the free drugs. Importantly, Om-As-Lip enhanced the antitumor efficacy of a-PD-1 by inhibiting
CAF activation and boosting TIL activity, resulting in a tumor inhibition rate of 61.2 % and extended survival in
mice. This work presents a novel perspective for scaling up co-delivered formulations of drugs with differing
polarities to improve breast cancer immunotherapy.

1. Introduction cancer microenvironment disrupts mitochondrial function in TILs [7],

thereby diminishing their activity and compromising the efficacy of

In recent years, immunotherapy using programmed cell death pro-
tein 1 (PD-1) inhibitors has recently been regarded as a potent treatment
for breast cancer due to its sustained therapeutic efficacy and safety
profile [1-3]. However, only a limited number of patients demonstrate a
positive response to this therapy [4]. Research indicates that the poor
response rate to PD-1 inhibitors in breast cancer is largely caused by the
insufficient presence and impaired function of tumor-infiltrating lym-
phocytes (TILs) [5]. On one hand, cancer-associated fibroblasts (CAFs)
within the breast cancer create physical barriers that impede TIL infil-
tration [6]. On the other hand, the metabolic stress induced by the breast

PD-1 inhibitors. Enhancing TIL levels and activity by inhibiting CAF
activation and restoring mitochondrial function in TILs could therefore
improve the therapeutic efficacy of PD-1 inhibitors.

Our previous studies have demonstrated that oxymatrine (Om), a
hydrophilic quinolizidine alkaloid from Sophora flavescens, effectively
inhibits CAF activation and promotes TIL infiltration in the tumor
[8-10]. Astragaloside IV (As), a hydrophobic triterpenoid glycoside
from Astragalus membranaceus Bunge, enhances mitochondrial function
in TILs, boosting their secretion of anti-tumor cytokines [7]. Therefore,
the combination of Om and As holds promise for increasing PD-1
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Fig. 1. Schematic illustration of the preparation and in vivo performance of Om-As-Lip for enhancing breast cancer immunotherapy. (A) Om-As-Lip prepared using
the EP-HPH method. (B) Om-As-Lip prepared using the microfluidic method. (C) Om-As-Lip co-delivers Om and As into the breast cancer microenvironment,
promoting TIL infiltration and activity, thereby improving the efficacy of PD-1 inhibitors.

inhibitor efficacy by simultaneously enhancing TIL infiltration and ac-
tivity in breast cancer [7,11,12]. Nevertheless, the distinct polarity and
limited bioavailability of Om and As present significant challenges for
their co-delivery into breast cancer tissue [13-16].

In response to this challenge, a range of nanoplatforms has been
developed to co-deliver multiple drugs, improving their bioavailability
and tumor accumulation [17-19]. Liposomes, which consist of a lipid
bilayer surrounding an aqueous core, offer a promising solution for
co-encapsulating drugs with differing properties, presenting an attrac-
tive prospect for industrial-scale manufacturing [20,21]. This structure
enables the encapsulation of hydrophilic drugs like Om in the core and
hydrophobic drugs like As within the lipid bilayer [22,23]. However,
successful development and clinical translation of liposomal products
have been limited, primarily focusing on drugs with similar polarity,

such as CPX-351, which co-loads two hydrophilic agents, cytarabine and
daunorubicin. Research on liposomes co-encapsulating drugs with
varying polarities remains scarce, as it demands a deep understanding of
formulation and process variables. Minor adjustments in the formulation
or production process can significantly affect the final liposomal prop-
erties [24,25]. Therefore, not only is the preparation of liposomes
co-delivering Om and As at a laboratory scale challenging, but its
large-scale production is an even greater challenge [26].

Currently, two primary scale-up strategies are employed for lipo-
some fabrication: top-down and bottom-up approaches. The top-down
approaches involve high-energy processes that reduce liposome parti-
cle sizes to the nanometer range [27]. These approaches have been
successfully applied in both laboratory and commercial-scale produc-
tion, with size homogenization steps such as high-pressure
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homogenization (HPH) typically required to achieve the desired size and
polydispersity [28]. However, this traditional method often involves
multiple steps, resulting in extended production times and lower
reproducibility [29]. In contrast, bottom-up methods, exemplified by
microfluidics, have emerged as a promising fabrication technology,
capable of producing liposomes quickly and with high reproducibility.
Despite the rapid development of microfluidic platforms, the co-loading
of hydrophilic and hydrophobic drugs in liposomes remains challenging.

In this study, a liposomal formulation was developed to co-
encapsulate the water-soluble drug oxymatrine (Om) and the water-
insoluble drug astragaloside IV (As) (Om-As-Lip), aiming to enhance
the antitumor efficacy of PD-1 inhibitors. This study optimized the
formulation and process parameters at the laboratory scale and subse-
quently compared the scale-up production of liposomes using EP-HPH
with those produced by microfluidics (Fig. 1A and B). Liposomes pre-
pared via both methods demonstrated appropriate size, but Om-As-Lip
produced by microfluidics showed superior drug entrapment effi-
ciency, indicating its potential for large-scale production. Additionally,
microfluidic-prepared Om-As-Lip significantly increased the area under
the curve (AUC) compared to the free drug. The formulation also
modulated the breast cancer microenvironment by inhibiting CAF
activation and restoring mitochondrial function in TILs, thereby
enhancing both the quantity and activity of TILs, ultimately improving
the efficacy of PD-1 inhibitors (Fig. 1C). In conclusion, this study pro-
vides a scalable manufacturing process for Om and As co-loaded lipo-
somes, offering promising potential for clinical applications in breast
cancer immunotherapy.

2. Materials and methods
2.1. Materials, cell lines, and animals

Astragaloside IV (>98 %) was sourced from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China), and oxymatrine (>98 %) was
provided by Nanjing Spring & Autumn Biological Engineering Co., Ltd.
(Nanjing, China). Hydrogenated phosphatidylcholine from soybeans
(HSPC, >98 %), soybean phosphatidylcholine (SPC, >80 %), and egg
phospholipids (EPC, >98 %) were purchased from AVT Pharmaceutical
Technology Co., Ltd. (Shanghai, China). Cholesterol (>99 %) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyeth-
ylene glycol)-2000] (DSPE-PEG2(g0, >98 %) were obtained from Rhawn
Technology Co., Ltd. (Shanghai, China). Coumarin 6 (C6) and lissamine
rhodamine B (SRB) were purchased from Aladdin Reagent Co., Ltd
(Shanghai, China). DiD was obtained from Shanghai Yien Chemical
Technology Co., Ltd. (Shanghai, China). In vivo MAb anti-mouse PD-1
was provided from BioXcell Co., Ltd. (New Hampshire, America). All
other reagents were of analytical grade or higher and were commercially
sourced.

CTLL-2 (mouse T lymphocytes) and 4T1-luc cells (luciferase-labeled
mouse breast cancer cells) were obtained from the American Type
Culture Collection (ATCC) and cultured in RPMI 1640 medium (Gibco)
supplemented with 10 % fetal bovine serum (FBS, SORFA). NIH3T3 cells
(mouse embryonic fibroblasts), also from ATCC, were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco) containing 10 % FBS.
Cells were maintained in a humidified incubator at 37 °C with 5 % CO-
and passaged every 2-3 days.

Female BALB/c mice were purchased from GemPharmatech LLC
(Nanjing, China) and housed under pathogen-free conditions. Mice were
used for experiments at 6-8 weeks of age, with all experimental pro-
tocols approved by the Animal Experimentation Ethics Committee of
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Jiangsu Provincial Academy of Traditional Chinese Medicine (AEWC-
20211105-170).

2.2. Preparation of liposomes

For lab-scale production, As-Lip (As-loaded liposome) was initially
prepared using either the thin film hydration method or the ethanol
injection method, while Om-Lip (Om-loaded liposome) was prepared via
the pH/ammonium sulfate method. Om-As-Lip, co-loaded with As and
Om, was subsequently prepared by combining the ethanol injection
method with the pH gradient method. Specifically, 1.5 mg As, 52.0 mg
HSPC, 9.0 mg SPC, 10.6 mg cholesterol, and 2.5 mg DSPE-mPEG3(qg
were dissolved in 2 mL ethanol and injected into 5 mL of citric acid
solution (300 mmol/L) under stirring at 60 °C. Ethanol was evaporated
at 50 °C until no odor remained, yielding the As-Lip solution. Afterward,
1 mL of HEPES buffer (50 mmol/L) was added to the As-Lip solution,
followed by 4 mL of Nap,COj3 solution (300 mmol/L) containing 2.5 mg
Om. The pH was adjusted to 7.0, resulting in the formation of Om-As-
Lip.

For scale-up, Om-As-Lip was produced by combining the ethanol
injection method with the pH gradient method, followed by either the
EP-HPH (high-pressure homogenization) process or a microfluidic
process.

EP-HPH process: The scale-up process based on the lab-scale
method with a 150-fold increase in formulation, producing a 1.5 L
batch of coarse emulsion. Homogenization was conducted at 600 bar for
six cycles using a high-pressure homogenizer at 4 °C, yielding the ho-
mogenized liposomes.

Microfluidic process: The microfluidic system employed a stag-
gered herringbone microfluidic chip on an LNP-S1 smart LNP synthe-
sizer (Fluidiclab, China). The chip featured two inlet channels for the
aqueous phase and lipid solution and one outlet channel. Lipids (HSPC,
SPC, DSPE-mPEG2q0, cholesterol) and As were dissolved in ethanol at
the same concentrations as in the lab-scale process, while citric acid
solution (300 mmol/L) served as the aqueous buffer. The flow rate ratio
(FRR) between the aqueous and solvent streams was adjusted from 1:1
to 1:8, with the total flow rate (TFR) varying between 8 and 16 mL/min,
and the total volume (TV) ranging from 4 to 12 mL. After each run, As-
Lip was collected at the outlet chamber. As-Lip and NayCOs solution
(300 mmol/L, containing Om) were then injected into the solvent
channel to produce Om-As-Lip. Before mixing, the FRR was adjusted
from 1:1 to 1:8 (solvent: aqueous ratio), the TFR was set between 5 and
16 mL/min, and the TV ranged from 5 to 12 mL. The final Om-As-Lip
was collected after ethanol removal via ultrafiltration.

2.3. Characterization of liposomes

The particle size, polydispersity index (PDI), and zeta potential of the
liposomes were determined using dynamic light scattering (DLS, Nano
7890 Zetasizer, Malvern). Liposome morphology was examined by
transmission electron microscopy (TEM) with a Tecnai-12 microscope
(FEI, USA) at an accelerating voltage of 120 kV.

Encapsulation efficiency (EE) and drug-loading (DL) were quantified
using high-pressure liquid chromatography (HPLC, Agilent 1260, USA)
and calculated with the following formulas:

EE (%)= (Amount of drug in liposomes / Total amount of drug) x 100%

DL (%) = [Amount of drug in liposomes / (Amount of drug in liposomes + Amount of lipids)] x 100%
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Om was quantified by HPLC using a Supersil ODS2-C18 (150 mm x
4.6 mm, 5 pm) column, with UV detection at 220 nm. The mobile phase
consisted of 0.1 % phosphoric acid and 0.16 % triethylamine in water,
combined with acetonitrile (90:10, v/v), at a flow rate of 0.8 mL/min. As
was quantified using the same chromatographic system with a 6100-
Evaporative Light Scattering Detector (ELSD, Alltech, USA), using a
mobile phase of water and acetonitrile (65:35, v/v), with a flow rate of
1.0 mL/min through the same column. Lipid components (HSPC, DSPE-
mPEG2000, cholesterol, and SPC) were detected by ELSD. The separation
process and validation details are provided in Supplementary Table 1.

Lipid composition (HSPC, SPC, DSPE-mPEGygg, and cholesterol)
was analyzed using HPLC-ELSD with an Agilent Zorbax Eclipse Plus C18
(4.6 x 100 mm, 3.5 pm) column preheated to 30 °C. The mobile phase
consisted of two components: Solution A, which was a 20 mM ammo-
nium acetate buffer, and Solution B, methanol, with a flow rate of 1 mL/
min (Supplementary Table 1).

To validate the co-encapsulation of hydrophilic and hydrophobic
agents, fluorescent dyes SRB (hydrophilic) and C6 (hydrophobic) were
used as substitutes for Om and As, respectively. The resulting SRB-C6-
Lip was imaged using a TCS SP8 confocal laser scanning microscope
(Leica, Germany) with excitation wavelengths of 488 nm and 561 nm for
FITC and PE, respectively.

Differential scanning calorimetry (DSC) thermograms of liposomes
were recorded using a TA-DSC (NETZSCH, Germany). Samples (Om-As-
Lip, blank liposomes, Om-As, and physical mixtures of drugs and lipid
components) were sealed in aluminum pans. Heating scans were con-
ducted from —20 °C to 80 °C at 5 °C/min under nitrogen flow. An empty
aluminum pan served as the reference, and each sample was measured
in triplicate.

Liposome viscosity was measured using an NDJ-5S rotational
rheometer (Yueping, China), and pH values were determined with a PB-
10 pH meter (Sartorius, Germany). All measurements were performed in
triplicate at room temperature.

2.4. Invitro drug release

The dialysis method was used to evaluate the release profile of Om-
As-Lip. A 5 mL sample of each formulation was placed into a dialysis bag
with a 10 kD molecular weight cutoff, and the dialysis was conducted in
150 mL phosphate-buffered saline (PBS) at different pH values (5.0, 6.5,
and 7.4) containing 0.5 % Tween-80. The dialysis system was main-
tained at 37 °C with constant shaking at 100 rpm. At predetermined
intervals, 1 mL of the external medium was withdrawn and replaced
with fresh medium. The cumulative release of Om and As from the li-
posomes was quantified by HPLC. Each experiment was performed in
triplicate.

2.5. Stability study

Storage stability: The stability of Om-As-Lip was assessed by storing
the suspension at 4 °C for 60 days, during which particle size, PDI, zeta
potential, Om and As content, and lipid composition (HSPC, SPC,
cholesterol, and DSPE-mPEGy( o) were periodically measured.

Chemical stability: The chemical stability of Om-As-Lip was deter-
mined by monitoring peroxide value (PV) and acid value over 60 days
[30].

2.6. In vitro experiments

2.6.1. Transwell migration assay

NIH3T3 cells (2 x 10° cells/well) were seeded onto 5.0 pm transwell
plates (Corning) and incubated for 24 h. Following this, Om-As or Om-
As-Lip was added to the wells, and after 2 h, 5 ng/mL TGF-1 (Novo-
protein) was introduced to induce CAF formation. After 24 h, the upper
chamber medium was replaced. CTLL-2 cells (1 x 106, 1 % FBS RPMI
1640) were added to the upper chamber, while the lower chamber was
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filled with 20 % FBS RPMI 1640. After 3 h, cells in the lower chamber
were collected in 100 pL. RPMI 1640 for further quantification.

2.6.2. Cell uptake assessment

Cellular uptake was examined through fluorescence microscopy and
flow cytometry. 4T1 cells were seeded in 6-well plates at a density of 5 x
10* cells per well and incubated at 37 °C with 5 % CO, overnight. Flu-
orescently labeled liposomes (SRB and C6) and free SRB-C6 were added
to the cells. At various time points (2 h, 4 h, 6 h, 8 h, 12 h, 24 h), the
medium was removed, and cells were washed three times with cold PBS.
Cells were then observed under a fluorescence microscope (IX-73,
Olympus). For quantification, the cells were washed, centrifuged, and
analyzed using the A00-1-1101 Cyto FLEX (BECKMAN Coulter, USA).

The cellular uptake mechanism of SRB-C6-Lip was explored by flow
cytometry. Cells were pretreated with inhibitors such as sucrose, gen-
istein, and amiloride and exposed to 4 °C conditions. SRB-C6-Lip and
free SRB-C6 were then incubated with the cells, and flow cytometry was
used to assess drug uptake mechanism.

2.7. In vivo experiments

2.7.1. Pharmacokinetics and biodistribution study

4T1-luc cells (1 x 108 cells per mouse) were orthotopically injected
into the fat pad of BALB/c mice to establish a breast cancer model. For
pharmacokinetics analysis, the mice were administered the following
formulations intravenously via the tail vein: (1) Om-As and (2) Om-As-
Lip (2.0 mg/kg Om and 1.5 mg/kg As). Blood samples were collected
at predetermined time points (0, 0.166, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 12,
24 h) and centrifuged for 5 min at 4000 rpm. Plasma concentrations of
Om and As were measured using ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS-MS, Sciex,
USA), with analytical conditions detailed in Tables S1-S3.

For tissue quantification of Om and As, samples from the liver, kid-
neys, spleen, lungs, heart, and tumor were collected at specific time
points (1, 2, 4, 6, 8, 10, 12, 24 h) post-administration. The tissues were
weighed, suspended in 1 mL of cold methanol, and homogenized at 4 °C.
The homogenates were centrifuged at 12,000 rpm for 10 min at 4 °C,
and the supernatant was collected into 5 mL EP tubes. The precipitates
were resuspended in 1 mL of cold chloroform, homogenized, and
centrifuged again at 12,000 rpm for 10 min at 4 °C. The resulting su-
pernatants were combined for further analysis.

The biodistribution was assessed using fluorescence imaging. Mice
were intravenously injected with either DiD or DiD-Lip, and images were
captured at various time points (1, 4, 8, 12, and 24 h) using the IVIS
Spectrum system. At 24 h post-injection, the mice were sacrificed, and
tumors along with major organs (heart, liver, spleen, lungs, kidneys)
were harvested for ex vivo imaging using the Living Image 4.4 system
(PerkinElmer, USA) with excitation at 680 nm and emission at 710 nm.
The DiD fluorescence intensity in the tissues was quantified and
compared.

2.7.2. Antitumor efficacy

To assess the antitumor efficacy of Om-As-Lip, orthotopic 4T1-luc
tumor models were generated and the mice were randomly allocated
into five groups (n = 6): Model, Om-As, a-PD-1, Om-As-Lip, and Om-As-
Lip combined with a-PD-1. After 3 days, Om and As or Om-As-Lip were
administered intravenously (Om 2.0 mg/kg, As 1.5 mg/kg). For groups
receiving a-PD-1 or the combination treatment, a-PD-1 (5 mg/kg) was
injected intravenously every 4 days. Tumor volume was calculated daily
based on the longest surface length (L) and width (W) measured with a
caliper. At the end of the study, mice were euthanized, and tumor
weights were recorded. Additionally, tumor sections were stained with
HE, Ki67, and TUNEL for histopathological examination.

Survival analysis was conducted by recording the time of death for
each mouse, and the median survival was calculated.
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Fig. 2. (A) The EP-HPH process involves three key steps: 1) Preparation of As-Lip using the ethanol-injection method; 2) Active loading of Om into As-Lip via the pH
gradient method; 3) Size reduction through the HPH method. (B) The microfluidic process consists of two primary steps: 1) As-Lip is formed by mixing the lipid
solution (containing As) with a citric acid buffer in a microfluidic chip; 2) Om-As-Lip is produced by combining As-Lip with Na,CO3 solution (containing Om) in the
microfluidic chip. (C) The impact of different parameters (FRR, TFR, TV) on the size and As-EE of As-Lip. (D) The influence of different parameters (FRR, TFR, TV) on
the size and Om-EE of Om-As-Lip. (Data presented as Mean + SD, p-value: *p < 0.05, **p < 0.01,

2.7.3. Flow cytometry analysis

Tumor tissues were excised, minced, and digested using a mixture of
DNA I enzyme (0.04 mg/mL), collagenase I (1 mg/mL), collagenase IV
(1 mg/mL), and hyaluronidase (0.4 mg/mL) from Biofroxx. The diges-
tion process occurred at 37 °C for 3 h, after which the suspension was
filtered through a 40 pm cell strainer. Cell concentration was adjusted to

*p < 0.001; ns indicates not significant).

Protein was extracted using RIPA buffer, and 50 pg of each sample was

1 x 107 cells/mL, and 100 L aliquots were stained according to the
manufacturer’s protocol to identify specific cell populations.
For flow cytometry analysis, the following fluorescently labeled anti-

mouse antibodies were used: Fixable Viability Zombie Aqua Fixable
Viability Kit, anti-CD45-APC-A750, anti-CD3-APC, anti-CD4-PC-7, and
anti-CD8-PE (BioLegend). Cells were stained with surface antibodies for
30 min at 4 °C and analyzed using a CytoFlex S flow cytometer. FlowJo

software was used for data analysis.

2.8. Western blotting

2.9. Cellular

immunofluorescence

electrophoresed on 10 % SDS-PAGE gels, followed by transfer to PVDF
membranes. Membranes were blocked with 5 % BSA and probed with
antibodies for FAP (Affinity, China), a-SMA (Abcam, USA), and GAPDH
(Bioworld, China), with GAPDH as the loading control. Image analysis
was performed using Image J 3.2.

FAP levels were further analyzed through immunofluorescence. Cells
were washed with PBS, fixed in 4 % paraformaldehyde, and per-
meabilized with 0.1 % Triton X-100. Following blocking with 1 % BSA,
cells were incubated overnight at 4 °C with the FAP primary antibody

(Affinity, China), then treated with the secondary antibody at room
temperature for 1 h. DAPI staining was applied for 25 min, and cells
were visualized under a fluorescent inverted microscope.

Levels of a-SMA and FAP were evaluated through Western blotting.
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Fig. 3. Characterization, release profile, and stability of liposomes. (A) DLS analysis showing particle size and PDI variations among liposomes prepared without the
HPH step (L1), by EP-HPH method (L2), and by microfluidic method (L3) (n = 3). (B) TEM images of L1, L2, and L3 (scale bar = 200 nm). (C) As-EE (%) and Om-EE
(%) of liposomes (n = 3). (D) DSC analysis comparing blank liposomes, drugs (Om-As), mixture, and Om-As-Lip. (E) FTIR spectra of liposomes; (F) Drug release
profiles of Om-As-Lip at different pH levels (n = 3). (G) Particle size and PDI changes of Om-As-Lip over 60 days (n = 3). (H) Concentration changes of Om and As in
Om-As-Lip over 60 days (n = 3). (I) Lipid concentration changes in Om-As-Lip over 60 days (n = 3). (J) Peroxide value and acid value changes in Om-As-Lip over 60
days (n = 3). (Data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001).

2.10. ELISA assay

IFN-y and Granzyme B levels in the samples were measured using
ELISA Kits (Jianglai Biological, China) according to the manufacturer’s
instructions.

2.11. Cell bioenergy tests

TILs were isolated using the Pan T Cell Isolation Kit II (Miltenyi
Biotec). The oxygen consumption rate (OCR) was assessed in real-time
with the Seahorse XFe96 Analyzer (Agilent Technologies). Cells were
seeded into XFe 96-well microplates, washed, and incubated in the base
medium at 37 °C for 1 h. The Seahorse XF Cell Mito stress test kit was

employed to carry out the measurements, following the manufacturer’s
protocol.

2.12. Statistical analysis

Data analysis was performed using SPSS 20.0,with all results pre-
sented as mean + standard deviation (SD). A Student’s t-test was
employed to compare differences between two groups, while one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test was
used for comparisons across multiple groups. A p-value of less than 0.05
was considered statistically significant.
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3. Results and discussion

3.1. Preparation of Om-As-Lip in lab scale and scale-up process
optimization

3.1.1. Preparation of liposomes in lab scale

To optimize the scale-up process of Om-As-Lip, the preparation
method and formulation were refined at the lab scale. Key factors such
as preparation techniques and lipid types were systematically screened.
As, a cycloartane-type triterpenoid glycoside, has poor solubility, which
limits its encapsulation efficiency (EE) in liposomes [23,31]. In contrast,
Om, a highly hydrophilic drug with a low log partition coefficient (log
P), is weakly alkaline and struggles to cross the lipid membrane, making
its loading into the aqueous core of liposomes challenging [8,9]. Typi-
cally, liposomes encapsulating drugs with different polarities are pre-
pared using distinct methods. For hydrophobic drugs, techniques like
membrane dispersion or ethanol injection are commonly employed
[32], while pH gradient and ammonium sulfate gradient methods are
more suitable for hydrophilic drugs. Given the polarity differences be-
tween As and Om, separate methods were used to prepare As-Lip and
Om-Lip. The ethanol injection method resulted in a higher EE of As
(67.54 %) compared to thin film dispersion using various solvents
(chloroform: 10.43 %, methanol: chloroform (3:1, v/v): 15.22 %,
ethanol: 44.77 %) (Figure S1 A), indicating its suitability for As-Lip
preparation. Meanwhile, the pH gradient method demonstrated a su-
perior EE for Om (82.99 %) compared to passive-loading (22.12 %) and
the ammonium sulfate gradient method (21.02 %) (Figure S1 B), con-
firming its appropriateness for Om-Lip preparation.

Based on these findings, a combined ethanol injection and pH
gradient method was employed for Om-As-Lip preparation. In this pro-
cess, As and Om were sequentially loaded into the liposomes. First, As-
Lip was formed via the ethanol injection method in an acidic environ-
ment provided by citric acid solution. The interior of As-Lip remained
acidic while the external pH was adjusted to 7.0 by incubating with
NayCOs solution, which created an alkaline environment to keep Om, a
weak base, in its uncharged form. During incubation, uncharged Om
molecules diffused into the acidic liposomal core, where they became
charged [33]. Once charged, Om could no longer pass through the
bilayer membrane, thus becoming trapped inside the liposomes [34].

After establishing this combined method, lipid species were further
optimized to enhance the EE of both Om and As. Natural lipids like SPC
and EPC, with unsaturated acyl chains, improve the EE of hydrophobic
drugs by increasing the flexibility of the carbon chains [35]. Conversely,
synthetic lipids such as HSPC, with a high melting temperature (Ty,) and
rigid saturated fatty acid chains, enhance the EE of hydrophilic drugs
[35]. Therefore, EPC, SPC, and HSPC were tested for Om-As-Lip prep-
aration. As shown in Figure S1 C and D, SPC resulted in a high EE for As
(98.04 %) but a low EE for Om (9.67 %), while HSPC achieved the
highest EE for Om (71.13 %) but lower EE for As (58.90 %). After a
comprehensive evaluation, a combination of SPC and HSPC was selected
for Om-As-Lip preparation via the ethanol injection-pH gradient
method, yielding an EE of 97.28 + 0.40 % for As and 60.76 + 0.01 % for
Om. Ultimately, the mixed-lipid formulation maintained high EE values
for both Om and As, demonstrating the effectiveness of the combined
method.

3.1.2. Scale-up process optimization

Following the successful lab-scale preparation of Om-As-Lip, the
scaling-up process was investigated using both the conventional EP-HPH
method and a novel microfluidic technique. Typically, liposomes un-
dergo EP-HPH to achieve the desired size and PDI [28]. The schematic of
the conventional EP-HPH process is presented in Fig. 2A, where HPH
steps were performed after lab-scale preparation (ethanol injection-pH
gradient method) to produce unilamellar liposomes, with parameters
set at 600 bar for 6 cycles at 4 °C.

Microfluidic technology, on the other hand, offers a rapid and
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scalable alternative for producing liposomes [36]. The schematic of the
novel microfluidic process for Om-As-Lip is shown in Fig. 2B. This
method involves two key steps: first, lipid and citric acid aqueous phases
are pumped through a mixing chip to form As-Lip; second, after
collection, As-Lip is combined with Nay;COj3 solution (containing Om) via
two pumps to facilitate the active loading of Om, forming Om-As-Lip.

The critical parameters affecting microfluidic liposome production
include flow rate ratio (FRR), total flow rate (TFR), and total volume
(TV) [35]. To optimize these parameters for pre-forming As-Lip, the
results in Fig. 2C show that increasing FRR and TFR led to smaller
liposome particle sizes and improved EE% of As, likely due to enhanced
mixing at higher flow rates. Further investigation by increasing the TV
showed that liposome size remained stable within the range of 117.0
nm-149.0 nm, with As-EE% remaining high (81.28 %-96.22 %). Among
the conditions tested, As-Lip produced with FRRs of 1:4, 1:5, and 1:6
displayed optimal size, low PDI, and high As-EE, making them suitable
for subsequent Om loading. Supplementary Fig. 2 indicated that lipo-
somes with an FRR of 1:5 achieved the highest Om-EE%. Therefore,
As-Lip prepared at a TFR of 16 mL/min, TV of 12 mL, and FRR of 1:5 was
selected for further optimization of Om loading.

Next, we investigated the optimal conditions for the active loading of
Om into As-Lip (Fig. 2D). Results indicated that Om-As-Lip prepared
with an FRR of 1:2.5 and a TFR of 10 mL/min achieved the highest Om-
EE% alongside a desirable particle size. Interestingly, increasing the TV
led to further reductions in particle size and improvements in Om-EE%.
Consequently, the optimal parameters for Om-As-Lip preparation via
microfluidics were determined as an FRR of 1:2.5, TFR of 10 mL/min,
and TV of 14 mL.

A comparison of scale-up processes between EP-HPH and micro-
fluidic methods demonstrated a significantly higher production rate for
the microfluidic approach (21.22 mL/min) compared to EP-HPH (1.19
mL/min). The findings suggest that microfluidics offers a more efficient
pathway for industrial-scale production. Additionally, factors such as
high-speed shear, vibration, and convective impact in the EP-HPH pro-
cess may compromise the reproducibility of Om-As-Lip. In contrast,
microfluidic technology allows for precise control over critical param-
eters (FRR, TFR, TV), minimizing batch variability and enhancing con-
sistency. Overall, microfluidics presents considerable potential for
scaling up the production of Om-As-Lip in industrial applications.

3.2. Characterization of the liposomes

The physicochemical properties of Om-As-Lip prepared by lab-scale,
EP-HPH, and microfluidic processes were thoroughly characterized.
Particle size and PDI, measured via DLS, are presented in Fig. 3A. The
data show that Om-As-Lip produced by the microfluidic method (size:
136.3 £+ 1.42 nm, PDI: 0.05 + 0.02) closely resembled that prepared at
the lab scale (size: 134.6 & 6.2 nm, PDI: 0.20 4 0.03). However, the
coarse emulsion prior to the HPH step exhibited significantly larger
particle size and PDI (size: 326.5 + 7.0 nm, PDIL: 0.551 + 0.021), which
were brought back to the desired range following the HPH step (size:
86.61 + 1.11 nm, PDI: 0.22 + 0.03). This change is likely due to
insufficient energy to overcome lipid aggregation during bulk mixing, a
challenge that is addressed by the HPH step [37].

TEM images supported the DLS results (Fig. 3B), revealing that pre-
HPH Om-As-Lip exhibited irregular morphology and inconsistent par-
ticle sizes, while post-HPH samples displayed a uniform, spherical
structure. Similarly, liposomes prepared using the microfluidic method
demonstrated consistent spherical shapes.

The EE% for Om and As across the different batches is shown in
Fig. 3C. The As-EE% remained consistently high across all methods (lab-
scale: 97.28 + 0.40 %, EP-HPH: 97.05 + 0.04 %, microfluidic: 99.23 +
0.02 %). In contrast, significant differences were observed in Om-EE%
between the batches (lab-scale: 60.76 + 0.01 %, EP-HPH: 55.23 + 1.38
%, microfluidic: 67.01 &+ 0.02 %). The reduced Om-EE% in the EP-HPH
process could be attributed to the heat generated by strong cavitation
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Fig. 4. Cellular uptake of Om-As-Lip. (A) Fluorescence microscopy images showing the uptake of free SRB-C6 and SRB-C6-Lip by CAFs (scale bar = 50 pym); (B)
Kinetic profiles of C6 uptake from liposomes by CAFs (n = 3); (C) Kinetic profiles of SRB uptake from liposomes by CAFs (n = 3); (D, E) Mechanistic analysis of C6 and
SRB uptake from SRB-C6-Lip by CAFs (n = 3); (F) Fluorescence microscopy images showing the uptake of free SRB-C6 and SRB-C6-Lip by CTLL-2 cells (scale bar = 50
pm); (G) Kinetic profiles of C6 uptake from liposomes by CTLL-2 cells (n = 3); (H) Kinetic profiles of SRB uptake from liposomes by CTLL-2 cells (n = 3); (I, j)
Mechanistic analysis of C6 and SRB uptake from SRB-C6-Lip by CTLL-2 cells (n = 3). (Data are presented as mean =+ SD, with statistical significance indicated by *p <

0.05, **p < 0.01, ***p < 0.001; one-way ANOVA).

and shear forces during homogenization, while the higher Om-EE% in
the microfluidic method likely stems from more efficient chaotic
advection mixing. CLSM imaging (Fig. S3) further confirmed the suc-
cessful co-encapsulation of hydrophilic and lipophilic drugs in lipo-
somes prepared by the microfluidic process. Fluorescent dyes, SRB (red
fluorescence) and C6 (green fluorescence), were used to label Om and
As, respectively, and the overlapping yellow signals indicated effective
dual-drug encapsulation.

DSC analysis (Fig. 3D) was employed to examine the phase transition

behavior of the liposomes. The calorimetric profiles revealed that the
phase transition temperature (Ty,) of Om-As-Lip across different batches
(lab-scale: 60.2 °C, EP-HPH: 61.03 °C, microfluidic: 63.4 °C) was higher
than that of blank liposomes (49.06 °C), suggesting improved thermal
stability for Om-As-Lip below Tp,, which enhances its potential stability.

Infrared spectroscopy was subsequently employed to further inves-
tigate molecular interactions within the liposomes. Changes in molec-
ular arrangement due to these interactions manifest as shifts in the
absorption peaks of specific functional groups. The FTIR spectra of the
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Fig. 5. Biodistribution of Om-As-Lip. (A) Concentration-time curve of As from Om-As-Lip and free Om-As in 4T1 tumor-bearing mice (n = 6). (B) Concentration-time
curve of Om from Om-As-Lip and free Om-As in 4T1 tumor-bearing mice (n = 6). (C) IVIS Spectrum imaging visualizing the distribution of free DiD and DiD-Lip in
4T1 tumor-bearing mice. (D) Ex vivo imaging of various organs and tumor tissues 24 h post-injection, captured using the IVIS Spectrum. (E) Quantitative analysis of
fluorescence intensity in tumor tissues at different time points (n = 3). (F) Quantitative analysis of fluorescence intensity in isolated tumor tissues (n = 3). (G) Mean
drug concentration of As in tumor tissues from Om-As-Lip and free Om-As (n = 6). (H) Mean drug concentration of Om in tumor tissues from Om-As-Lip and free Om-
As (n = 6). (Data are presented as mean =+ SD, with statistical significance compared to the free drugs group (DiD, Om, As): *p < 0.05, **p < 0.01, ***p < 0.001.).

liposomes (lab scale, EP-HPH, and microfluidic) are presented in Fig. 3E.
In the FTIR spectrum of Om-As, the absorption peak at 1609 cm™!
corresponds to the C=0O stretching vibration, while the band at 947
em ™! is attributed to the N-O group. Notably, the N-O vibration peak of
Om disappeared in the FTIR spectrum of the liposomes, indicating
successful encapsulation of Om. Additionally, the C-O stretching

vibration peak of the empty liposomes, typically found at 1236 cm ™},
shifted to 1253 cm ™! in Om-As-Lip, likely due to the formation of hy-
droxyl groups from As. The emergence of hydrogen bonding may facil-
itate the high dispersion of As within the lipid layer.

The viscosity of the liposomes was also measured, revealing low
viscosity across all three preparation methods, making them suitable for
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Table 1

Pharmacokinetic parameters of Om-As-Lip, free Om, and As in plasma and tumor.
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Pharmacokinetic parameters Free Om Free As As from (Om-As-Lip) Om from (Om-As-Lip)
Plasma Crmax (4g/L) 1.75 + 0.31 52.22 + 9.04 63.58 + 4.997 2.06 + 0.45

Tax (h) 0.17 + 0.01 0.17 + 0.01 0.18 + 0.03 0.29 + 0.16%*

AUC (ug/L h) 1.01 + 0.25 38.77 + 12.39 79.02 + 5.98%## 6.24 + 2.45*

t1/2 (h) 5.66 + 2.12 1.73 + 1.03 3.25 + 1.58%## 19.34 + 1.43%*x

MRT (h) 212+ 1.19 1.73 + 0.50 3.07 + 1.17% 6.61 + 3.09%
Tumor Crnax (1g/L) 0.92 + 0.43 0.64 + 0.26 2.67 + 2.29%## 1.41 + 0.60

AUC (pg/L h) 6.09 + 3.96 6.04 + 2.43 15.27 +10.12 18.44 + 7.10

MRT (h) 6.95 + 2.83 5.36 + 2.05 5.96 + 1.18 10.53 + 0.81

#Cmax, maximum plasma concentration; Ty, time of maximum concentration; AUC (pg/L h), are under the curve from time 0-24 h; t;,» (h), half-life at the bio-

distribution phase; MRT (h), time of drug residence in the plasma and tumor. (n =6, *P < 0.5, **P < 0.1, ***P < 0.01, compared to free Om, #p < 0.5, ##p <0.1,** P

< 0.01, compared to free As. All data are presented as mean + SD).

injection (lab batch: 1.64 + 0.02 mPa s, EP-HPH: 3.43 £+ 0.05 mPa S,
microfluidic: 25.46 + 0.41 mPa S) [38]. Furthermore, the pH values of
the liposomes prepared by all three methods were within the range
suitable for intravenous administration (lab batch: 6.72 =+ 0.09,
EP-HPH: 6.68 + 0.13, microfluidic: 6.74 + 0.20).

Given these findings, Om-As-Lip produced via the microfluidic
method demonstrated high drug entrapment efficiency and holds sig-
nificant potential for further development. This method was therefore
selected for subsequent studies involving Om-As-Lip.

3.3. Release profile of the liposomes prepared by microfluidic

The drug release profiles of Om-As-Lip were evaluated in various
acidic environments (Fig. 3F). As the pH decreased from 7.4 to 5.0, an
increase in the release rate of Om-As-Lip was observed. At pH 6.5, the
cumulative release of Om increased by 13 %, and at pH 5.0, it increased
by 20 % within 4 h, compared to pH 7.4. Similarly, the cumulative
release of As rose by 25 % at pH 6.5 and by 36 % at pH 5.0 over 24 h. The
drug release of Om-As-Lip in response to the acidic tumor microenvi-
ronment may be due to the conformational change of the DSPE-
mPEGgo polymer in the formulation under acidic conditions, leading
to the disintegration of the liposomes and subsequent drug release.
These results suggest that Om-As-Lip releases its drugs more effectively
in the acidic tumor microenvironment, making it a responsive drug
delivery system.

3.4. Stability of the liposomes prepared by microfluidic

The stability of liposomes is critical for their practical applications
[39]. The physical stability of Om-As-Lip was assessed by monitoring
particle size, PDI, and the content of Om, As, and lipid components
(HSPC, SPC, cholesterol, and DSPE-mPEG3(0) over 60 days. The results
revealed that both the particle size and PDI of Om-As-Lip remained
consistent throughout the observation period (Fig. 3G). Additionally,
the content of Om, As, and lipid components showed no significant
changes over time (Fig. 3H and I). These data indicate that Om-As-Lip
can be stably stored at 4 °C for at least two months.

Lipids are prone to degradation through oxidation of poly-
unsaturated hydrocarbon chains and ester hydrolysis, which produce
oxidized lysophosphatidic and free fatty acid derivatives [40]. These
degradation products can affect the chemical stability of liposomes. To
assess this, the PV and acid values were measured over 60 days [30].
According to regulatory standards, the PV should be below 3.0 and the
acid value below 15. The PV and acid values of Om-As-Lip were found to
be 0.20 and 14 (Fig. 3J), respectively, both within the acceptable range,
indicating high chemical stability. The primary factor contributing to
this stability is the high concentration of HSPC, which enhances inter-
molecular forces and forms a tighter lipid structure, thus preventing
lipid oxidation and reducing the production of fatty acid derivatives.

Overall, these results underscore the successful preparation of Om-
As-Lip, characterized by excellent physical and chemical stability,
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making it a promising candidate for further development.

3.5. Cells uptake

To explore the cellular uptake of Om-As-Lip prepared via micro-
fluidics, hydrophilic fluorescent dye SRB and hydrophobic C6 were
substituted for Om and As [41]. Fluorescence microscopy and flow
cytometry were utilized to visualize the uptake of SRB-C6-Lip by CAFs
and CTLL-2 cells [42]. Fig. 4A and B, and C shows that the uptake of C6
(green) and SRB (red) by CAFs from SRB-C6-Lip reached peak mean
fluorescence intensities (MFI) of 40 k and 12 k, respectively, after 12 h.
The uptake rate of C6 and SRB from SRB-C6-Lip was 53-fold and 18-fold
higher (P < 0.001), respectively, compared to free C6-SRB. A same trend
was observed in CTLL-2 cells, where the peak MFI for C6 and SRB
reached 8 k and 2.6 k, respectively, after 8 h. The uptake rate of C6 and
SRB by CTLL-2 cells was 4.99-fold and 2.22-fold higher (P < 0.001),
respectively, compared to free SRB-C6 (Fig. 4F, G, H). These results
indicate that Om-As-Lip significantly enhances the uptake of Om-As by
both CAFs and CTLL-2 cells.

The mechanism underlying Om-As-Lip uptake was further investi-
gated. Endocytosis was inhibited at 4 °C to assess energy dependence,
while sucrose, genistein, and amiloride were employed to inhibit
clathrin-mediated, caveolae-mediated, and pinocytosis pathways,
respectively [12]. As shown in Fig. 4D, E, I, and J, CAFs and CTLL-2 cells
endocytosed SRB-C6-Lips via multiple pathways, including pinocytosis
and both the clathrin- and caveolae-mediated endocytosis. Additionally,
CTLL-2 cells demonstrated energy-dependent uptake of SRB-C6-Lips.

3.6. In vivo pharmacokinetics and biodistribution

The pharmacokinetics of Om-As-Lip were evaluated in orthotopic
4T1 tumor-bearing mice (Fig. 5A and B, and S4; Tables 54-S8). Drug PK
parameters, calculated using a non-compartmental model, are presented
in Table 1. Co-loading Om and As in the liposomes significantly
increased the plasma AUC of both drugs compared to their free-drug
forms (3.42-fold for Om and 2.03-fold for As), indicating that Om-As-
Lip enhanced the bioavailability of both agents. Plasma Cyax values
for Om and As increased 1.16-fold and 1.22-fold, respectively, in the
Om-As-Lip formulation compared to the free drug solution, demon-
strating that the liposomes effectively elevated drug concentrations in
the plasma. Additionally, co-loading Om and As in liposomes extended
the plasma half-life (6.17-fold for Om, 1.88-fold for As) and MRT (3.11-
fold for Om, 1.77-fold for As), indicating prolonged in vivo circulation
and reduced clearance rates compared to the free drug.

Fig. 5G-H displays the distribution of Om-As-Lip and free Om-As in
tumors. The data revealed a marked increase in tumor AUC for both
drugs in the Om-As-Lip formulation compared to the free drugs (4.19-
fold for Om, 2.0-fold for As). Similarly, Cpax values increased by 1.58-
fold for Om and 3.49-fold for As, indicating significantly higher drug
concentrations in the tumor tissue. The peak concentration of both drugs
was reached at approximately 2.6 h for Om and 4.03 h for As post-
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Fig. 6. Antitumor therapeutic effect of Om-As-Lip in vivo. (A) Schematic representation of the treatment regimen. (B) Tumor volume changes in 4T1-Luc tumor-
bearing mice across different treatment groups (n = 6). (C, D) Bioluminescent imaging illustrating tumor activity in vivo. (E) Tumor weight in each group after
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presented as mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA).
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Fig. 7. Inhibition of CAFs and enhancement of TIL mitochondrial function by Om-As-Lip. (A) Western blot analysis showing the effect of Om-As-Lip on the expression
of the CAF marker a-SMA. (B) Cellular immunofluorescence assay displaying the effect of Om-As-Lip on FAP expression in CAFs (scale bar = 50 pm). (C) Flow
cytometry analysis of the number of CTLL-2 cells infiltrating through CAFs following treatment with different concentrations of Om-As-Lip (n = 6). (D) Basal
respiration measured by OCR before and after oligomycin addition (n = 3). (E) OCR measurements before and after Rot/AA injection (n = 3). (F) Maximum res-
piratory capacity determined by OCR after FCCP injection (n = 3). (G) Quantification of IFN-y (H) and Granzyme B by ELISA in T cells cocultured with tumor cells (n
= 4). (Data are shown as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA).

injection for all formulations. The MRT of both drugs was also sub-
stantially prolonged in tumor tissue with liposomal delivery, demon-
strating the ability of liposomes to prevent rapid clearance and enhance
drug accumulation in tumors.

To visualize in vivo liposome distribution, DiD-Lip was administered
via tail vein injection to Balb/c mice bearing 4T1 tumors, and fluores-
cence imaging was performed using a small animal imaging system. As
shown in Fig. 5C, D, a strong fluorescence signal was detected at the
tumor site in mice treated with DiD-Lip (1.383 + 0.15, a.u.), indicating
superior tumor accumulation compared to mice treated with free DiD.
At 24 h post-injection, ex vivo fluorescence imaging of the tumors
confirmed stronger fluorescence in the DiD-Lip group (Fig. 5E and F),
further supporting the role of liposomes in enhancing drug accumulation
at the tumor site.

Overall, the data demonstrate the advantages of co-loading drugs
into liposomes, which improve treatment efficacy by enhancing tumor
targeting and retention of Om-As.
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3.7. Invivo anti-tumor efficacy of Om-As-Lip in combination with a-PD-1

The antitumor efficacy of the combination of Om-As-Lip and «-PD-1
therapy was evaluated in orthotopic 4T1 tumor-bearing mice (Fig. 6A).
Tumor volume was measured daily throughout the treatment period.
The results indicated that Om-As-Lip significantly inhibited tumor
growth compared to the model group, and tumor growth was further
suppressed when combined with o-PD-1 therapy (Fig. 6B). At the
conclusion of the 14-day treatment, in vivo bioluminescence imaging
revealed that the fluorescence intensity in the Om-As-Lip group was
markedly reduced compared to the model group, with the lowest fluo-
rescence observed in the combination group (Fig. 6C and D).

Following treatment, the mice were euthanized, and the tumors were
excised for analysis (Fig. S5). Tumor volume, tumor weight, tumor
index, and tumor suppression rates were assessed (Fig. 6E-G). Tumor
weight significantly decreased in the Om-As-Lip group compared to the
model group, especially in the combination treatment group. Both the
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Fig. 8. Om-As-Lip Upregulates the Expression of TILs by Inhibiting CAFs in vivo. (A) Representative a-SMA staining results for 4T1-Luc tumors in each treatment
group (scale bars = 200 pm). (B) Representative Masson staining results for 4T1-Luc tumors in each treatment group (scale bars = 200 pm). (C) Quantification of FAP
(D) and CXCL12 levels in 4T1-Luc tumors as measured by ELISA (n = 4). (E) Flow cytometry analysis of CD45"T CD3T cells in 4T1-Luc tumors (F) and quantitative
analysis (n = 5). (G) Flow cytometry analysis of CD8™T cells in 4T1-Luc tumors (H) and quantitative analysis (n = 5). (Data are presented as mean =+ SD; *P < 0.05,

**P < 0.01, ***P < 0.001; one-way ANOVA).

Om-As-Lip and combination groups showed a reduction in tumor indices
compared to the model group, with the combination group displaying a
significantly lower tumor index than the a-PD-1 group. Tumor inhibition
rates were 39.75 % for Om-As-Lip, 21.43 % for a-PD-1, and 61.20 % for
the combination therapy. The combination group demonstrated a 2.67-
fold increase in tumor inhibition rate compared to a-PD-1 alone, indi-
cating that Om-As-Lip significantly enhances the antitumor efficacy of
a-PD-1. Additionally, the median survival time in the combination group
extended to 46 days (Fig. 7H), surpassing that of the model group (27
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days), the Om-As group (36 days), and the Om-As-Lip group (40 days).
This suggests that the combination of Om-As-Lip and a-PD-1 not only
inhibits tumor growth but also prolongs survival in the treated animals.

Histological analysis using H&E staining, Ki67 immunohistochem-
istry, and TUNEL immunofluorescence was conducted to further eval-
uate the effects of Om-As-Lip combined with a-PD-1 on tumor
suppression (Fig. 71). In comparison to the model group, the Om-As, Om-
As-Lip, and combination groups exhibited significant tumor necrosis,
with the largest necrotic area observed in the combination groups group.
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Fig. 9. Om-As-Lip enhances CD8*TIL activity by improving mitochondrial function in vivo. (A) TEM images of TIL mitochondria (scale bar = 1 pm). (B) Basal
respiration (n = 4). (C) OCR measured before oligomycin addition and after Rot/AA injection (n = 4). (D) Maximal respiratory capacity (n = 4). (E) ECR changes
indicating maximal mitochondrial activity (n = 4). (F) ATP production measured as the decrease in OCR following oligomycin addition (n = 4). (G)Spare respiratory
capacity, the gap between cellular respiration and the theoretical maximum (n = 4). (H) Flow cytometry analysis of CD8" TILs showing the proportion of T-bet™", (I)
Eomes™, (J) IFN-y*, (K) and Granzyme B" (n = 5). (Data are presented as mean + SD; *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA).

The Ki67-positive areas, indicative of proliferation, were reduced in all
treatment groups, particularly in the combination group. TUNEL
immunofluorescence further confirmed that the Om-As-Lip and combi-
nation groups induced a higher rate of apoptosis.

In summary, consistent with existing literature, a-PD-1 alone ex-
hibits a low response rate in breast cancer [43]. However, Om-As-Lip
enhances the antitumor efficacy of Om-As by improving its bioavail-
ability. When combined with a-PD-1, it further enhances therapeutic
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outcomes.

3.8. Inhibition of CAF activity and enhanced mitochondrial function in
TIL in vitro by Om-As-Lip

The antitumor efficacy of PD-1 inhibitors is strongly associated with
the infiltration and activity of TILs [44]. In breast cancer, the presence of
CAFs and impaired mitochondrial function in TILs result in low
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Fig. 10. Safety evaluation of Om-As-Lip. (A) H&E staining of major organs in mice after treatment in each group, showing no visible organ damage; (B, C) Hemolytic
properties of Om-As and Om-As-Lip tested and statistically analyzed (n = 6). (D) ALT, (E) AST, (F) UREA, and (G) CREA levels (n = 6). (H) Changes in body weight of
mice in each group during the treatment period (n = 5). (Data are presented as mean + SD; *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA).

infiltration and poor activity, which ultimately limits the effectiveness of
PD-1 inhibitors [45].

Previous studies have demonstrated that Om and As enhance TIL
infiltration and activity by inhibiting CAF activation and improving
mitochondrial function in TILs [8,12]. In this study, to validate the role
of Om-As-Lip in inhibiting CAF activation and promoting TIL infiltra-
tion, a CAF model was established by treating NIH3T3 cells with 5
ng/mL TGF-B1 in vitro. Activated CAFs typically exhibit increased levels
of a-smooth muscle actin (a-SMA) and fibroblast activation protein-o
(FAP). The treatment with Om-As-Lip resulted in a significant reduction
in the expression of a-SMA and FAP in CAFs (Fig. 7A and B), indicating
that Om-As-Lip effectively inhibited CAFs activation. Furthermore,
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Om-As-Lip treatment substantially enhanced T cell migration across
CAFs (Fig. 7C), confirming that CAF deactivation promotes TIL
infiltration.

Additionally, TILs require functional mitochondria to generate ATP
through respiration for their potent antitumor effects. In breast cancer,
mitochondrial dysfunction in TILs reduces their tumor-killing capacity
[46]. To assess the impact of Om-As-Lip on mitochondrial function in
TILs, a TIL model was simulated by coculturing CTLL-2 cells with 4T1
cells. The oxygen consumption rate (OCR), an indicator of mitochon-
drial function [47], was measured using the Seahorse XFe96 (Fig. 7D).
Results showed that mitochondrial respiration was impaired after T cells
were cocultured with tumor cells, while Om-As-Lip treatment
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significantly increased oxidative phosphorylation, thereby improving
TIL mitochondrial function (Fig. 7E-F). The effect of Om-As-Lip on the
antitumor activity of TILs was also evaluated. Activated TILs secrete
high levels of IFN-y and Granzyme B, which induce apoptosis in tumor
cells, exerting antitumor effects [48]. ELISA results indicated a signifi-
cant increase in IFN-y secretion following Om-As-Lip treatment
(Fig. 7G), along with an upregulation of Granzyme B expression
(Fig. 7H). In summary, these results suggest that Om-As-Lip enhances
TIL antitumor activity by improving mitochondrial function, high-
lighting its potential for improving the efficacy of PD-1 inhibitor
therapies.

3.9. Invivo inhibition of CAFs by Om-As-Lip upregulated TILs expression

The mechanism behind the synergistic enhancement of Om-As-Lip in
combination with a-PD-1 was further explored in vivo. Inmunofluores-
cence staining demonstrated a decreased expression of a-SMA, a key
marker of CAF activation, in tumor tissues treated with Om-As-Lip and
combination therapy, indicating that Om-As-Lip effectively inhibits CAF
activation (Fig. 8A). Activated CAFs are known to suppress TIL expres-
sion by secreting collagen, FAP, and CXCL12, which ultimately reduces
the efficacy of a-PD-1 [49,50]. Masson staining revealed significant
collagen deposition in the model group, whereas both the Om-As-Lip
and combination therapy groups exhibited markedly less collagen
accumulation in tumor tissues (Fig. 8B), suggesting that Om-As-Lip
effectively suppresses collagen secretion by CAFs. ELISA further
confirmed that Om-As-Lip and combination therapy significantly
decreased FAP and CXCL12 levels in 4T1-luc in situ tumors, with the
combination group showing notably lower expression of these markers
compared to the a-PD-1 group (Fig. 8C and D).

Flow cytometry analysis was conducted to assess the abundance of
TILs in tumor tissues. Results indicated a significant increase in
CD45"CD3" TILs in the Om-As-Lip group compared to the model group,
suggesting that Om-As-Lip enhances overall TIL levels. Additionally, the
combination group exhibited significantly higher CD3™ TIL counts than
the a-PD-1 group (Fig. 8E and F). CD8" cytotoxic T lymphocytes (CTLs),
the primary immune cells for targeting cancer [48], are often hindered
by CAFs, which act as a barrier preventing CD8" TILs from exerting their
antitumor effects [49]. Flow cytometry revealed a notable increase in
CD8" TILs in both the Om-As-Lip and combination groups, with no
significant change observed in the a-PD-1 group alone, consistent with
existing literature40 (Fig. 8G and H).

In conclusion, these results indicate that Om-As-Lip enhances TIL
infiltration by inhibiting CAF activation, thereby improving the anti-
tumor efficacy of the combined Om-As-Lip and a-PD-1 therapy.

3.10. In vivo enhancement of TILs activity by Om-As-Lip

Mitochondrial dysfunction impairs the activity of TILs, thereby
reducing the antitumor efficacy of a-PD-1 [50,51]. To assess whether
Om-As-Lip and combination therapy improved TIL activity by modu-
lating mitochondrial function in vivo, TILs were isolated from 4T1-Luc
tumors using MACS technology. TEM analysis revealed that mitochon-
dria in the TILs from both the Om-As-Lip group and the combination
therapy group were longer and exhibited more cristae (Fig. 9A), indi-
cating enhanced mitochondrial function in these TILs. Further investi-
gation through mitochondrial stress assays confirmed these findings, as
basal OCR, ATP production, and maximal respiration of TILs from
4T1-Luc tumors were significantly elevated following Om-As-Lip and
combination therapy treatment. Notably, the enhancement in respira-
tory capacity was more pronounced in the combination group compared
to the Om-As-Lip group alone (Fig. 9B-G).

Next, the antitumor activity of CD8"TILs was explored. The T-box
transcription factors T-bet and Eomesodermin (Eomes) are critical for
the differentiation of effector and memory CTLs and play key roles in
preventing CD8TIL exhaustion [52,53]. Both T-bet and Eomes regulate
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early and late stages of IFN-y and granzyme B expression during effector
CTL differentiation [54-56]. The present study showed that combina-
tion therapy significantly upregulated T-bet and Eomes expression in
CD8T'TILs (Fig. 9H, I, S6A, B). Correspondingly, the expression of IFN-y
and granzyme B increased, reflecting the activation of CD8 TILs [56,
57]. Flow cytometric analysis further demonstrated that the combina-
tion of Om-As-Lip and a-PD-1 markedly enhanced the expression of
IFN-y and granzyme B in CD8'TILs, suggesting a substantial improve-
ment in immune function and antitumor activity of these cells in the
combined treatment group (Fig. 9J, K, S6C, D).

3.11. Safety of the combination treatment of Om-As-Lip and a-PD-1

Tissue sections and organ indices were used to assess the biosafety of
the combination therapy involving Om-As-Lip and a-PD-1. Histological
analysis revealed no organ damage in any of the treatment groups
(Fig. 10A). Hemolysis assay results indicated that As at high concen-
trations (600 pg/mL) could cause hemolysis, whereas Om-As-Lip did
not, suggesting that Om-As-Lip reduces the hemolytic risk associated
with As (Fig. 10B and C). Biochemical analyses further demonstrated
that the combination therapy of Om-As-Lip and a-PD-1 did not induce
hepatotoxicity or nephrotoxicity (Fig. 10D-G). Additionally, body
weight measurements showed no significant differences among the
groups (Fig. 10H), further supporting the safety profile of the combi-
nation therapy. In summary, these results indicate that Om-As-Lip and
a-PD-1 combination therapy exhibits a favorable safety profile.

4. Conclusion

In this study, Om-As-Lip was successfully prepared at both laboratory
scale and through scale-up processes. The results demonstrated that the
microfluidic preparation of Om-As-Lip offers a higher production rate
and enhanced stability, making it suitable for industrial transformation.
Om-As-Lip efficiently delivered Om and As to tumor tissues in a sus-
tained manner, resulting in prolonged blood circulation and increased
bioavailability. The formulation enhanced the antitumor efficacy of
a-PD-1 by promoting TILs infiltration and improving their activity,
which extended survival time while maintaining a favorable safety
profile. In conclusion, this study presents a feasible and scalable
approach for industrial production and provides a promising strategy for
enhancing the effectiveness of breast cancer immunotherapy in clinical
settings.
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