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Purpose: Ovarian cancer is a fatal gynecologic malignancy with a high rate of abdominal metastasis. Chemotherapy still has a poor
clinical prognosis for ovarian cancer patients, with cell proliferation and angiogenesis leading to invasion, migration, and recurrence.
To overcome these obstacles, we constructed a novel HA-modified paclitaxel and diosgenin liposome (PEG-TK-HA-PDLPs) using
two novel functional materials, DSPE-PEG;000-HA and DSPE-PEG;0o-TK-PEGs000, to specifically deliver the drugs to the tumor site
in order to reduce OC cell proliferation and anti-angiogenic generation, thereby inhibiting invasion and migration.

Methods and Results: PEG-TK-HA-PDLPs were prepared by film dispersion, with ideal physicochemical properties and exhibits
active targeting for enhanced cellular uptake. The ZIP synergy score for PTX and Dios was calculated using the online SynergyFinder
software to be 3.15, indicating synergy. In vitro results showed that PEG-TK-HA-PDLPs were highly cytotoxic to ID8 cells, induced
ID8 cell apoptosis, and inhibited ID8 cell migration and invasion. In vivo studies showed that PEG-TK-HA-PDLPs could prolong the
circulation time in the blood, accumulate significantly in the tumor site, and effectively fight against angiogenesis with significant anti-
tumor effects.

Conclusion: The production of PEG-TK-HA-PDLPs is an effective strategy for the treatment of OC.
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Introduction

It is estimated that ovarian cancer (OC) accounted for 53.60% of its deaths in 2012 and 68.46% of its deaths in 2035 (an
increase of 14.86%), making it the highest case-to-death ratio among gynecological cancers.'”> Currently, the main
treatment for OC is surgical removal of the tumor followed by a combination of cisplatin and paclitaxel chemotherapy.®*
However, 80% of patients with advanced OC cancer will eventually relapse and have metastasis. In addition, relapsed
patients develop resistance and severe side effects after receiving chemotherapy, and there has been little improvement in
the survival of OC patients over the past three decades.”’ This underscores the need to provide novel treatments to
address these side effects. To this end, new treatment options such as molecular targets are being investigated in OC
clinical trials to combat OC.*° Nevertheless, there are still some problems with these targeted drugs, such as insufficient
circulation time of the drug in vivo and insignificant target specificity. Therefore, it is necessary to find more effective
carrier systems that utilize nano-carriers to improve drug delivery efficiency and inhibit tumor cell proliferation and

metastasis.
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Extensive peritoneal dissemination of OC cells can lead to inoperable metastatic lesions resulting in patient death,
which is a major clinical problem in the treatment of OC.'%'" When patients with ovarian cancer are diagnosed at an
early stage, confined to one or both ovaries, less than 10% will die as a result.'*'* Based on these studies suggest that
metastasis is a major cause of high mortality from ovarian cancer and that inhibiting ovarian cancer metastasis is critical
to the clinical management of this daunting disease.

Unlike normal tissues, the tumor microenvironment (TME) has interstitial high pressure and low convection due to
resistance, making it impossible for chemicals to break through the body’s blood and cellular barriers to reach the tumor
site and to accumulate at the tumor site, which leads to the synthesis of a variety of stimulus-sensitive nanoparticles used
for chemotherapy.'* Biocompatible and biodegradable liposomes self-assembled from amphiphiles are representative
carriers for anticancer drug delivery and may be the most promising tools for cancer chemotherapy.'”

Suitable functional liposomes are useful tools to improve drug stability and bioavailability as well as targeted delivery
to the tumor site.'®'” However, the systematic delivery of targeted liposomes to solid tumors requires overcoming many
physiological hurdles.'® Ideally, functional liposomes should be able to respond to the specific physiological character-
istics of TME (eg, weak acidity, high concentrations of glutathione (GSH) and reactive oxygen species (ROS), pH), and
ROS-responsive nanoparticle drug delivery systems have been extensively studied.'®*® Acetone-based thioketal (-SC
(CH;),S-, TK) is a ROS-responsive polymer that has been reported to enhance the efficiency of drug delivery in the TME
and has great potential in anticancer.’’”> When the tumor initiation, progression and peritoneal tumor spread was
happened, the TME surrounding ovarian cancer cells was alter, such as produce both extracellular matrix molecule,
hyaluronan (HA) and the HA receptor, CD44.%> As the tumor begins to develop and the peritoneal tumor spreads, the
TME surrounding the OC cells is altered, for example, by the production of the extracellular matrix molecule HA and the
HA receptor CD44, which further promotes the motility of the ovarian cancer cells.”* HA has a strong affinity for CD44,
providing a targeting design and the invasive and metastatic processes of OC are closely associated with elevated levels
of CD44.%4%

Paclitaxel (PTX) is a naturally occurring diterpene alkaloid from the bark and needles of Taxus brevifolia.?® PTX has
been widely used in gynecologic oncology therapy based on microtubule stabilization to inhibit cell cycle and induce
apoptosis.?’ In addition, according to our previous study, PTX liposomes (PLPs) inhibited invasion and metastasis of OC
and induced apoptosis in OC cells in ex vivo experiments.'® diosgenin (Dios) is a typical natural product that is the active
ingredient in some traditional Chinese medicines, such as Dioscorea nipponica and Paridis rhizome.”® Several pharma-
cological tests have shown that Dios has antitumor, anti-inflammatory, antiviral and antifungal effects.”*~° In addition,
some studies suggest that Dios can reduce the viability and induced apoptosis of human ovarian cancer cells in a dose-
dependent manner.”'

In this study, we investigated a synergistic ROS-responsive liposome to enhance the targeting effect of OC TME. TK
bonds on the liposome surface connect to PEGsgoo to form a hydrated membrane that protects HA targeting to liposomes
and passively targets OC sites through enhanced permeability and retention (EPR) effects, followed by oxidation and
breakdown of TK to -SH within the ROS levels of tumor tissues (20-200 uM), which leads to rupture of the PEG
hydrophilic outer shell layer of the liposomes, and exposure of HA to direct the liposomes to actively target the OC cell

membrane surface.

Materials and Methods

Reagents and Cell Lines

Egg yolk phosphatidylcholine (EPC) and cholesterol (Chol) were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA). Paclitaxel was obtained from Meilun Co., Ltd. (Dalian, China). diosgenin was supplied by the Chengdu Derick
Biotechnology Co., Ltd. (Chengdu, China). DSPE-PEG;(0o-TK-PEGs5009 and DSPE-PEG;qg-HA was purchase from
Ruixi Biotechnology Co., Ltd. (Xian, China). Ki-67, EPO, VEGF, MMP-9 and TIE-2 antibodies were ordered from
Biosynthesis Biotechnology Co., Ltd. (Beijing, China). 1.1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide
(DiR) were supplied by Kaiji Biological Technology Development Co., Ltd. (Nanjing, China).
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Human OC ID8 cells were acquired from the Institute of Basic Medical Science, the Chinese Academy of Medical
Science (Beijing, China). Cells were cultured in DMEM medium (Meilun) with the supplement of 10% fetal bovine
serum (FBS) (EallBio, Beijing, China), 100 U/mL penicillin and 100 ug/mL streptomycin at 37 °C in a humidified
environment with 5% CO,. Female BALB/c nude mice of weighing 20 = 2 g were obtained from the Liaoning
Changsheng Biotechnology Co., Ltd (Liaoning, China). Animal care and experimental protocols were performed in
strict accordance with the guidelines of Liaoning University of Traditional Chinese Medicine Laboratory Animal Center
and approved by the Laboratory Animal Ethics Committee of Liaoning University of Traditional Chinese Medicine
(No. 210000420230203).

Preparation of Liposomes

PEG-TK-HA-PDLPs were prepared by membrane dispersion method. Briefly, EPC, Chol, PTX, Dios, DSPE-PEG,y-HA
and DSPE-PEG;go-TK-PEGs(g¢ were dissolved in methanol in the mass ratio of 22:4:0.45:0.24:2:2 in pear shaped vials
and then dried by rotary evaporator at 37°C until a thin film was formed. The films were hydrated with 5 mL of phosphate
buffer solution (PBS). The hydrated solution was placed in a centrifuge tube and sonicated on ice with a probe sonicator at
200 W for 10 min, and then the hydrated solution was passed through a 0.22 pm polycarbonate membrane three times to
obtain PEG-TK-HA-PDLPs. Blank liposomes, PLPs, PDLPs and HA-PDLPs were also prepared following the same
procedure. In the preparation of fluorescent liposomes, the fluorescent probe DiR was used instead of PTX and Dios.

Characterization of Liposomes

Particle size, polydispersity index (PDI) and zeta potential of the liposomes were measured using a Zetasizer Nano ZS90
instrument (Malvern Instruments). The morphology of PEG-TK-HA-PDLPs was observed by transmission electron
microscopy (TEM, JEM-1200EX; JEOL). Liposomal suspension was subjected to elution with Sephadex G-100 to
remove unloaded PTX and Dios, next that used to determine encapsulation efficiency (EE) by HPLC with an ultraviolet
detector (LC- 2010AHT; Shimadzu). In addition, we determined the stability of HA-PDLPs and PEG-TK-HA-PDLPs
over 21 days at 4 °C according to previous methods.’ The release rate of PEG-TK-HA-PDLPs in vitro was determined
using the dialysis method under sink conditions.”® The EE% was calculated using the following formula:
EE% = (Wiaded/Wiotal) X 100%, where Wiy,g0q and W, represented the content of PTX or Dios in the liposomal
suspension after and before passing through the Sephadex G-100 column, respectively.

Hemolysis Assay

Fresh blood from healthy rats was collected and mixed with heparin and stirred with a glass rod to remove fibrinogen,
then washed with saline, and centrifuged at 1500 rpm for 20 minutes at 4°C. Erythrocyte pellets at the bottom were then
washed with PBS until the upper liquid layer was yellow or colorless. The erythrocyte solution was subsequently
formulated to a final concentration of 2% and mixed with the same volume of blank liposomes, PLPs, PDLPs, HA-
PDLPs and PEG-TK-HA-PDLPs as samples and incubated at 37°C. Physiological saline solution and ddH,O were
treated as negative and positive control respectively. Photographs of the different formulation groups were taken and
centrifuged at 1500 rpm for 10 min, and then the supernatants were collected and estimated using an enzyme-linked
immunosorbent assay analyzer (HBS-1096A, DeTie, Nanjing, China) at a wavelength of 540 nm. Hemolysis rate (HR%)
was calculated by the following formula: HR% = (Agm — Ancg)/(Apos — Ancg) X 100%, where Agum, Apeg, and Apos
represent the absorbance values at 540 nm for the sample, negative control, and positive control, respectively.

Cellular Uptake and Targeting Effects in ID8 Cells

The uptake of different preparations by ID8 cells was assessed by flow cytometry and fluorescence microscopy.
Coumarin was encapsulated in liposomes and used as a fluorescent probe. ID8 cells were incubated with different
concentrations (1.5, 3 and 6 pM) of coumarin with coumarin liposomes (CLPs), HA-CLPs, PEG-TK-HA-CLPs, PEG-
TK-HA-CLPs+NaOH and blank liposomes (Blank) for 2 h. The cells were incubated with 3 uM of coumarin for different
time periods (1, 2 and 3 h). Subsequently, the cells were rinsed with cold PBS three times, harvested, centrifuged, and
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resuspended in 500 pL cold PBS subjected to analysis the mean fluorescence intensity of coumarin using a FACScan
flow cytometer (Becton Dickinson, San Jose, CA, USA).

To evaluate the intracellular distribution of the different liposomes, LPs-treated ID8 cells were incubated with the
different formulations as described above. After incubation, cells were immobilized with 4% paraformaldehyde for 15
min, and then the nucleus was stained with DAPI for 10 mins in the darkness. Finally, different samples were image with
a fluorescence microscope (Nikon Eclipse E800, Nikon, Tokyo).

Cellular Viability

The activity of ID8 cells treated with different preparations was assayed by sulforhodamine (SRB) staining and LIVE/
DEAD staining, respectively. First, ID8 cells were incubated in 96-well plates (1.5x10* cells/well). After 24 h of
incubation, the medium was replaced with PLPs, PDLPs, HA-PDLPs, PEG-TK-HA-PDLPs, PEG-TK-HA-PDLPs
+NaOH and blank liposomes (Blank), respectively, with the concentration of PTX ranging from 0 to 10 pM, and the
molar ratio of PTX to Dios was 2:1. After 48 h of incubation, cells were fixed with 10% ice-cold trichloroacetic acid for
1 h, then washed with distilled water and stained with 0.4% SRB for 20 minutes. After fixed with 10 mmol/L Tris Base
buffer, the absorbance of samples was determined with an enzyme-linked immunosorbent assay reader at 540 nm
wavelength. Cell survival was calculated as follows Survival = (Ayeated/Acontrol) X 100%, Where Ageated and Acontrol
represent the absorbance values at 540 nm for treated and control cells, respectively. Live/dead cell staining experiments
were performed considering the viability of ID8 cells cultured in different formulations. The living and dead cells of each
group were stained with calflavin-AM and propyliodide (PI), respectively. ID8 cells were exposed to PLPs, PDLPs, HA-
PDLPs, PEG-TK-HA-PDLPs, PEG-TK-HA-PDLPs+NaOH and blank liposomes (Blank), and at a PTX final concentra-
tion of 10uM. After 24 h of culture, according to the manufacturer’s procedure, calcein-AM/PI double-stained working
solutions were prepared and incubated in a humidified incubator for 30 min. The dye solution was then aspirated and
washed three times with PBS, viewed using fluorescence microscopy to observe live and dead cells.

Synergy Determination with SynergyFinder

ID8 cells were seeded into 96-well plates (1.5x10* cells/well) and analyzed using the CCK-8 assay for 0 to 40 uM
concentrations of both drugs, PTX and Dios. The concentration gradient of PTX or Dios was determined based on the
ICso value of the drug. The synergistic effect of the combination drugs (PTX and Dios) was analyzed at different
concentrations (0 uM, 0.3125, 0.625 uM, 1.25 uM, 2.5 uM, 5 uM, 10 uM and 20 uM). Cell viability was measured by
enzymolar as described above. Drug synergy scores were calculated using online SynergyFinder software (https://
synergy-finder.fimmm.fi) to calculate the survival index and zero interaction potency (ZIP). ZIP synergy scores greater

than O are synergistic and greater than 10 are strongly synergistic. Drug combination response heat maps were also
developed to assess the therapeutic significance of the combination.

Measurement of Cell Proliferation

To evaluate the effect of varying preparations on cell proliferation, EDU staining assay was performed. Briefly, cells were
seeded into each well of a 48-well plate and treated with PBS, PLPs, PDLPs, HA-PDLPs, PEG-TK-HA-PDLPs and
PEG-TK-HA-PDLPs+NaOH with a final PTX concentration of 10 uM for 24 h, and then incubated with 20 mmol/L
EDU for 2 h. The cells were fixed with paraformaldehyde for 20 min and then the nucleus was stained with DAPI in the
dark for 10 min, EDU-positive cells of different formulations were analyzed.

Hoechst/Pl Double Staining Assay

Hoechst DNA staining and propidium iodide (PI) staining were used to detect the apoptosis of ID8 cells induced by
different formulations. Cells were seeded in 48-well plates at a density of 1x10* cells/well and treated with PBS, PLPs,
PDLPs, HA-PDLPs, PEG-TK-HA-PDLPs and PEG-TK-HA-PDLPs+NaOH with a final PTX concentration of 10 uM for
24 h. Hoechst 3342 (1 pg/mL) and PI (1 pg/mL) were added for 30 min and 10 min, respectively. The PI-positive cells
were observed to measure cell apoptosis and necrosis using a fluorescence microscopy. The cell apoptosis rate was
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calculated by the following equation: cell apoptosis rate = (Apos/Asor) ¥ 100%, where A, and A represent the number
of Pl-positive cells and the total number of cells, respectively.

Wound Healing Assay

To evaluate the migration ability of ID§ cells with treatment of different formulations, a wound healing assay was
performed. ID8 cells were plated in 6-well plates (2x10° cells/well) and cultured at 37°C until 80~90% confluent. Use
a 20 pL sterile pipette to make a wound along the bottom of the petri dish to create a scratch. The plates were washed
with PBS to clear the floating cells and then the varying formulations were added into the medium at a final concentration
of 10 uM PTX. Cells were observed at different time points (0, 12 and 24 h) and wound closure was observed with an
inverted microscope (XDS-1B, Chongqing Photoelectric Co., Ltd., Chongging, China). Calculation formula of wound
healing rate: Healing rate = (Agp-Axn)/Aon X 100%, where Ag, and Ay, represent the wound area measure at 0 h and 12
h or 24 h, respectively.

Inhibition of ID8 Cells Invasion and Migration

Cell invasion and migration assays were performed using The Transwell chambers. The upper chamber was injected with
200 pL of FBS-free medium containing ID8 cells at a density of 5x10* cells/well for the invasion assay and 1.5x10*
cells/well for the migration assay. The lower chamber was filled with 600 pL of medium containing 5% FBS as the
invasion or migration attractant. Then, different formulations were added to the upper chamber at a PTX final
concentration of 10 uM and culture medium was used as the control group. The chamber membranes were pre-coated
with diluted Matrigel for invasion assay. After 24 h of incubation, the cell culture medium was discarded and the upper
cell chamber was flushed with PBS, then fixed with 4% paraformaldehyde for 15 min and stained with crystal violet for
30 min. Finally, the migrating or invading cells were counted and photographed under an inverted microscope.

Real-Time Imaging in vivo

The distribution and targeting effects of various formulations in tumor-bearing mice was assessed by a noninvasive imaging
system. The nude mouse model bearing allograft tumors of OC was established based our previous research. In brief,
1.5%10° cells/200 pL FBS-free medium of ID§ cells were injected into right forelimb of BALB/c nude mice. When the
tumors reached approximately 400 mm® in volume, the tumor-bearing mice were randomly divided into four groups.
Normal saline (Blank), free DiR, DiR-LPs, or PEG-TK-HA-DiR-LPs was injected into the nude mice at a DiR dose of 2 pg
per mouse through the tail vein. After the mice were anesthetization with isoflurane and then bioluminescence signals of the
mice were acquired using a Kodak multimodal imaging system (Carestream Health, Inc., USA) at 6, 12, 36, 48 and 72 h.

Evaluation of Efficacy in vivo

Tumor-bearing mice were inoculated as described above, and when the tumor volume reached approximately 300 mm®,
the tumor-bearing mice were randomly divided into five groups, each of which was injected with Free PTX/Dios, PDLPs,
HA-PDLPs, PEG-TK-HA-PDLPs, or normal saline (Blank) by tail vein at a dosage of 5 mg/kg PTX. Tumor size was
measured every other day after the first injection, and tumor volumes were calculated according to the formula:
V = length x width?/2 (mm3) Tumorinhibitoryrate = 100% — (Vdmg /Vsaline) x 100%, where Vg and Veiine are
the tumor volumes after treatment with drug and normal saline, respectively, and the body weights of mice were
measured six times to assess the safety of different formulations. Tumor-bearing mice were sacrificed by cervical
dislocation and sections of tumor tissue, heart, liver, spleen, lungs, and kidneys were stained with hematoxylin and
eosin (H&E) to further assess the safety of the different preparations. H&E staining and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay were used to compare the tumor-damaging and apoptosis-inducing
effects of different formulations in vivo. Ki-67 antibody was used to detect the proliferation status of tumor tissues. In
addition, the expression of angiogenesis-related proteins, including EPO, VEGF, MMP-9, and TIE-2, was detected by
immunofluorescence.
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Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.0 and SPSS 19.0 software. Data were externally presented as
mean + standard deviation (SD). Differences between groups were analyzed by one-way ANOVA, and P<0.05 was
considered statistically significant.

Results

Characterization of Liposomes

Table 1 listed the EE% of the various liposomes and Table 2 listed the physical properties of the various liposomes,
including values related to particle size, PDI, and zeta potential. As shown in Figure 1A-D, PEG-TK-HA-PDLP has
a more homogeneous size and more stable dispersion than HA-PDLP. The particle size, zeta potential and PDI of PEG-
TK-HA-PDLPs were 111.79+4.50 nm, —1.47+0.12 and 20.73+1.93, respectively, and the EE% of PTX and Dios in PEG-
TK-HA-PDLPs were 93.39+1.09% and 84.97+4.27%, respectively (Figure 1G-I). The morphology of PEG-TK-HA-
PDLPs was characterized by TEM, which showed that the PEG-TK-HA-PDLPs were homogeneous and smooth
spherical with a hydrophobic core having a weakly hydrophilic outer shell (Figure 1E). In our study, the hemolysis
caused by different formulations was assessed. In Figure 1F and J, compared with positive control, all liposome groups
were significant decreased the hemolysis rate, due to the formation of spherical LPs decreased the interaction surface area
and kept the erythrocyte membranes undisturbed to avoiding hemolysis. In the stability experiments, the EE% of PEG-
TK-HA-PDLPs was greater than 80% in 21 days and higher than that of HA-PDLPs, demonstrating that the incorpora-
tion of the hydrophilic material DSPE-PEG,0o-TK-PEGsgoo improved the stability of the liposomes (Figure S1). The
in vitro release results showed that the addition of DSPE-PEG;q0o-TK-PEGsgoo enabled the drug to achieve a slow
release effect, better protecting the drug to reach the tumor site and releasing the drug at a greater rate in a Ros-
responsive environment (Figure S2).

Cellular Uptake

As shown in Figure 2, the targeting effect of different formulations was demonstrated by the fluorescence images
captured by microscope. We can observe that the fluorescence intensity of the drug-treated group increases gradually
with the passage of time and the increase of drug content subsequently. It can also be noted that the intracellular
fluorescence intensity of HA-CLPs and PEG-TK-HA-CLPs+NaOH is almost the same and stronger than that of CLPs
and PEG-TK-HA-CLPs. Quantitative assessment by flow cytometry showed that the fluorescence intensity was in the
order of PEG-TK-HA-CLPs-NaOH > HA-CLPs > PEG-TK-HA-CLPs > CLPs > Blank with time and increasing drug
content (Figure 3). The results showed that the addition of HA significantly increased drug uptake by ID8 cells, and the
DSPE-PEG;0o-TK-PEG5000 bond in PEG-TK-HA-CLPs was able to protect the targeting molecule HA. With longer

Table | Encapsulation Efficiency of Varying
Liposomes (n=3)

Liposomes PTX EE% | DIO EE%
PLPs 95.08+2.11 -

PDLPs 90.82+4.59 | 92.74+3.57
HA-PDLPs 94.98+3.35 | 95.66+1.36
PEG-TK-HA-PDLPs | 93.39+1.09 | 84.97+4.27

Table 2 Particle Size, PDI Value and Zeta Potential of Liposomes (n=3)

Liposomes Size (nm) PDI (%) | Zeta (mV)

PEG-TK-HA-PDLPs 111.79£4.50 | 20.73+1.93 | —1.47%0.12
PEG-TK-HA-PDLPs+NaOH | 83.38+4.70 | 24.43+1.53 | —2.33%0.15
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Figure | Characterization of the varying liposomes. (A) Representative images of particle sizes of HA-PDLPs; (B) Representative images of zeta potential of HA-PDLPs; (C)
Representative images of particle sizes of PEG-TK-HA-PDLPs; (D) Representative images of zeta potential of PEG-TK-HA-PDLPs; (E) TEM image of PEG-TK-HA-PDLPs;,
scale bar = 100 nm; (F) Changes in different preparations incubated for 2h at 37°C in 2% red cells suspension; (G) Quantitative analysis of particle size of the varying
formulations; (H) Quantitative analysis of PDI value of the varying formulations; (I) Quantitative analysis of zeta potential of the varying formulations; (J) Haemolysis rate; 1.
Blank, 2. PLPs, 3. PDLPs, 4. HA-PDLPs, 5. PEG-TK-HA-PDL.

International Journal of Nanomedicine 2024:19 hitps: 5199
Dove:


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

Tang et al Dove

PEG-TK-HA- PEG-TK-HA- PEG-TK-HA- PEG-TK-HA-

A blank CLPs HA-CLPs CLPs CLPs +NaOH B blank CLPs HA-CLPs CLPs CLPs + NaOH

coumarin
coumarin

1.5uM
1h
nucleus

nucleus

merge
merge

=
=
g
g
3
o
3

coumarin

nucleus
2h
nucleus

3uM

merge
merge

coumarin
coumarin

4h
nucleus

6uM
nucleus

Figure 2 Cellular uptake and targeting effects in ID8 cells treated with the varying formulations by microscopy. (A) Cellular uptake and distribution of ID8 cells treated with
the various of formulations at different concentrations, scale bar = 50 um; (B) Cellular uptake and distribution of ID8 cells treated with the various of formulations at
a series of time points, scale bar = 50 um; All data are presented as mean * SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

incubation time or higher drug concentration, the fluorescence of HA-CLPs and PEG-TK-HA-CLPs+NaOH was almost
the same, which was consistent with the results of fluorescence microscopy (Figure 3C and D).

Cell Viability
To assess the inhibitory effect of different preparations on IDS§ cells, SRB assay and LIVE/DEAD staining assay were

performed as shown in Figure 4. Cytotoxic effects of different formulations on ID8 cells are presented in Figure 4A and B.
After 48 hours of incubation, the cytotoxicity of the blank group was negligible, which proves that the membrane material
we used is safe. In addition, the inhibitory effect of different liposomal groups on IDS cell growth was dose-dependent with
increasing PTX concentration. Among these different formulations, PEG-TK-HA-PDLPs+NaOH showed the strongest
cytotoxicity. ICsq values for PLPs, PDLPs, HA-PDLPs, PEG-TK-HA-PDLPs and PEG-TK-HA-PDLPs+NaOH were 2.03
+0.54, 1.60+0.27, 0.99+0.28, 1.59+0.17, and 0.40+0.03 uM, respectively. The live/dead status of ID8 cells as affected by
the different formulations was then directly assessed using the Calcein-AM/PI live/dead probe. In Figure 4D, there were
almost no dead cells in the blank group, while PEG-TK-HA-PDLPs+NaOH showed the strongest killing effect in all
groups.

Synergy Determination with SynergyFinder

The above in vitro cytotoxicity results have shown that the addition of Dios enhanced the cytotoxicity of PTX on ID8
cells. The ZIP synergy score was determined using the new concentration gradient and inhibition index (Figure 4C). The
results showed that PTX and Dios synergistically enhanced cytotoxicity in IDS§ cells (ZIP synergy score=3.15), with the

white rectangle indicating the region of maximum synergy.
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Figure 3 Cellular uptake and targeting effects in ID8 cells treated with the varying formulations by flow cytometry. (A1-A3) Cellular uptake of varying formulations for |h, 2h, 4h;
(B1-B3) Cellular uptake of varying formulations for 1.5 uM, 3 uM, 6 uM. (C) Quantitative analysis of fluorescence intensity of ID8 cells treated with the various of formulations at
a series of time points; (D) Quantitative analysis of fluorescence intensity of ID8 cells treated with the various of formulations at different concentrations; a. Blank, b. CLPs, c. HA-
CLPs, d. PEG-TK-HA-CLPs, e. PEG-TK-HA-CLPs + NaOH. All data are presented as mean % SD (n = 3). *P < 0.05, **P < 0.0, **P < 0.001, ***P < 0.0001.

Inhibition of Proliferation in vitro

EDU staining assay was carried out to study the inhibitory effect on the proliferation of ID8 cells after treatment with
different preparations. As shown in Figure SA—C, the EDU assay results indicated that HA-PDLPs and PEG-TK-HA-
PDLPs+NaOH significantly inhibited EDU-positive cells compared with Blank, which was consistent with the cell
viability assay results.

Hoechst/Pl Double Staining Assay

The role of apoptosis in different liposomal formulations-induced cell death was examined by Hoechst/PI double staining. As
shown in Figure 5B, Hoechst-stained nuclei (blue) represent total cells and Pl-positive cells (red) represent apoptotic cells.
Fluorescence microscopy showed that cells exposed to HA-PDLPs and PEG-TK-HA-PDLPs+NaOH appeared to have the most
Pl-positive cells, suggesting that both sets of formulations have pro-apoptotic activity. Compared with the Blank group, the
apoptosis ratio of ID8 cells treated with PLPs, PDLPs, HA-PDLPs, PEG-TK-HA-PDLPs and PEG-TK-HA-PDLPs+NaOH
increased from (6.52+1.66)% in the control group to (12.00+1.91)%, (14.69+3.81)%, (28.32+4.06)%, (15.40+1.35)% and (28.50
+8.00)% (Figure 5D).
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Wound Healing Assay

Figure 6A visually shows the inhibitory effect of different formulations on ID8 cell migration. The results of wound
healing experiments showed that the cell scratch healing rate was (84.65+0.06)% after 24 h without any intervention, and
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the wound healing rates of ID8 in the PLPs, PDLPs and PEG-TK-HA-PDLPs groups were (75.01+5.57)%, (69.19
+1.64)% and (69.90+2.44)%, respectively, which was slightly lower than that of the Blank group. The cell healing ability
of HA-PDLPs and PEG-TK-HA-PDLPs+NaOH-treated groups was (24.08+2.88)% and (22.56+2.67)%, respectively,
which was much lower than that of the blank group, suggesting that they could effectively inhibit the cell migration of
ID8 (Figure 6D).

Inhibition of ID8 Cells Invasion and Migration

First, the migration ability of different formulations was analyzed by wound healing test. The results showed that the
ability of PEG-TK-HA-PDLPs+NaOH to inhibit migration was significantly higher, and then we performed a Transwell
assay to further investigate the inhibitory effects on invasion and migration after treatment with different formulations.
The results of Transwell invasion assay showed that PEG-TK-HA-PDLPs+NaOH significantly reduced the number of
infiltrated cells, and the relative invasion rate was (14.66+4.54)% (Figure 6B and E). Figure 6C and F show the inhibitory
effect of different formulations on ID8 cell migration, where PEG-TK-HA-PDLPs+NaOH had the strongest inhibitory
effect on migration with a relative migration rate of (21.81£2.34)% (Figure 6F), which is consistent with the wound
healing results.

Fluorescence Imaging in vivo

We used a fluorescence imaging system to inject varying formulations into the tail vein of nude mice bearing ID8 tumor
cells to explore targeting and circulation time at the tumor site. As shown in Figure 7, a slight fluorescent signal was
detected in the Free DiR group; on the contrary, a strong fluorescent signal was clearly observed at different time points
within 72 h after intravenous injection of PEG-TK-HA-DiR-LPs. The increased accumulation at the tumor site can be
attributed to the DSPE-PEG,0o-TK-PEGs(, linkage, allowing for the generation of the EPR effect as well as more
effective specificity of HA with tumor cells.
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Figure 6 Effect of different formulations on the migratory and invasive capacity of ID8 cells. (A) Micrographs of migration ability of ID8 cells in each group, scale bar = 50
um; (B) Micrographs of cell invasion ability assay for each group, scale bar = 100 um; (C) Micrographs of cell migration ability assay for each group, scale bar = 100 um; (D)
Statistical analysis of cell healing rate in each group; (E) Cell relative invasion rate; (F) Cell relative migration rate. |. Blank, 2. PLPs, 3. PDLPs, 4. HA-PDLPs, 5. PEG-TK-HA-
PDLPs; 6. PEG-TK-HA-PDLPs + NaOH. All data are presented as mean * SD (n = 3). *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001.

Antitumor Efficacy in vivo

In order to assess the antitumor effects of the different formulations in vivo, body weight changes, tumor inhibitory rate,
safety, and inhibition of tumor metastasis in treated tumor-bearing mice were evaluated. As shown in Figure 8A, there
was no significant weight loss in the PEG-TK-HA-PDLPs compared to the Blank group. Compared with the Blank
group, different formulations inhibited tumor growth to different degrees, with PEG-TK-HA-PDLPs having the most
significant inhibitory effect on tumor growth (Figure 8B). As shown in Figure 8C, the tumor inhibition rate of free PTX/
Dios was (17.69+7.09)%, PDLPs was (38.63+9.04)%, HA-PDLPs was (58.32+12.02)%, and PEG-TK-HA-PDLPs was
(70.84+15.03)% on the day 22 after incubation. Figure 8D shows the H&E-stained organs of the tumor-bearing mice,
which showed no significant damage to the organs in all groups of mice. In addition, H&E staining of tumor tissue
sections showed cell necrosis and structural disruption of tumor tissues in the PEG-TK-HA-PDLPs group (Figure 9A).
Furthermore, to detect apoptotic and proliferating cells in tumor tissues, TUNEL assay and Ki-67 antibody staining were
performed, respectively. The results of TUNEL assay showed that the highest level of apoptosis was observed in tumor
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Figure 7 Real-time imaging observation of tumor bearing mice treated with varying formulations in vivo.

cells in the PEG-TK-HA-PDLPs group (Figure 9B). As shown in Figure 9C, the number of Ki-67-positive cells was
significantly reduced after PEG-TK-HA-PDLPs treatment, which was opposite to the apoptotic trend detected by
TUNEL. Finally, key angiogenesis-related proteins that support tumor metastasis were detected by immunofluorescence
staining, including EPO, VEGF, MMP-9, and TIE-2. As shown in Figure 10A, the relative fluorescence intensity of
angiogenesis-related proteins was attenuated to varying degrees after treatment with various formulations compared with
the Blank group. A semiquantitative evaluation by Image] software analysis showed that the relative fluorescence
intensity rankings were: Free PTX/Dios > PDLPs > HA-PDLPs > PEG-TK-HA-PDLPs (Figure 10B-E).

Discussion

Currently, the standard of treatment for patients with OC still involves surgery and platinum-based chemotherapy.*
Although some patients respond to chemotherapy, most patients die from tumor metastasis and recurrence, as well as
severe systemic toxicity caused by poorly targeted chemotherapeutic agents.>® Therefore, there is a necessity to develop
new delivery strategies to improve the therapeutic efficacy of OC. Incorporation of response molecules into targeted
liposomes enables target specificity and sustained drug release, resulting in improved therapeutic efficacy and reduced
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drug toxicity. Hypoxia, a unique feature of cancer, dramatically alters ROS within tumor tissues, resulting in much higher
levels of ROS in cancer cells than in normal tissues, and ROS-sensitive approaches that are more tumor-specific are
particularly promising for increasing the exposure of cancer cells to therapeutic molecules.** The overall goal of the
study is to develop a drug delivery platform that enhances OC cell target specificity and prolongs drug circulation time in
the vivo to effectively inhibit OC cell invasion and metastasis. Herein, the ROS-sensitive (TK) is used as a stimulus and
protects our newly designed targeting liposomes to reach the tumor site and then expose the HA to achieve better long-
circulating action and specificity.

In this study, HA-targeting ligands were modified on the surface of liposomes and DSPE-PEG;00o-TK-PEGsqq was
attached to the outer layer of liposomes, which improved the targeting synergistic delivery effect of liposomes, and the
combined use of PTX and Dios in liposomes synergistically enhanced cytotoxicity against ID8 cells, which resulted in
a more potent inhibitory effect on the invasive metastasis of ID8 cells. PEG-TK-HA-PDLPs were successfully prepared
by thin film dispersion. When PEG-TK-HA-PDLPs were delivered to the tumor site, the ROS-sensitive (TK) was broken
down to -SH, and the HA-PDLPs were exposed and had a strong binding capacity to the CD44 receptor overexpressed in
the OC. The negatively charged surface of this functional liposome, which had a high drug loading capacity, good
biocompatibility, and a suitable particle size, was conducive to the EPR effect to facilitate its tumor tissue accumulation
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Figure 9 In vivo antitumor efficacy in tumor-bearing mice. (A) H&E staining of tumor tissue sections. (B) TUNEL staining. Positive staining indicates cell apoptosis. (C)
Immunohistochemical staining of Ki-67 in tumor tissue. Scale bar, 25 pm.

in tumor tissues under the EPR effect. In addition, TEM images showed that PEG- TK-HA-PDLPs were spherical with
a smooth surface, which could reduce the possibility of adhesion to the vascular endothelium (Figure 1E).

In cellular uptake experiments, we qualitatively and quantitatively compared the uptake of different agents by ID8
cells by fluorescence microscopy and flow cytometry. Both methods yielded consistent results, with a significant dose-
dependent and time-dependent increase in cellular uptake of targeted liposomes (Figure 2). In addition, PEG-TK-HA-
CLPs showed a weaker fluorescent signal in ID8 cells compared to HA-CLPs, which was due to the protection by the
hydrophilic moiety DSPE-PEG»(0o-TK-PEGsg09, and when this preparation was incubated with NaOH, the cleavable
linker of TK was degraded, and the hydrophilic outer shell layer of the liposome’s PEG disappeared, exposing the HA.
Exposed HA significantly enhanced intracellular uptake through specific binding to CD44. Therefore, the targeted
delivery system in this study not only has a PEG-mediated HA shielding effect to reduce nonspecific uptake, but also
has ROS sensitivity (TK) to increase the penetration of antitumor drugs in TME. The results of stability experiments
showed that the addition of TK increased the EE% and reduced the leakage of the drug, indicating a good protection of
the drug, increased stability, and synergized the long drug cycle to achieve the EPR effect. In addition, in vitro release
experiments showed that DSPE-PEG;(yo-TK-PEGs500o protects HA-PDLPs to reach the tumor site in a ROS-responsive
environment and then slowly releases the drug for better passive targeting.

The in vitro cytotoxicity profiles of different formulations on IDS8 cells were investigated by SRB assay (Figure 4A
and B). The results showed that the cytotoxicity of different liposome formulations on ID8 cells was ranked as PEG-TK-
HA-PDLPs+NaOH > HA-PDLPs > PEG-TK-HA-PDLPs > PDLPs > PLPs. Among these liposome formulations, the
most pronounced cytotoxicity on ID§ cells was observed with PEG-TK-HA-PDLPs+NaOH, which indicated that after
incubation with NaOH, ROS-responsive bonds were shed, and HA was exposed on the liposome surface, which enhanced
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Figure 10 Inhibitory effects on tumor cell angiogenesis in tumor-bearing mice after treatment with various formulations. (A) Immunofluorescence detection of EPO, VEGF,
MMP-9, and TIE-2. (B-E) EPO, VEGF, MMP-9, and TIE-2 were semi-quantitatively analyzed by relative fluorescence intensity. Scale bar, 25 um. Data are presented as mean *
SD (n = 3), *P<0.05, *** P<0.001, **** P<0.0001.
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the cytotoxicity of the drug through active targeting. Figure 4D shows the results of live/dead cell staining. It was found
that the ID8 cells in the control group were live cells with green fluorescence, while the HA-PDLPs and PEG-TK-HA-
PDLPs+NaOH groups had the most severe cell death, which could effectively kill cancer cells. Synergy analysis using
SynergyFinder showed that the two drugs, PTX and Dios, acted synergistically to enhance cytotoxicity, which is
consistent with cytotoxicity results.

Apoptosis is a programmed cell death process that may occur in multicellular organisms and rarely occurs during
cancer development. Tumor cell death driven by apoptosis and necrosis may enhance therapeutic efficacy. In this study,
we first evaluated the proliferation of ID8 cells treated with different formulations. The results showed that HA-PDLPs
and PEG-TK-HA-PDLPs+NaOH groups reduced the proliferation rate of EDU cells and significantly inhibited the
growth of ID8 cells. Then, apoptosis was detected by Hoechst/PI double staining method for different formulations. The
results also showed that HA-PDLPs and PEG-TK-HA-PDLPs induced the strongest apoptosis.

Tumor cell invasion and metastasis are important biological behaviors of tumor cells and the process of cancer
metastasis to distant organs. However, cancer cells cannot accomplish this process alone. TME plays an important role in
ovarian cancer cell metastasis by coordinating the behavior of tumor cells in various biological processes such as
survival, proliferation, and migration, which is the key to peritoneal tumor dissemination.>*> The results of wound
healing and Transwell invasion and migration assays showed that HA-PDLPs and PEG-TK-HA-PDLPs+NaOH groups
could effectively inhibit the migration and invasion of IDS8 cells.

To observe the real-time distribution and tumor-targeting ability of the different formulations, in vivo imaging was
employed. The results showed that the fluorescent signals of PEG-TK-HA-DIR-LPs accumulated most strongly at the
tumor site and could be maintained for 72 h. On the one hand, the hydrophilic PEGsqoo formed a hydrated membrane on
the liposome surface to protect HA to prolong the circulation time. On the other hand, the ROS-responsive polymer (TK)
on the outermost side of the liposome is oxidized and decomposed to -SH, which exposes the targeting molecule HA and
enhances the targeting activity accumulated at the tumor site.

In the safety inspection, there was no significant change in the body weight of tumor-bearing mice after treatment
with PEG-TK-HA-PDLPs, and there was no significant damage to the organs of tumor-bearing mice stained with H&E,
which indicated that the liposomes were safe (Figure 8A and D). Pharmacodynamic experiments showed that PEG-TK-
HA-PDLPs significantly inhibited tumor growth (Figure 8B and C). Next, the enhanced antitumor effect of PEG-TK-HA-
PDLPs was determined by H&E staining, TUNEL assay, and Ki-67 assay (Figure 9) in order to inhibit further tumor
development and metastasis by damaging tumor tissues, inducing apoptosis, and inhibiting tumor cell proliferation. By
providing oxygen, nutrients, and a conduit for metastasis, tumor angiogenesis is a crucial part of cancer metastasis.’®
Over the past decade, data from preclinical studies have shown that hypoxia-inducible erythropoietin (EPO) is not only
a major regulator of erythropoiesis but is also a mutilative cytokine that also influences erythropoiesis in the formation of
a cancer cell.’” EPO stimulates the survival of cancer cells and has the ability to develop metastasis and drug resistance
in cancer cell lines.*® Vascular endothelial growth factor (VEGF) is one of the most common and important angiogenic
pathways in OC, and its high level of expression indicates a poor prognosis.3 ° Matrix metalloproteinases (MMPs), known
to degrade extracellular matrix and basement matrix and basement membrane components, play important role in cancer
invasion and metastasis.*® MMPs are associated with OC, and clinical data show that MMP-9 expression levels are
elevated in patients with ovarian cancer.*! The literature suggests that monocyte endothelial cell-specific tyrosine kinase
receptor (TIE-2), one of the monocyte subpopulations, plays a key role in tumor organization, tumor progression, and
tumor spread.*? Therefore, down-regulation of EPO, VEGF, MMP-9, and TIE-2 was necessary to inhibit angiogenesis.
As shown in Figure 10, PEG-TK-HA-PDLPs downregulated the expression of angiogenesis-related proteins in vivo.

Conclusion

In this study, we constructed a ROS-responsive nanoparticle drug delivery system based on HA targeting CD44 for dual
delivery of PTX and Dios and demonstrated that PEG-TK-HA-PDLPs could enhance antitumor efficacy in vitro and
in vivo. As a multifunctional liposome, the excellent anti-tumor effect of PEG-TK-HA-PDLPs is mainly attributed to the
following points: (i) the appropriate particle size of the liposome can increase the EPR effect, which can be enriched at
the tumor site through passive targeting effect; (ii) The hydrophilic moiety DSPE-PEG,0o-TK-PEGsgoo forms a hydrated
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membrane on the surface of liposomes and protects the targeted ligand HA, thus preventing the non-specific uptake of
HA into the cells and prolong their circulation time in vivo; (iii) TK cleavage between hydrophilic PEGsg and
nanocarrier cleaves and exposes HA in TEM, thereby enhancing active targeting; (iv) Encapsulation of PTX and Dios
in liposomes enhances their bioavailability and effectively blocks tumor metastasis by inhibiting proliferation, angiogen-
esis and inducing apoptosis in OC cells. Therefore, PEG-TK-HA-PDLPs provide a novel strategy for the treatment
of OC.
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