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Background: Current immunotherapies with unexpected severe side effects and treatment resistance have not resulted in the desired
outcomes for patients with melanoma, and there is a need to discover more effective medications. Cytotoxin (CTX) from Cobra Venom
has been established to have favorable cytolytic activity and antitumor efficacy and is regarded as a promising novel anticancer agent.
However, amphiphilic CTX with excellent anionic phosphatidylserine lipid-binding ability may also damage normal cells.
Methods: We developed pH-responsive liposomes with a high CTX load (CTX@PSL) for targeted acidic-stimuli release of
drugs in the tumor microenvironment. The morphology, size, zeta potential, drug-release kinetics, and preservation stability
were characterized. Cell uptake, apoptosis-promoting effects, and cytotoxicity were assessed using MTT assay and flow
cytometry. Finally, the tissue distribution and antitumor effects of CTX@PSL were systematically assessed using an in vivo
imaging system.

Results: CTX@PSL exhibited high drug entrapment efficiency, drug loading, stability, and a rapid release profile under acidic
conditions. These nanoparticles, irregularly spherical in shape and small in size, can effectively accumulate at tumor sites (six times
higher than free CTX) and are rapidly internalized into cancer cells (2.5-fold higher cell uptake efficiency). CTX@PSL displayed
significantly stronger cytotoxicity (ICso 0.25 pg/mL) and increased apoptosis in than the other formulations (apoptosis rate 71.78
+1.70%). CTX@PSL showed considerably better tumor inhibition efficacy than free CTX or conventional liposomes (tumor inhibition
rate 79.78+5.93%).

Conclusion: Our results suggest that CTX@PSL improves tumor-site accumulation and intracellular uptake for sustained and
targeted CTX release. By combining the advantages of CTX and stimuli-responsive nanotechnology, the novel CTX@PSL nanofor-
mulation is a promising therapeutic candidate for cancer treatment.
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Introduction

Correct diagnosis and early intervention is crucial for successful treatment of melanoma. Most malignant and highly
aggressive melanoma have a high mortality rate if the opportunity for early surgical treatment is missed." It is estimated
that deaths due to malignant melanoma will increase by about 68% with 510,000 new cases diagnosed (approximately
50% increase) globally by the year 2040.%> The recent development of immunotherapies and targeted therapies has

brought hope to patients with malignant melanoma. However, low treatment response rates, unexpected side effects, and
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treatment resistance have limited their widespread use and popularity.* Therefore, there is an urgent need to develop
new drugs to improve the efficacy of melanoma treatment.

Cytotoxins (CTX) from cobra venom are polypeptides of 60—-63 amino acid residues (relative molecular weight ~6—7
kDa, pl > 10), which are key components in the venom responsible for pharmacological activity.”® CTX exhibit
amphiphilic properties and belong to the three-finger toxin superfamily, which can translocate to the intermembrane
space to affect the integrity of lipid membranes and influence the structure and function of membrane proteins.””
Previous studies have confirmed that CTX possesses a remarkable ability to induce apoptosis, necrosis, and oncolysis by
activating mitochondrial and/or lysosomal cell death-associated signaling cascades.'®'" Based on promising results from
preclinical studies, three drug candidates derived from snake venom (ATN-161, GLPGO187, and vicrostatin) are
currently undergoing clinical Phase I or II trials as potential antitumor agents, including breast cancer, ovarian carcinoma,
and malignant melanoma.'>'* However, Patients who receive high-dose intravenous injections of CTX often experience
local injection area tissue necrosis or systemic neurotoxicity, severely limiting their clinical potential.'>'® Therefore,
there is an urgent need to establish an efficient strategy to ameliorate normal tissue damage and modulate focal CTX
concentrations within the therapeutic window.

Nanotechnology has the potential to revolutionize the field of drug delivery and can be designed to improve
the efficacy and safety of drug delivery systems by allowing site-specific targeted delivery, controlled release, and
improved bioavailability of drugs.'”?' Among the various drug delivery systems, liposomes are the most popular
and represent advanced and versatile nanotechnology. They not only have excellent potential for modification and
functionalization, but can also encapsulate a wide range of drugs while demonstrating biocompatibility and non-
immunogenicity.”*** Additionally, liposomes are economical, easily fabricated, and acceptable for clinical use.**
Nevertheless, common liposome formulations have obvious defects in terms of slow drug release profiles and
a lack of fusion promotion activity after internalization into the endosomal compartment.”> Recent advances have
given more attention to stimuli-sensitive drug delivery systems based on tumor microenvironment (TME)
characteristics that can maintain long-term circulating stability and preferentially accumulate and respond to
release drugs at the tumor site.?® 2"

Malignant melanoma is a highly heterogeneous disease, and TME is composed of fibroblasts, mesenchymal
cells, and extracellular matrix components that play important roles in the growth, invasion, and metastasis of
tumor cells.*”*° Melanoma cells rewire their metabolism to rapidly proliferate and survive, resulting in lactic acid
accumulation and a weakly acidic (pH 6.5 ~ 6.8) tumor environment.’' PH-responsive nanoliposomes can take
advantage of the acidic nature of TME, which can be a promising strategy for improving antimelanoma efficacy
and reducing toxic side effects through CTX-targeted accumulation and sustained release via tumor site-specific
delivery.®? 33

Therefore, we constructed pH-sensitive liposomes aiming to enhance CTX accumulation and release at the
tumor site based on melanoma’s microenvironment characteristics, while also holding promising clinical transla-
tional value. We measured the morphology, particle size, encapsulation efficiency, drug loading and stability of
CTX@PSL. Moreover, we systematically evaluated the pH-stimuli release properties, cellular uptake behaviors,
and cancer cell death profiles in vitro, as well as tissue distribution, antitumor efficacy, and toxicity in vivo using
a B16-F10 xenograft mouse model. We hypothesized that: (1) CTX@PSL, which are uniformly distributed and
regularly spherical with approximately 100 nm the large size, could evade phagocytosis by the reticuloendothelial
system (RES); (2) CTX@PSL enter and accumulate in the tumor tissue through enhanced permeability and
retention (EPR) effect; (3) pH response CTX release and achieve precise therapy, improve efficacy and reduce
adverse reactions.

Materials and Methods

Materials
Cholesteryl hemisuccinate (CHEMS) and distearoylphosphatidylethanolamine polyethylene glycol 2000 (mPEG2000-
DSPE) were obtained from Avanti Polar Lipids (Alabaster, Alabama, USA). Dioleoyl phosphatidylethanolamine (DOPE)
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and distearoyl phosphatidylcholine (DSPC) were purchased from AVT Pharmaceutical Tech Co., Ltd (Shanghai, China).
Cholesterol and soy lecithin were obtained from Aladdin (Shanghai, China). Cobra venom cytotoxin (CTX) was provided
by the Snake-Venom Research Institute of Fujian Medical University (Fujian, China). RPIM-1640, PBS buffer, trypsin,
and penicillin-streptomycin were obtained from HyClone (Logan, Utah, USA). The fetal bovine serum was purchased
from Herui Biotechnology (Fujian, China). Other chemicals and reagents were acquired from Sinopharm Chemical

Reagent Corporation. (Shanghai, China).

Preparation of Cobra Venom Cytotoxin Loaded pH-Sensitive Liposomes (CTX@PSL)
Liposomal nanoparticles loaded with CTX were synthesized using a thin-film hydration technique.’> The
principal preparation process can be briefly summarized as follows: DOPE, CHEMS, DSPC, and mPEG2000-
DSPE (32:8:34:5, w/w) were dissolved in chloroform and then evaporated in a rotary vacuum system at 40 °C to
obtain a thin film. Complete evaporation was achieved by applying a rotary vacuum pump for at least 30 min.
Next, PBS containing CTX (sample concentration 5.7563 mg/mL) was added to the above liposome solution with
the ratio of lipids to CTX fixed at 5:1 (w/w). Rotary evaporation at 40 °C was continued for 30 min to obtain
CTX@PSL.

CTX@PSL was ultrasonically dispersed for 5 min and downsized using a small extruder (Avanti Polar Lipids,
Alabaster, AL), each through a polycarbonate membrane with 200 nm pores and 100 nm pores 5 times.*® In order to
remove unencapsulated CTX, the liposomes were placed in a regenerated cellulose membrane tube (MWCO 50 kDa),
then dialyzed against PBS buffer for 24 h under stirring at 4 °C. pH-sensitive classical liposomes containing CTX
(CTX@Lips) were prepared similarly.

Liposome Characterization

The morphological characteristics of CTX@PSL were observed by transmission electron microscopy (TEM) (Tecnai G2,
FEI, USA). After diluting the samples with pure water (pH 7.0), the particle size (PS), polydispersity index (PDI) and
surface zeta potential (£) of liposomes were measured by using dynamic light scattering (DLS) (Litesizer 500, Anton
Paar, Austria).

The prepared liposomes were stored at 4 °C to evaluate their stability. Changes in PS, PDI, and encapsulation
efficiency (EE) were measured on days 1, 7, 15, and 30 after the preparation.

Drug loading (DL) is the weight percentage of drug in the liposome prescription. The liposome encapsulation
efficiency (EE) was determined using cryogenic ultrafiltration centrifugation. A 50 pL aliquot of liposomal suspension
was dissolved in 200 pL of 5% sodium dodecyl sulfate (SDS) to lyse the liposomes and release the CTX. Another 50 pL
of liposome suspension was diluted with 200 puLL of PBS buffer and then centrifuged to the filtrate. The concentrations of
total CTX added (Cioa1) and unencapsulated CTX (Cypioadeq) Were determined using a BCA protein concentration assay
kit (Beyotime Biotechnology Co., Ltd., Shanghai, China) according to the guidelines provided by the manufacturer. The
EE is expressed by:

Clana €
EE (%) = (1 _ unloaded

total

) x 100%

In vitro Release Study

The release of CTX was investigated by thermostatic shock dialysis. Three equal volumes of CTX@PSL solution were
placed in regenerated cellulose dialysis bags (Yanaye Bio-Technology Co., Ltd., China, MWCO 50 kDa). The dialysis
bags were sealed and placed in PBS release media at pH 5.5, 6.5 and 7.4, then shaken at 37 °C and 100 r/min to release
CTX from liposomes. Samples were collected and supplemented with fresh release media of the same pH at various time
intervals. The CTX concentration was measured using a BCA protein concentration assay kit to calculate the release rate

and to plot the release curve.
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Cell Uptake Efficiency

To monitor the intracellular delivery of CTXs, CTX was labeled with the vivo Tag™ 680XL Protein Labeling Kit
(PerkinElmer, USA) according to the instructions of the NIR Fluorochrome Labeling Kit. Fluorescent-labeled CTX
(Dir@CTX) was encapsulated in different Materials to synthesize liposomes.

The mouse melanoma cell line B16-F10 used for the in vitro assays was obtained from the Biological Research
Institute of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 containing
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37 °C in a humidified standard incubator with
5% CO, atmosphere. B16-F10 cells were inoculated into a 96-well plate at a density of 4x10° cells per well and
incubated for 24 h. After treatment with fluorescently labeled liposomes Dir@CTX, Dir@CTX@Lips, and
Dir@CTX@PSL (CTX concentration: 1 pg/mL), they were incubated further for 0.5, 3, and 6 h. All cells in
each well were collected and analyzed with FACSVerse™ flow cytometer (excitation wavelength: 668 nm, Becton
Dickinson, USA). The intracellular fluorescence intensity of Dir@CTX was quantified using FlowJo V10 software
(Becton Dickinson, USA).

Flow Cytometry Analysis of Apoptosis

To investigate the cell death caused by CTX@PSL, B16-F10 cells were analyzed by flow cytometry after Annexin
V-FITC/PI staining. All fluorescent cells were quantified using FACSVerse™ flow cytometer and subsequently analyzed
using FlowJo V10.

B16-F10 cells were inoculated on 6-well cell culture plates, treated with CTX, CTX@Lips, and CTX@PSL (CTX
concentration: 0.5 pg/mL), and incubated for 24 h. The cells were then trypsinized and collected, including all suspended
and adherent cells, in the well. 5 pL Annexin V-FITC and 10 uL PI were added to 1x10° cells for 15 min at room
temperature in the dark. The cells were immediately analyzed with flow cytometry.

In vitro Cytotoxicity Assay

The inhibitory effect of CTX and its nano-formulation on B16-F10 cells was assessed using MTT assay. For further
comparison, we replaced pH-sensitive membrane material CHEMS with pH-insensitive cholesterol to prepare classical
cytotoxin- loaded liposomes without pH sensitivity (CTX@Lips). 1x10* B16-F10 cells per well were inoculated into
a 96-well plate and cultured for 24 h. Following cell adhesion and growth, the medium in the 96-well plate was replaced
with different concentrations of CTX@PSL, CTX@Lips, and CTX diluted with complete medium and incubation
continued for 24 h. Then, 20 pL of MTT solution (5 mg/mL) was added to each well and allowed to stand for 4
h. Subsequently, the medium with MTT was replaced with 150 puL DMSO to dissolve the formazan crystals. The
absorbance was measured at 490 nm with an ELISA plate reader (Thermo Fisher, USA), and the cell inhibition was
calculated according to the following formula.

_ ODsample - ODblank
ODcontrol - ODblank

Cell inhibition (%) = <1 > x 100%

Dose- response curves were plotted using GraphPad Prism software (San Diego, CA, USA) and ICso was calculated.

In vivo Fluorescence Imaging Study
All animal experiments were approved by the Laboratory Animal Ethics Committee of Fujian Medical University
and were conducted in accordance with the National Institute Guide for the Care and Use of Laboratory Animals.
A mouse melanoma model was established by subcutaneous injection of 1x10° B16-F10 cells into the right axilla of ICR
mice. When the average tumor volume reached approximately 1000mm?, the mice were randomly divided into two groups.
To evaluate the tumor targeting ability and drug distribution of CTX@PSL, liposomes were reassembled using
fluorescent protein-labeled CTX to track the distribution of liposomes. Mice were injected with Dir@CTX and
Dir@CTX@PSL via the tail vein at a CTX dose of 0.6 mg/kg per mouse. At 0.5, 2, and 6 h after administration,
the mice were sacrificed and the liver, kidney, lung, spleen, heart, and tumor tissues were collected for
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fluorescence imaging. IVIS small animal optical imaging system (IVIS®Spectrum, PerkinElmer, USA) was used to
perform fluorescence imaging to observe the in vivo targeted distribution of Dir@CTX.

Antitumor Study in a Melanoma Mouse Model
The melanoma mouse model was established as described above and the mice were randomly divided into three groups
of 10 mice each. Physiological saline, CTX, and CTX@PSL were injected intraperitoneally once daily for 13 days.
Group 1: negative control (received physiological saline).
Group 2: CTX (dose equivalent to 0.6 mg/kg CTX).
Group 3: CTX@PSL (dose equivalent to 0.6 mg/kg CTX).

Weight Monitoring and Tumor Weight Comparison

During the experiment, the animals were observed for appearance, activity, feeding, and weight change (on days 0, 3, 7,
10, and 13). On day 14, the mice were euthanized, and the tumor tissue was weighed to calculate the tumor growth
inhibition rate (IR).

IR (%) = (1 —M—'”P’) x 100%

control

Histopathological Assessment

After euthanasia, livers, kidneys, lungs, spleens and hearts were harvested, fixed in neutral buffered formaldehyde (10%),
placed in paraffin blocks, and sectioned. Subsequently, the tissues were stained with hematoxylin and eosin (H&E) and
observed under a light microscope (Nikon, Tokyo, Japan) with a digital camera attached to assess the damage on the
tissues.>’

Statistical Methods

Statistical analysis was performed with GraphPad Prism software. The data obtained were expressed as mean + standard
deviation (SD). Student’s ¢-test was used for comparison between two groups. ANOVA was used for multiple compar-
isons. And P<0.05 was regarded as statistically significant difference.

Results and Discussion

Liposomes are high-quality targeted nanocarriers for antitumor drugs. Since the FDA approved the first liposome
formulation of adriamycin hydrochloride (Doxil) for marketing, liposomes have been widely used as new dosage
forms for biopharmaceutical products.*®

Cobra venom cytotoxin induces apoptosis in tumor cells by altering the mitochondrial membrane potential, releasing
cytochrome C, activating caspase 9 and caspase 3, or by increasing the permeability of the lysosomal membrane, leading
to the release of proteases from lysosomes into the cytoplasm.®**° Furthermore, the TME (pH: 6.5 ~ 6.8) and tumor cell
endosomes (pH: 4.5 ~ 5.5) are acidic and have a pH gradient difference from normal cells (pH: 7.2 ~ 7.5).>*** Based on
this characteristic, we combined cobra venom cytotoxin (CTX) with nanoliposomes for targeted delivery, it is a novel
strategy for CTX in clinical applications.

Generally, pH-responsive nanoparticles are fabricated using acid-sensitive chemical bonds or ionizable
moieties.>>*"*? In this study, we selected dioleoyl phosphatidylethanolamine (DOPE) and cholesteryl hemisucci-
nate (CHEMS) as pH-sensitive responsive materials and modified distearoyl phosphatidylethanolamine-
polyethylene glycol 2000 (mPEG2000-DSPE) in the shell to construct a pH-sensitive long-cycle nanoliposome.
This nanodrug delivery system, constructed using acid-sensitive biopolymers, can self-assemble in a medium into
nanoparticles with an inner hydrophilic core and a hydrophobic bilayer. CTX, a water-soluble peptide, is
encapsulated within the inner hydrophilic cavity and protected from enzymatic degradation.*> When it enters
the tumor site, the pH value starts to decrease gradually during cellular endocytosis. The acidic environment leads
to the protonation of carboxylic acid groups in the lipid component of nanoparticles, which changes from
hydrophobic to hydrophilic bonds, disrupting the balance between hydrophilic and hydrophobic bonds of
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Figure | Self-assembly and release process of pH-sensitive nanoparticle loaded with CTX.

nanoparticles. This results in the membrane structure becoming a sparse hexagonal crystalline unstable structure,

which eventually causes the destruction of the phospholipid bilayer structure,***

thus allowing the targeted
release of the drug within the lysosomes of tumor cells (Figure 1).

pH-sensitive long-circulating nanoliposomes were designed constructed with the following features: 1. CTX,
a water-soluble drug, is encapsulated within the hydrophilic core of nanoliposome vesicles, and is protected from
enzymatic degradation, improving protein stability and increasing bioavailability.***” 2. With the enhanced
permeability and retention (EPR) effect of nanoliposomes in tumor tissues, the drug is passively accumulated
in tumor tissues, resulting in reduced distribution in normal tissues and organs, reducing the toxic side effects on
surrounding cells and tissues.***’ 3. mPEG2000-DSPE as a modification material enhances the hydrophilicity of
liposomes, reduces the interaction between plasma proteins and liposomes, reduces the possibility of rapid
clearance by the reticuloendothelial system, prolongs the retention time of drugs in the circulatory system,’*:>!
and overcomes the short half-life of protein drugs. 4. Using the characteristics of the acidic TME, the pH-sensitive
response mechanisms of DOPE and CHEMS enhance the targeting of drugs, improve the uptake of drugs by
tumor cells, and release drugs rapidly within tumor cells to increase drug concentrations, which together achieve

enhanced targeted delivery and controlled release.*’

Characterization and Stability of Cobra Venom Cytotoxin pH-Sensitive Liposomes
Several methods are available for preparing liposomes, each with unique characteristics. Based on the physicochemical
properties of the encapsulated drug and laboratory conditions, we chose the thin film dispersion method to prepare cobra
venom cytotoxin pH-sensitive liposomes (CTX@PSL).

The morphology of CTX@PSL was observed using transmission electron microscopy (TEM), and the liposomes
were found to be irregularly spherical. By dynamic laser scattering (DLS) analysis, the average particle size of
CTX@PSL was 127.92 + 3.75 nm (Figure 2A and B). This is close to the pore size of the polycarbonate membrane
(100 nm) used for extrusion, which enables the nanocarriers to evade phagocytosis by the reticuloendothelial system
(RES), enter the tumor tissue through the vessel wall, accumulate in the tumor tissue, and achieve passive EPR effect-
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Figure 2 Characterization, Stability and drug release of CTX@PSL. (A) Morphology of CTX@PSL, the scale bar = 200 nm. (B) Particle size distribution of CTX@PSL. (C)
CTX@PSL stability examination. (D) Effect of pH on the cumulative release of CTX@PSL in vitro.

targeting requirements.’>>* The polydispersity index (PDI) was 15.00 + 1.91%, indicating that the size distribution of
nanoparticles was relatively homogeneous.”*>> The average Zeta potential was —23.33 + 0.67 mV, the relative pair
negative charge is given by the amphiphilic stabilizer (CHEMS), and the electrostatic repulsion between particles in
solution prevents aggregation and ensures stability.** The average encapsulation efficiency of CTX@PSL was 51.78 =+
1.63%, and the drug loading content was 8.84 + 0.28%, which has potential for improvement, and more detailed
optimization of liposome preparation conditions can be carried out subsequently.

Liposome stability is an important factor in clinical applications. The morphology, particle size, and surface
charge of a nanocarrier affect its stability, resulting in aggregation and sedimentation. Liposomes prepared using
DOPE and CHEMS appeared as creamy white suspensions without precipitation, flocculation, or delamination.
These samples were stored at 4°C for 60 days and their stability was assessed based on particle size, poly-
dispersity coefficient (PDI), and encapsulation efficiency (EE). Unfortunately, the long storage period had
a damaging effect on the stability of liposomal drug delivery system, and the solution underwent settling and
sticking after 60 days. However, the prepared CTX@PSL was stable after storage for up to 30 days. As shown in
Figure 2C, the encapsulation efficiency of CTX@PSL did not change significantly with the extension of storage
time, remaining at 46.55~51.72%, and no leakage was found. The hydrated particle size increased slightly, from
119.44 nm to 143.45 nm and PDI also increased, from 14.97 to 28.3% (Table S1). However, results from all
stability criteria were within the acceptable range, and the solution did not show sticky sedimentation and
turbidity.

Cytotoxin Release Profile

In vitro release assays were performed to examine the release behavior of CTX@PSL by simulating the pH of normal
and tumor tissues in humans. Dialysis was used to assess the release of CTX from the nanocarriers by comparing the
cumulative percentage release of drug-loaded nanoparticles in pH 7.4, pH 6.5, and pH 5.5 release media. The different
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pH values correspond to the microenvironmental pH of the normal tissue, tumor tissue, and tumor cell lysosomes,
respectively.

As shown in Figure 2D, the release behavior of CTX@PSL at different pH values were not significant in the
first 12 h. The results indicated that CTX@PSL can stably exist under physiological conditions and even in the
bloodstream in vivo for 12 hours.*® Moreover, incorporation of PEG-modified liposomes increased their
stability.’**” These properties can prevent premature drug release, prolong circulation in the bloodstream, 5
reduce exposure to free CTX outside the tumor tissue, and reduce toxicity. After 12 h, CTX@PSL was released
fastest in a pH 5.5 medium. At pH 5.5, almost 95.69% of the CTX was released from the liposomes after 72 h. In
contrast, only 27.17% of the CTX was released in the release medium at pH 7.4. This indicates that CTX@PSL
can sustained and controlled release in tumor-acidic microenvironment. After reaching acidic tumor cells, the pH-
sensitive chemical bonds on the liposomal membrane material are more easily protonated, disrupting the nano-
particle structure and releasing the drug. This enables targeted enrichment of CTX in tumor cells, reduces drug
release within normal tissues, and increases therapeutic efficacy.’®

Cell Uptake

We investigated whether this pH-responsive liposome, designed for the acidic TME, could promote drug uptake by B16-
F10 cells. We labeled CTX with the vivo Tag™ 680XL Protein Labeling Kit to obtain a Dir@CTX to track its
intracellular delivery. B16-F10 cells incubated with fluorescently labeled Dir@CTX and its nanoformulations were
analyzed using flow cytometry. Cellular uptake was measured using the intracellular fluorescence intensity. Results
showed that the intracellular fluorescence intensity from the fluorescently labeled protein vivo Tag™ 680XL became
progressively stronger as the incubation time increased. The cellular uptake of Dir@CTX encapsulated by nanoliposomes
increased significantly, and the pH-responsive liposomes, Dir@CTX@PSL, showed enhanced uptake compared to the
regular liposomes, Dir@CTX@Lips (Figure 3). Cellular drug uptake increased up to 2.5 fold compared to that of free
CTX. This is due to the artificial phospholipid materials DOPE and DSPC with alkaline amino end groups, which
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Figure 3 Cellular uptake efficacy of Dir@CTX loaded nanoparticles using flow cytometry, n = 3. All the data are presented as mean + SD, *p<0.05, *p<0.01.
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decrease the surface charge of Dir@CTX@PSL.’"*® The acidic tumor environments leads to the protonation of
carboxylic acid groups in the lipid component of Dir@CTX@PSL, which can enhance the affinity and uptake of
CTX@PSL by tumor cells.

CTX@PSL Induced Apoptosis in B16-FI0 Cells

Inhibiting cancer cell proliferation, halting cell cycle progression, and inducing apoptosis are the goals of
chemotherapy in cancer treatment. Therefore, after detecting the inhibitory effect of CTX on proliferation
using the MTT assay, we examined the apoptosis of B16-F10 cells by flow cytometry after Annexin V-FITC/
PI double staining. The different quadrants in the images discriminate apoptotic, necrotic, and viable cells. CTX
mainly induced late apoptosis,'' and dead cells were simultaneously stained with Annexin V-FITC and PI. After
incubation with B16-F10 cells for 24 h, the percentages of apoptosis induced by CTX@PSL, CTX@Lip, and free
CTX were 71.78+1.70%, 56.2+3.04%, and 49.38+2.62%, respectively. The results showed that the apoptosis rate
of CTX@PSL was significantly higher than that of CTX@Lips and free CTX (p<0.01) (Figure 4A and B). This
indicates that CTX@PSL is more likely to enter the acidic B16-F10 tumor cells and promote apoptosis because
of its pH-sensitive response to the acidic TME. This was consistent with the results of the MTT assay.

Proliferation Inhibition of B16-FI0 Cells by CTX@PSL

Cytotoxins from cobra venom have been shown to have a killing effect on a variety of tumor cells and are promising
antitumor agents.”>%°

To investigate the effect of cytotoxins encapsulated in pH-sensitive nanoliposomes (CTX@PSL) on the
proliferation of B16-F10 cells, we introduced normal liposomes without pH sensitivity (CTX@Lips) for compar-
ison. B16-F10 cells were incubated with different concentrations of CTX@PSL, CTX@Lips, and free CTX under
the same conditions for 24 h. It was found that in B16-F10 cells, both free CTX and its nanoformulations
inhibited cell proliferation in a dose-dependent manner. The cytostatic effect increased with increasing drug
concentrations (Figure 4C and Table 1). The ICs, values of CTX@PSL and CTX@Lips were 0.25 pg/mL and 0.48
pg/mL, respectively. Both exhibited stronger antitumor effects than free CTX (ICsy 0.54 pg/mL). Indeed, pH-
sensitive liposomes can effectively deliver hydrophilic drugs to the cytoplasm.®® Importantly, when encapsulated
in pH-sensitive nanoliposomes, CTX can reach the lysosomes of tumor cells. This ability is expected to increase

the efficacy and decrease toxicity when administered in vivo.
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Figure 4 In vitro cytotoxicity assay. (A and B) FACS analysis of apoptosis induced by CTX in different liposome in B16-F10 cells (Mean * SD, n = 4), **P < 0.01, **P <
0.005. (C) Cellular inhibition of BI6-FI0 cells after 24h treatment (Mean £ SD, n = 6).
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Table | Quantification of the Inhibitory Effect of Different Formulations of CTX
on the Proliferation of BI6-FI0 Cells (Mean * SD, n=6)

Concentration (ng/mL) Cell Inhibition (%)

CTX CTX@Lips CTX@PSL
0.03 4.09 + 3.04 10.76 + 9.19 10.45 + 9.86
0.06 16.08 + 6.02 15.50 + 4.44 1448 + 17.3
0.13 26.86 * 6.07 2434 £ 11.03 35.63 £ 6.72
0.25 32.67 £ 3.97 39.36 + 9.82 56.23 +7.88
0.50 50.00 £ 2.77 4443 £ 4.12 64.75 £ 1.46
1.00 64.19 £ 747 64.99 £ 0.96 77.55 £ 801
2.00 73.88 £ 427 79.45 £ 2.40 85.98 * 3.19
4.00 79.88 £ 573 88.00 £ 6.54 94.25 + 14.12
ICs0 (95% CI) 0.54 (0.46~0.63) | 0.48 (0.37~0.62) | 0.25* (0.20~0.31)

Notes: *ICso of CTX@PSL compared with CTX, *p<0.05.

In vivo Distribution

To visualize and quantify the distribution of CTX@PSL in vivo, a melanocytic tumor mouse model was established by
subcutaneous inoculation of B16-F10 cells into ICR mice. When the tumor volume reached approximately 1000 mm?,
Dir@CTX@PSL and Dir@CTX were injected into the tail vein. Mice were sacrificed at different time points, and the
main organs were collected for fluorescence imaging analysis. Fluorescence intensity data showed the cytotoxic content
in each organ.

After intravenous injection, Dir@CTX was quickly distributed to the heart, liver, spleen, lung, kidney, and tumor
tissues, and the fluorescence intensity in the liver and kidney was stronger, indicating hepatic metabolism and renal
excretion. Data from previous laboratory studies of intravenous injection of CTX showed that the distribution half-life
and elimination half-life in rabbits were 5.8 + 0.6 min and 3.5 + 0.2 h.°' Owing to the rich blood flow in the liver and the
important excretory role of the kidney, the drug concentrations were higher than those in other organs, which was
consistent with the results of fluorescence imaging in mice.

At 0.5 h, the accumulation of Dir@CTX@PSL in the tumor tissues was significantly higher than that of free
Dir@CTX (p < 0.05). Two hours after injection, the fluorescence intensity of Dir@CTX@PSL at the tumor site was
about 6 fold higher than that of Dir@CTX, and the fluorescence signal was still evident after 6 h (Figures 5 and S1). The
results of the fluorescence quantification analysis indicated that the constructed CTX@PSL nanoparticles could facilitate
targeted enrichment in tumor tissues with an extended cycling pharmacokinetic profile.

However, considering that the pH value of the TME is closely related to the size of the tumor mass, ie, the stage of the
tumor, the pH value in the TME and tumor cells will gradually decrease as the mass increases. Further studies are needed
to investigate the correlation between tumor mass size and pH for a specific tumor species and the ability of pH-sensitive
nanoformulations to target drug release to facilitate the selection of drug delivery timing and improve precision therapy.

Therapeutic Efficacy in a Melanoma Tumor Model

Tumor and Body Weight Reduction Measurements

The mouse B16-F10 tumor model was constructed using conventional methods. All subcutaneously grown melanocytic
tumors in mice became tumorigenic, and the tumors emerged in approximately one week with a more regular spherical
shape (Figure 6A).

The mice were randomly grouped after tumor formation. CTX and its nanoformulation were administered intraper-
itoneally at a dose of 0.6 mg/kg daily for 13 days. Surprisingly, both CTX@PSL and CTX exhibited superior inhibitory
effects on tumor growth. The tumor weights of the treated mice were 0.47 + 0.12 g and 0.98 + 0.43 g, which were
significantly lower than those of the untreated control group, 2.32 + 0.89 g (p<<0.001). Moreover, the tumor inhibition rate
of CTX@PSL was higher at 79.78% compared to 53.93% for free CTX, showing a significant difference (p<0.01)
(Figure 6B—D and Table 2). In vivo tumor suppression experiments in mice showed that the CTX@PSL group had the
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Figure 5 In vivo distribution. (A) Time-volume relationship of CTX@PSL in the targeting distribution of experimental melanoma growth in mice. (B) Distribution of CTX
and CTX@PSL in tumor-bearing mice at 0.5h, *p < 0.05.

slowest tumor growth rate, smallest tumor mass, and highest tumor suppression rate compared to the control and CTX
groups and had a superior tumor growth inhibition effect. Remarkably, the animals tolerated the lipid drug well, with no
significant loss of body weight or increased mouse mortality after consecutive injections. However, we observed toxicity
to cobra venom cytotoxin, with some mice showing depression, huddling, and decreased mobility after CTX injection,
which resolved within a few hours. During the first week, the mice treated with CTX showed a weight loss of
approximately 8% (Figure 6C). These results support that CTX@PSL enhanced the antitumor specificity of CTX
through targeted delivery, thereby improving its efficacy and safety.

These results may be explained by the unique characteristics of these nanoformulations. CTX is confined within the
liposome structure, which reduces the exposure of normal tissues to free CTX, decreasing drug toxicity. The EPR effect
and pH-sensitive response of nanoparticles enable preferential accumulation in tumor lesions and increase the concen-
tration of CTX in tumor cells, which leads to an enhanced antitumor effect.

Histopathology Assessment
Histological analyses of the different mouse organs were performed at the end of the treatment period. Because of the
known uptake of liposomes by the liver, it is important to monitor the toxicity in these organs. In the CTX group,

International Journal of Nanomedicine 2024:19 hetps: 5391
Dove:


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

Lin et al

Dovepress
A B
o D@OYOOPORY
s
cox B OQPPIb o4
CTX@PSL ® § @ @ 899 ¢ 1 &
5 6 7 8 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 2
Model CTX CTX@PSL
c 40 D 41 - -
A :
35 -~ Modle = T i
3 - CTX EPY
= S
530 ~ CTX-PSL 5
s E 4 1T
'—
25 0 T T T
S u v
204+————— o&‘é@}%
¢ A
0 2 4 6 8 10 12 14 &
Day
E
Control
CTX

Figure 6 Therapeutic efficacy in a melanoma tumor model. (A) Melanoma growth in mice (some mice); (B) Melanoma masses exfoliated from mice; (C) Body weight gain
curve of mice during treatment; (D) Inhibitory effect of CTX@PSL on the growth of melanoma in mice. All the data are presented as mean + SD (n=10), *p<0.01,
*#p<0.001; (E) Histological sections of ICR mice. Heart: red arrows indicate enhanced cytoplasmic eosinophilia and nuclear fixation of cardiomyocytes; Liver: red arrows
indicate granular degeneration of hepatocytes and balloon-like degeneration; Lungs: red arrows indicate a small amount of eosinophilic granules visible in the bronchial
lumen, mild thickening of the alveolar wall and inflammatory cell infiltration; Kidney: red arrows indicate tubular epithelial cell edema and interstitial stasis of the kidney;
Spleen: red arrows indicate multinucleated giant cells visible in the red pulp, in addition to a few granulocytes. HE, scale bar = 100 pm.

extensive granular degeneration of hepatocytes with cytoplasmic sparing, light staining, and severe balloon-like degen-
eration was observed; however, at equivalent doses of CTX@PSL, the degree of degeneration was much lower
(Figure 6E). Lung tissue sections from the CTX-treated group showed thickened alveolar walls and inflammatory cell

infiltration in the visual field. The degree of alveolar wall thickening and inflammatory cell infiltration in the CTX@PSL
group was relatively low compared to the CTX group.

5392 https://doi.org/10.2147/IJN.S461728

International Journal of Nanomedicine 2024:19
DovePress


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

Dove

Lin et al

Table 2 Inhibitory Effect of CTX@PSL on the Growth of Melanoma in Mice (Mean + SD, n=10)

Group (mg/kg)

Body Weight (g)

Tumor Weight (g)

Inhibition Rate (%)

Control 10 32,19 £ 1.29 2.32 +0.89 -
CTX (0.6) 10 30.59 + 1.67* 0.98 + 0.43*+* 5393 + 18.72
CTX@PSL (0.6) 10 31.42 £ 1.05 0.47 £ 0.1 2%+ 79.78 £ 5.93%

Notes: Mouse body weight and tumor weight were the comparison between experimental group and model group,
#p<0.05, *p<0.01, *¥¥p<0.001; tumor inhibition rate was the comparison between CTX@PSL and CTX, *p<0.01.

Conclusion

In this study, we successfully designed and evaluated a novel pH-responsive liposome for the site-specific delivery and
sustained release of CTX from Cobra Venom, which has 60—63 amino acid residues with a three-dimensional structure.
Compared with free CTX, novel CTX-carrying pH-responsive liposome show that not only the biocompatibility is
excellent, but also the stability is remarkable improved. The endogenous stimuli-responsive formulation of CTX, could
take advantage of the lower pH of tumor cells to target the release drug, thereby increasing the uptake of CTX by tumor
cells. However, whether the intracellular targets and effective mechanisms of free CTX or lipids delivery systems are
altered after entering target cells remains to be further explored, and we will conduct a series of studies on this in the
future. Additionally, CTX@PSL significantly prolongs drug accumulation and retention time in tumor lesions, leading to
a significant improvement in antitumor efficacy while reducing its toxic side effects. These encouraging results
demonstrate that the pH-sensitive liposome have excellent encapsulation efficiency and drug loading capacity for
CTX. It’s a promising strategy to enhance delivery efficiency and local drug concentration, and reduce drug dosage,
which provides a potential clinical translation strategy for the treatment of malignant melanoma.
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