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Background: Tetrandrine (Tet), a bisbenzylisoquinoline alkaloid, is a potential candidate for cancer chemotherapy. However, Tet has
poor aqueous solubility and a short half-life, which limits its bioavailability and efficacy. Liposomes have been widely utilized to
enhance the bioavailability and efficacy of drugs.

Methods: In this study, Tet-loaded stealth liposomes (S-LPs@Tet) were prepared by ethanol injection method. Furthermore,
physicochemical characterisation, biopharmaceutical behaviour, therapeutic efficacy, and biocompatibility of S-LPs@Tet were
assessed.

Results: The prepared S-LPs@Tet had an average particle size of 65.57 + 1.60 nm, a surface charge of —0.61 + 0.10 mV, and an
encapsulation efficiency of 87.20% + 1.30%. The S-LPs@Tet released Tet in a sustained manner, and the results demonstrated that the
formulation remained stable for one month. More importantly, S-LPs significantly enhanced the inhibitory ability of Tet on the
proliferation and migration of lung cancer cells, and enabled Tet to escape phagocytosis by immune cells. Furthermore, in vivo studies
confirmed the potential for long-circulation and potent tumor-suppressive effects of S-LPs@Tet. Moreover, ex vivo and in vivo safety
experiments demonstrated that the carrier material S-LPs exhibited superior biocompatibility.

Conclusion: Our research suggested that S-LPs@Tet has potential applications in lung cancer treatment.
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Introduction

Tetrandrine (Tet) is a natural product belonging to the bis-benzylisoquinoline alkaloid family (Figure 1) that was
originally isolated and purified from the roots of the traditional Chinese medicinal herb Stephania tetrandra
S. Moore." Multiple studies have shown that Tet has a wide range of diverse pharmacological effects. The antitumor
effect of Tet is a widely investigated pharmacological activity, primarily achieved through direct inhibition of cell
proliferation, induction of apoptosis and autophagy in cancer cells, inhibition of migration and invasion of tumor cells,
and reversal of multidrug resistance in tumor cells, among other mechanisms.”

Tet tablets and injections are currently available on the market. However, due to the poor aqueous solubility of Tet, its
tablets are not easily absorbed by the human body and have low bioavailability.” Additionally, Tet Injection has the side
effect of localized irritation and pain during clinical use.®’ Free Tet has a short half-life of 7 hours in plasma® and is
easily cleared, resulting in poor efficacy.’'® Therefore, there is an urgent need to develop a suitable drug delivery system
to enhance the bioavailability and therapeutic efficacy of Tet.

In recent years, nanotechnology has shown promising applications in tumor treatment. Among these, liposomes (LPs) are
the most widely used and stable biological nanoparticles in antitumor research due to their biocompatibility and high utility.
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Figure | (A) The Stephania tetrandra S. Moore and (B) molecular structure of Tet.

Several LPs have been clinically approved as nanodrugs, such as Doxil®, Dauno Xome®, and Depocyt™. LPs have garnered
significant attention as traditional drug delivery vehicles due to their relatively simple composition, capacity to effectively
encapsulate a wide range of hydrophilic and hydrophobic drugs, and high clinical translational value.” However, the main
drawback of conventional LPs is that they are easily recognized by the reticuloendothelial system, leading to a short half-life
and poor stability. Poly (ethylene glycol)—distearoylphosphatidylethanolamine (DSPE-PEG) is an amphiphilic polymer with
a hydrophobic core (DSPE) and a hydrophilic shell (PEG)."! Therefore, incorporating DSPE-PEG into conventional LPs can
not only enhance the solubility of drugs in water,'? but also facilitate the escape of LPs from immune clearance in the body,
thereby improving drug efficacy.'*'* Gao et al'” prepared oridonin-loaded long-circulating LPs (LC-LPs@ORI), and found
that the addition of DSPE-PEG2000 to the LPs enhanced the anti-colon cancer effect of ORI. The tumor volume in the LC-
LPs@ORI treated group was approximately 56% smaller compared to the group treated with ORI solution.

In the present study, S-LPs@Tet were prepared using DSPE-PEG2000 and other biocompatible materials. The anti-
lung cancer effects of S-LPs@Tet were investigated using in vitro and in vivo tests. Furthermore, the potential long-cycle
ability and biocompatibility of S-LPs@Tet were also assessed. The aim of this study was to establish a practical
foundation for the investigation and advancement of S-LPs@Tet.

Material

Reagents

Tet (purity > 99%) was obtained from Xi’an Haoxuan Biological Co. (lot number: HXHFJJS20181012-1). The Tet reference
substance was obtained from China Institute for the Control of Pharmaceutical and Biological products (110711-201810).
Soybean phospholipids (SPC, lot number: SY-SI-160101), Cholesterol (CHO, lot number: C10780), and DSPE-PEG2000 (lot
number: C20128) was purchased from Shanghai AVT Pharmaceutical Technology Co. Acetonitrile (chromatographically pure)
was obtained from Merck (Germany, lot number: AS1122-801). Triethylamine (chromatographically pure) and Fluorescein
isothiocyanate isomer I (FITC) were purchased from Aladdin Industries (lot numbers T103287 and G1922072, respectively),
and 4°, 6-diamidino-2-phenylindole (DAPI) was purchased from Solarbio Life Sciences (lot number C0065). Cyanine 5.5
(Cy5.5) was obtained from APE*BIO Inc., USA (lot number: A810381337769). The remaining reagents are analytically purity.

Cell Lines and Animals
The human non-small cell lung cancer cell line A549 and the human lung adenocarcinoma cell line H1975 were provided
by the Key Laboratory of Experimental Animal and Safety Research of Zhejiang Province. The use of the cell lines was
approved by the Ethics Committee of Zhejiang Academy Medical Sciences.

Shanghai SLAC Laboratory Animal Co. Ltd. (certificate number: SCXK [Hu] 2012-0002, Shanghai, China) supplied
BALB/c nude mice of the male gender, with a weight ranging from 18 to 22 g. The Ethics Committee of Laboratory
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Animal Care and Welfare, Zhejiang Academy Medical Sciences (approval number 2018-265) granted approval for all
animal-related procedures and their care. All vivo experiments were conducted in accordance with the NIH Guide for the
care and use of laboratory animals.

Methods

Content Determination Method of Tet

The content of Tet was determined by reversed phase high-performance liquid chromatography (RP-HPLC).> The
column was a DiamonsilTMCI18 analytical column (250 mmx4.6 mm, 5 um) with the column temperature of 30 °C.
The mobile phase consisted of 0.15% aqueous tricthylamine (A) and acetonitrile (B), eluting at 15% and 85%,
respectively. The flow rate was 1 mL/min. The detection wavelength was 280 nm, and the injection volume was 20 uL.

Preparation of S-LPs@Tet

S-LPs@Tet was prepared through ethanol injection.'® A mixture of SPC, CHO, DSPE-PEG2000, and Tet (in a ratio of
4:1:0.5, and a ratio of Tet to SPC of 1:10, w/w) was dissolved in 5 mL of ethanol. This solution was then added slowly,
drop by drop, to 20 mL of preheated (55 °C) phosphate buffered saline (PBS, pH 7.4). After stirring at 150 rpm, all
organic solvent was evaporating. Polycarbonate membranes with 450 and 200 nm pores were used to filter the final LPs.
This procedure was followed to prepare blank carriers (S-LPs), but Tet was not added. Free Tet was dissolved in 10 mL
PBS (pH 7.4) containing 20% propylene glycol. FITC and Cy5.5 were utilized as fluorescent dyes for alternative drugs
and were prepared using the same way as the S-LPs@Tet described above.

Characterization of S-LPs@Tet

The particle size and zeta potential of S-LPs@Tet were determined by Malvern Zetasizer Nano ZS90 instrument
(Malvern Instruments Ltd., UK). The morphology of S-LPs@Tet was observed using Transmission electron microscope
(TEM, H7000, Hitachi, Japan).

The drug loading (DL) and encapsulation efficiency (EE) of S-LPs@Tet were measured through centrifugation
ultrafiltration.'” An ultrafiltration device (MWCO = 30 k, Millipore, Belford, MA, USA) was equipped with 2 mL of
S-LPs@Tet, a centrifuge at 6000 rpm was used for 30 minutes to centrifuge the unit. To determine the Free Tet content
(W gee), we subjected the filtrate to HPLC analysis. We calculated Tet content in S-LPs@Tet (Wtotal) by dissolving them
in methanol and analyzing them by HPLC. The EE and DL of S-LPs@Tet were calculated as follows:

_ Wtota] - Wfree
Wtoal

EE x 100%

Wtotal - Wfree

DL =
Wtotal - Wfree + Wmaterial

x 100%

where Wy, represents the amount of Free Tet, W, is the amount of total Tet presented in LPs, and W, acerial
represents the amounts of materials.

In vitro Drug Release Studies

The in vitro release of S-LPs@Tet were achieved using the dialysis method.'® A dialysis bag with a molecular weight
cut-off (MWCO) of 12,000 Da was filled with 2 mL of Free Tet, LPs@Tet, and S-LPs@Tet. As the dialysis bags were
sealed, they were immersed in beakers that contained 45 mL of PBS solution (pH 7.4). The beakers were sealed and kept
at 37 °C with an oscillation speed of 100 rpm. We collected and replaced 0.5 mL of the release medium with fresh PBS at
specific intervals. Afterward, HPLC was used to measure Tet concentrations in the release media.

Stability Evaluation
The stability of S-LPs@Tet was evaluated at different storage times in days, and changes in drug particle size (nm), EE
(%), zeta potential and appearance were evaluated. S-LPs@Tet samples were stored in sealed tubes at room temperature
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(25 °C) and 4 °C for one month respectively. Within a month, samples were extracted at predetermined intervals (0, 15,
and 30 days), and the particle size, EE, zeta potential, and appearance were evaluated. The average value was obtained
from three parallel experiments.

In vitro Hemolysis of S-LPs@Tet

Red blood cells (RBCs) extracted from rat blood were washed two or three times and resuspended in PBS for the
preparation of 2% (v/v) RBCs solutions. Thereafter, the RBCs solution was mixed with Free Tet, LPs@Tet, or
S-LPs@Tet and immediately incubated in a constant temperature water bath for 30 min at 37 + 0.5 °C. The negative
control was NaCl solution (0.9%), and the positive control was distilled water. All samples were centrifuged at 1800 rpm
for 10 min. Absorbance at 545 nm was measured, and hemolysis ratio was calculated via the following formula:

. Asample — Ancgati
Hemolysis(%) = —————— T % 100%
Apositivc - Ancgativc

Immunological Evasion Capacity
To analyze the S-LPs@Tet accumulation efficiency in RAW264.7 cells, FITC was used as a fluorescence probe for the
quantification and qualitative analysis of cellular uptake.

Qualitative determination method: Cells in the logarithmic growth phase were inoculated into confocal culture dishes,
the cells were cultured for 24 hours. Then, the cells were treated with LPs-FITC, and S-LPs-FITC. A three-time gentle
PBS wash was conducted after incubating the medium for 1, 2, and 4 h. The cells were fixed with paraformaldehyde
(4%) for 30 min, stained with DAPI, and observed by fluorescent microscopy.

Quantification method: The cells were inoculated into 96-well plates and were plastered and treated with LPs-FITC,
and S-LPs-FITC. The medium was incubated for 1, 2, and 4 hours, followed by three gentle washes with PBS.
Subsequently, the fluorescence intensity was detected by the microplate reader.

Cytotoxicity Assay

The cytotoxicity of S-LPs, Free Tet, and S-LPs@Tet was estimated by CCK-8 assay. A549 and H1975 cells were seeded
on the 96-well plates. After 12 h, the cells were incubated with S-LPs, Free Tet, or S-LPs@Tet at different concentrations
(1.25-20 pg/mL). After 24 h, the cells were incubated with a medium containing 10% (v/v) CCK-8 for another 2 h, the

absorbance at 450 nm was detected and cell viability was calculated by the following formula:

Asample — Aplan
Cell viability(%) = ——>mple — 7olnk o 1009

negative control — Ablank

Cell Scratching Assay

Cancer cell migration was evaluated using a cell wound healing assay.'® For wound healing assays, A549 cells were
incubated in a 6-well plate at 37°C for 24 h to form a confluent cell monolayer. The wounds were then scratched with
a 0.2 mL sterile pipette tip, washed twice with PBS after scratching, and photographed using an inverted microscope
(Olympus, Tokyo, Japan). Medium containing 1% serum was added to the control group, S-LPs group, Free Tet, and
S-LPs@Tet groups (with a Tet concentration of 2.5 pg/mL). Cells were cultured for 24 h and 48 h and photographs were
taken again. The data were evaluated by ImageJ software, and the area percentage of wound healing was calculated by
the following formula to reflect the cell mobility:

Ag—Aq

0

Migration rate(%)= x100%

where Ay is the initial wound area, A, is the wound area after t hours of the initial scratch, both in umz.
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Biodistribution in vivo

The armpit of each mouse was inoculated subcutaneously with A549 cells to establish a xenograft tumor model. Three
groups of mice (n = 3) were randomly divided after the tumor volume reached approximately 100 mm?. Tumor volume
was calculated by the following formula: Tumor volume = 0.5 x a x b?, where “a” represents tumor length and “b”
represents tumor width. For biodistribution, the preparations were fluorescently labeled with Cy5.5 and grouped as
follows: free Cy5.5, LPs-Cy5.5, and S-LPs-Cy5.5. Each group was then injected into nude mice via the tail vein. Mice in
each group were imaged in vivo at 1, 6, 24, 30, and 48 h after injection. At 48 h post-injection, the mice were euthanized,

and their tumors and major organs (heart, lungs, spleen, liver, and kidneys) were dissected for ex vivo imaging.

In vivo Antitumor Efficacy Study
To evaluate the therapeutic effects of various formulation groups in A549 xenograft nude mice, four groups of mice (n
= 6) were randomly divided after tumor volume reached approximately 100 mm?>. Normal saline (negative control), Free
Tet (5 mg/kg),”® LPs@Tet (Tet of 5 mg/kg), and S-LPs@Tet (Tet of 5 mg/kg) were injected a total of six times through
the tail vein every two days. Tumor volume in nude mice was measured before each treatment, and changes in body
weight were monitored. At the end of the treatment, the tumor tissues from sacrificed nude mice were collected, fixed in
paraformaldehyde, and embedded in paraffin. The tumor tissue sections were then analyzed using hematoxylin and eosin
(H&E) and TUNEL staining to observe the necrosis and apoptosis of the tumor cells in different preparation groups.
After the treatment, the mice were euthanized, and major organs (heart, liver, spleen, lungs, and kidneys) were
isolated from each group. The organs were then fixed with 4% formaldehyde, embedded in paraffin, and sectioned.
Histological analysis was conducted after staining with H&E.

Statistical Analysis

All data were expressed as means + SD. Statistical differences were evaluated using the one-way ANOVA with or
without the Tukey-Kramer multiple comparison (post-hoc) tests. Multiple comparisons with homogeneity of variance
were analyzed using the least significant difference method, while the Dunnett’s T3 method was used for multiple
comparisons with heterogeneity of variance. Statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001,
or **¥*p < (0.0001, and ns represented nonsignificant difference.

Results
Characterization of S-LPs@Tet

The peak area ratio showed a good linear relationship with the concentration of Tet in the samples over the concentration
range of 0.39-50 pg/mL. The regression equation of the calibration curve was Y=12776 X-87771.2 and the linearity was
excellent (R* = 0.9991). The retention time of Tet was 12.2 min, and no interference of the preparation of S-LPs@Tet
was found for the determination of Tet (Figure S1). The precision, reproducibility, stability, and sample recovery of the
analysis method were strictly investigated and met the requirements of the quantitative analysis (Table S1).

The EE and DL of S-LPs@Tet were 87.20% =+ 1.30% and 4.82% + 0.06%, respectively. The average particle size was
65.57 + 1.60 nm, the PDI was 0.14 + 0.05, and the zeta potential was —0.61 = 0.10 mV (Figure 2C). The particle size
distribution of S-LPs@Tet is shown in Figure 2A, indicating that the prepared S-LPs@Tet had a narrow and uniform
particle size distribution. S-LPs@Tet had a clarified and transparent appearance. TEM images showed that S-LPs@Tet
were nearly spherical in shape and consistent in size (Figure 2B).

In vitro Release Profile

In accordance with the curves of release (Figure 3), drugs were released rapidly in the Free Tet group (84.43% within 4
h), whereas the drugs from the LPs@Tet and S-LPs@Tet groups were released relatively slowly (45.09% and 30.66%
within 4 h, respectively). At 12 h, drug release was essentially complete in the Free Tet group and slowed down in the
LPs@Tet and S-LPs@Tet groups, suggesting a smoother drug release after the LPs were modified by DSPE-PEG2000.
This result suggested that S-LPs endowed Tet with an in vitro sustained-release effect. The phenomenon may be
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Figure 2 (A) Size distribution and appearance and (B) TEM images and (C) zeta potential of S-LPs@Tet.
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Figure 3 In vitro release of Tet from Free Tet, LPs@Tet and S-LPs@Tet in PBS (n = 3).

attributed to the embedding of DSPE-PEG2000 in the polar groups of liposomes in the form of covalent bonds during
LPs preparation.”’ This embedding can promote vesicle formation and prevent the leakage of insoluble drugs,** thereby
enabling the possibility of slow release of S-LPs in vitro.

The drug release profile for S-LPs@Tet was fitted to explore its release mechanism. Among the drug release profiles
of S-LPs@Tet, the Weibull model showed the best fit. Table 1 illustrates the kinetics of Tet release from S-LPs@Tet,
where Q represents the cumulative release rate and t represents the sampling interval.

Stability Studies

After storage at 4 °C and 25 °C for 30 days, no precipitation or stratification of S-LPs@Tet was observed (Figure 4A). At
both temperatures, the EE% decreased slightly, and a small increase in particle size was observed within 30-day period
(Figure 4B and C), and the changes were statistically nonsignificant. In addition, the potential (Figure 4D) of S-LPs@Tet
did not change significantly in 30 days. These results suggested that the S-LPs demonstrated good stability and could thus
be used as an ideal carrier of insoluble drugs.
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Table | S-LPs@Tet Release Curve Fitting Result

Model Equation Correlation
Coefficient (R?)

Zero Order Q =0.0203t + 0.1945 0.7473
First Order In(1-Q) = —0.0321t - 0.2167 0.8067
Higuchi Q =0.119t;, + 0.0654 0.9273
Ritger—Peppas InQ = 0.4231Int — 1.7615 0.9773
Weibull In(1/1-Q) = 0.502Int — 1.6481 0.9788

In vitro Hemolysis

When incubated with RBCs (Figure 5), Free Tet showed hemolysis at 50 pg/mL, with a hemolysis rate of 10.96% +
3.64% (> 5%), and the hemolytic effect improved when Tet was encapsulated by LPs, or when the Tet concentration was
200 pg/mL (hemolysis rate > 5%). By contrast, hemolytic reaction significantly improved after Tet was encapsulated by
S-LPs even at a Tet concentration of up to 500 pg/mL, however, the hemolysis rate was still lower than 5% (Table 2).

A
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B C D
100- 5 80 0.0
m 4°C mm 4°C m 4°C
- - ° ° > o
80 25°C 60 mm 25°C E 02 mu 25°C
©
2 60 £ £
w E 40 8 -0.44
W 404 (7] e
©
20 20+ ﬂ -0.6
0- 0- 0.8 T T
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Figure 4 Stability results of S-LPs@Tet. (A) The appearance of S-LPs@Tet over time. (B) EE of S-LPs@Tet over time; (C) Particle size of S-LPs@Tet over time. (D) Zeta
potential of S-LPs@Tet over time.

Figure 5 Hemolysis of Free Tet, LPs@Tet and S-LPs@Tet. |-5 for Free Tet; 610 for LPs@Tet; | 1-15 for S-LPs@Tet; 16: 0.9% NaCl solution (negative control); 17: distilled
water (positive control).

International Journal of Nanomedicine 2024:19 https: 793
Dove:


https://www.dovepress.com
https://www.dovepress.com

Fang et al Dove

Table 2 In vitro Hemolysis Evaluation of Free Tet, LPs@Tet and S-LPs@Tet (n=3)

Free Tet LPs@Tet S-LPs@Tet

Tet Ing mL™' Hemolysis /% Tet /ng mL™" Hemolysis /% Tet /ng mL™! Hemolysis /%
25 0.18 + 1.43 25 0.27 + 2.89 25 0.08 + 2.70

50 10.96 + 3.64 50 277 £ 1.19 50 0.69 + 1.99
100 2845 + 0.51 100 3.65 + 0.49 100 .44 + 1.36
200 32,13 £0.74 200 545 + 0.75 200 3.05 + 051
500 40.02 + 0.89 500 8.03 £0.13 500 4.84 £ 0.25

In vitro Cytotoxicity of S-LPs@Tet
As shown in Figure 6, Free Tet and S-LPs@Tet effectively inhibited the proliferation of the A549 and H1975 cells, and
dose-dependent inhibition was observed with increasing drug concentration. In comparison with Free Tet, S-LPs@Tet
was more effective in killing A549 and H1975 cells. At a concentration of 20 pg/mL, the inhibition rates of S-LPs@Tet
on A549 and H1975 cells reached 82.67% and 91.34%, respectively. In addition, the survival rates of the blank vector
S-LPs were all above 80%, indicating that the blank vector is almost nontoxic.

To further evaluate the antitumor efficacy of S-LPs@Tet, the ICs, values were analyzed. At 48 h, the ICs, value of the
Free Tet was 4.87 + 0.40 pg/mL, which was in general agreement with the results measured in the literature,”> whereas
the ICs¢ value of the S-LPs@Tet group (2.21 + 0.12 pg/mL) was significantly lower than that of the Free Tet group.

Immune Escape Ability of S-LPs@Tet

The immune escape ability of S-LPs@Tet was investigated by cellular uptake assay using RAW264.7 cells as a cellular
model **

The cell uptake of each group at 1, 2, and 4 h is shown in Figure 7B. As the incubation time between cells and
preparations was prolonged, the fluorescence intensity in RAW264.7 cells gradually increased. Compared with the LPs-
FITC group, the S-LPs-FITC group reduced the degree of particle phagocytosis by RAW264.7. After 4 h of incubation,
the fluorescence intensity of cells in the LPs-FITC group was 1.65 times higher than that in the S-LPs-FITC group. The
uptake of RAW264.7 into each formulation within 4 h of incubation was further observed by microscopic imaging
(Figure 7A). The Cellular uptake of each formulation in the cells was found to be consistent with the quantitative
analysis.

The results of cellular uptake experiments showed that the formulation coated with DSPE-PEG2000 significantly
reduced the phagocytosis of particles by macrophages compared to that in the uncoated formulation. This suggests that

A A549 B H1975 N S-LPs
Em S-LPs 1009 ns Free Tet
100 gk % % ns
M Free Tet I m BN S-LPs@Tet

X 80§ Fxrx B S-LPs@Tet < 807 I o *I*_*l* bk ok Kk
> M Ress > z (|
T 604 1 M Rk = 60- I
& I r 8 ok kK
s i *kk S 404
— 40 z m
g s 1 3 .

20- I © 20

1.25 2.50 5 10 20 1.25 2.50 5 10 20
Tet Concentrationlpg-mL'1 Tet Concentration/ug-mL"

Figure 6 Relative cell viability of (A) A549 cells and (B) HI975 cells at various drug concentrations.**p < 0.001, ***p < 0.0001, and ns represented nonsignificant
difference.
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Figure 7 (A) Fluorescence micrographs of cellular uptake. (B) Mean fluorescence intensity of cellular uptake of LPs-FITC and S-LPs-FITC by RAW264.7 cells (n = 4),*p <
0.05, *p < 0.01, ***p < 0.001.
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coating the nanoparticles with DSPE-PEG2000 may enable them to escape phagocytosis by macrophages and prolong the

retention of the drugs, which was consistent with previously reported literature.?>=

Cell Scratching Assay

The ability to inhibit cell migration was assessed by examining the wound healing in the confluent A549 cells.
Considering the variation in scratch thickness and the irregularity of cell growth and migration, the area method was
chosen to reflect cell mobility.>’

As shown in Figure 8A. After 24 and 48 h of administration, the wound area in the S-LPs group was significantly
reduced, indicating that the carrier materials had no significant inhibitory effect on A549 cell migration. In contrast, the
wound area of the S-LPs@Tet group was only slightly reduced, indicating that the migration ability of A549 cells was
significantly impeded. Although the free Tet hindered the wound recovery to some extent within 24 h, the wound largely
healed at 48 h. However, S-LPs@Tet still impaired the wound healing.

It can be seen in Figure 8B, the cell migration rate of the Free Tet group was 1.8 times higher than that of the
S-LPs@Tet group at 48 h. In addition, the cell migration rate in the S-LPs@Tet group finally stabilized at about 20%,
while the remaining three groups all exceeded 35%. The Free Tet group was almost in a state of “misfire”, while the
S-LPs@Tet group was still in a state of “fire”. The time-based difference reflects the inhibition of S-LPs@Tet on A549
cell migration.

Biodistribution in vivo

The in vivo distribution of Free-Cy5.5, LPs-Cy5.5, and S-LPs-Cy5.5 was monitored in real time using in vivo imaging in
small animals after labeling with the fluorescent dye Cy5.5. Figure 9A showed the results of biodistribution. At 1 h post-
injection, there was no significant difference in the fluorescence intensity among the mice treated with the above three
groups of preparations. After 6 h of intravenous injection, it was observed that the fluorescence intensity of the free
Cy5.5 group significantly decreased, whereas the fluorescence of the LPs-Cy5.5 and S-LPs-Cy5.5 groups was primarily
localized in the liver and tumor lesion. After 24h, the fluorescence signals of all groups exhibited a decreasing trend.
However, the fluorescence signal of the S-LPs-CyS5.5 group was relatively stronger and persisted longer than that of the
other two groups. A small amount of fluorescence intensity was still detectable in the body of the S-LPs-Cy5.5 at 48 h,
while there was no longer any fluorescence signal in the Free Cy5.5 and LPs-Cy5.5 groups. This finding indicated that
the modification of DSPE-PEG2000 could prolong the circulation time in vivo, thereby increasing the distribution of the
drugs carried to the lesion site.

After 48 h of intravenous injection, the fluorescence distribution in the isolated organs and tissues was detected. As
depicted in Figure 9B and C, the fluorescence signals from the Free CyS5.5 and LPs-Cy5.5 groups were predominantly
observed in the kidney, while the fluorescence signals from the S-LPs-Cy5.5 group were primarily detected in the kidney
and the liver. Additionally, S-LPs-Cy5.5 group exhibited a higher fluorescence intensity at the tumor site compared to the
other two groups.

In vivo Antitumor Efficacy of S-LPs@Tet

Owing to the excellent in vitro anticancer effect of S-LPs@Tet, the in vivo tumor growth inhibition ability of S-LPs@Tet
was further evaluated in A549 tumor-bearing mice. The scheme of the tumor model is displayed in Figure 10A. In the
control group, tumor volume grew continuously over time and accelerated over time. As tumor volumes increased over
time for both groups treated with LPs@Tet and S-LPs@Tet, they grew at a significantly slower rate than the control
group, and S-LPs@Tet inhibited tumor growth the best (Figure 10B-D). As shown in Figure 10E, the tumor volume of
the group treated with Free Tet was nearly 6.16 times that of the group treated with S-LPs@Tet.

Nude mice were monitored for changes in body weight during treatment to estimate potential toxicity of preparation.
As illustrated in Figure 10F, the body weight of each treatment group remained stable, and the nude mice showed a better
active status during treatment, indicating that treatment groups had a relatively small impact on the body weight of nude
mice in this test state.
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Figure 8 (A) Representative images of wound healing scratch assay in A549 cells (Scale bar, 100 um). (B) Migration rate (%) of cell migration by wound healing assay,****p <
0.0001.
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Figure 9 In vivo fluorescence imaging of tumor-bearing nude mice in each group (A), ex vivo fluorescence imaging (B) and quantitative analysis (C) of organs and tumors in
each group,*p < 0.05, *p < 0.01.

H&E staining results (Figure 11A) showed that the model control group exhibited dense tumor cells with thickened
nuclear membranes. In contrast, necrosis of tumor cells was evident in all treatment groups, with the most pronounced
effects observed in the S-LPs@Tet group, where the cells appeared wrinkled, the chromatin was condensed, and the
nuclei were shrunken.

The results of TUNEL staining (Figure 11B) revealed minimal green fluorescence in the model control group,
indicating low apoptosis of tumor cells. In contrast, different levels of green fluorescence were observed in all treatment
groups. The S-LPs@Tet group exhibited the strongest green fluorescence signals compared to the Free Tet and LPs@Tet
groups, indicating the highest levels of tumor cell apoptosis. All of the aforementioned findings indicate that S-LPs@Tet
could promote tumor cell necrosis and apoptosis to some extent.

The results of H&E staining of each major organ are shown in Figure 11C. It can be observed that the tissue structure
of the samples from each group was intact, the cells were tightly arranged, and there was no obvious damage. This
indicated that the intake of the preparations had almost no obvious toxic side effects on the normal organs of nude mice,
and the preparations were deemed safe under the present experimental conditions.

Discussion
This study utilized ethanol injection to prepare S-LPs@Tet with a particle size distribution of approximately 65 nm. Due
to the excessive growth of blood vessels in tumor tissues, which results in large gaps (tens or even hundreds of
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Figure |1 H&E (A) and TUNEL (B) staining results of tumor tissue. (C) H&E results of major organ. (Scale bar; 100 pum).

nanometers) between the cells of the vessel walls, making it easy for particles with sizes ranging from 30-70 nm to
access.”® Moreover, S-LPs@Tet had a nearly zero absolute zeta potential, which facilitated the entry of LPs into cells and
the exertion of therapeutic effects.”” Therefore, the S-LPs@Tet prepared in this study can essentially meet drug delivery
requirements.
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A two-stage release was observed for S-LPs@Tet in vitro: burst release and sustained release. During the burst stage,
Tet was rapidly released within 6 h, accounting for approximately 40% of the total amount. As a result, the drug may
have disintegrated on the surface of the LPs and diffused. Tet released slowly and sustainably during the sustained stage,
possibly because LPs must diffuse across lipid bilayers to enter release mediums. The stability tests indicated that the
S-LPs@Tet exhibited good stability.

Based on cytotoxicity study results, the inhibitory effect of S-LPs@Tet on tumor cells was higher than that of Free
Tet. Furthermore, the S-LPs showed little toxicity to cells, indicating that excipients are generally safe. The cell
scratching assay revealed that the wound area was only slightly reduced in the S-LPs@Tet group, and the migration
ability of A549 cells was significantly impeded. This suggested that S-LPs@Tet strongly inhibited A549 cells migration.
This may be due to S-LPs increased “phase solubility” between the drug and the bilayer of the target cell membrane,
facilitated by S-LPs, which enhances the transport of nanoparticles to cells.’*3!

The “passivated” surface created after the PEG chain modification has been demonstrated to inhibit the internalization
of macrophages, enabling exogenous materials to bypass the body’s initial defenses against invading particles.*” In
principle, these properties are thought to prevent macrophage activation and subsequent immune responses, thereby
ensuring the safe use of exogenous nanomaterials.>® The in vitro immune escape assay showed that the phagocytosis of
S-LPs by RAW264.7 cells was significantly diminished after modification with DSPE-PEG2000. It is suggested that the
carrier S-LPS endows drugs with immune escape ability, which can potentially prolong the circulation time of the drugs
in the body.

S-LPs enhanced Tet’s anti-lung cancer properties in in vivo tests. Modifying PEG prevents LPs from being
recognized by the endothelial reticular system, potentially prolonging the circulation time of drugs in the body and
thus promoting drugs accumulation at the tumor sites.

Conclusion

To summarize, S-LPs@Tet was successfully prepared with a potential therapeutic benefit. High EE and small size were
characteristics of S-LPs@Tet. S-LPs@Tet released sustainably in vitro. Cytotoxicity assays showed higher inhibition
rates in lung cancer cells by S-LPs@Tet. In vitro and in vivo experiments also demonstrated a higher safety profile and
better efficacy. These unique properties indicated that S-LPs are promising delivery carriers for the clinical applications
of Tet.

Due to advancements in modern technologies and related fields, formulation technologies are being innovated and
optimized. A novel intelligent drug delivery system that integrates protection, targeting, and controlled release can be
developed by combining the physicochemical properties of Tet with clinical needs. This approach aims to enhance the
antitumor efficacy of Tet in clinical settings.
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