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Purpose: Osteosarcoma (OS) is the most common bone cancer with a high risk of metastasis, high growth rate, and poor prognosis.
Honokiol (HNK) is a general ingredient of traditional Chinese medicine, with a potential anti-tumor effect. However, HNK is insoluble
in water and lacks drug targeting, which limits its clinical application. To improve the OS therapeutic effect of HNK, we used HNK-
loaded liposomes modified with hyaluronic acid-phospholipid conjugates (HA-DOPE) to treat OS based on the HA interaction with
CD44.

Methods: The HNK-loaded liposomes were prepared via thin-film hydration and sonication. HA-DOPE was used to combine the
HNK-loaded liposomes (HA-DOPE@Lips/HNK) via sonication and co-extrusion. HA-DOPE@Lips/HNK were characterized with
respect to size, zeta potential, polymer dispersity index (PDI), and stability, and transmission electron microscopy was performed.
Cellular uptake, cell viability, cell apoptosis, cell cycle, and mitochondrial activity were utilized to evaluate the antitumor effect
in vitro. The biodistribution, xenograft tumor growth inhibition, and safety of HA-DOPE@Lips/HNK were evaluated in 143B OS
xenograft mice in vivo.

Results: The particle size, PDI, and zeta potential of HA-DOPE@Lips/HNK were 146.20+0.26 nm, 0.20+£0.01, and —38.45+£0.98 mV,
respectively. The encapsulation rate and drug loading were 80.14+0.32% and 3.78+0.09%, respectively. HA-DOPE@Lips/HNK could
inhibit cell proliferation, cause apoptosis, block the cell cycle and disrupt mitochondrial activity. HA-DOPE@Lips/HNK specially
delivered the drug into the tumor and inhibited tumor growth, and showed no obvious toxicity to normal tissues.

Conclusion: HA-DOPE@Lips/HNK could deliver HNK into the tumor site and had a good antitumor ability in vitro and in vivo. In
addition, HA-DOPE@Lips/HNK increased the antitumor effects of HNK. Thus, it provides a promising nanocarrier to improve drug
delivery in OS therapy.
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Introduction
Osteosarcoma (OS) is the most common bone cancer which occurs in children, young people, and sometimes elders.' OS
seriously threatens patients’ lives with a high risk of metastasis, high growth rate, and poor prognosis.” The current
treatment for OS is mainly surgical resection and chemotherapy.®* In recent years, immunotherapy has been gradually
used in the treatment of OS.> However, the toxic side effects of chemotherapy drugs have caused many adverse effects on
patients, such as cardiotoxicity and nephrotoxicity,® and they reduce patients’ compliance.” Furthermore, the high
aggressiveness and poor prognosis increase the difficulty of treatment of OS; therefore, seeking safe and effective
treatments for OS is challenging.®

In recent years, the development of nanotechnology is bringing hope to patients. Nanotechnology can deliver various
drugs to tumors, and some nanomaterials have high loading capacity, and good drug release,” while reducing the toxic
side effects of chemotherapy drugs.'® Moreover, some nanomaterials have been designed for targeted treatment of OS
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Figure | lllustration of the OS targeting treatment strategy of HA-DOPE@Lips/HNK.

based on the overexpression of specific surface receptors in OS cells, the OS tumor environment, or the physiological
composition of bones."'

CD44 is overexpressed in high levels on the surface of numerous tumor cells; however, it is expressed in low levels
on various cell types of normal tissues and the surface of epithelial, hematopoietic, and neuronal cells.'>'? Hyaluronic
acid (HA) is a major component of the extracellular matrix, and it is a naturally occurring glycosaminoglycan that exists
in living systems.'* CD44 is a specific receptor for HA,'> and HA is utilized to deliver various antitumor drugs to tumors
owing to its specific binding affinity with CD44.'® However, the high hydrophilicity of HA impedes its use in drug
delivery. HA has been utilized to modify the micelle for OS targeting and deliver the hydrophobic anticancer drug
curcumin with good antitumor activity.'” Therefore, HA was used to modify the lipid-based nanocarriers to deliver drugs.

Honokiol (HNK) is a small-molecule polyphenol isolated from the genus Magnolia and has antiangiogenic, anti-
inflammatory, and antitumor activities. The antitumor effect of HNK has been extensively researched.'® However, the
insolubility of HNK in water limits its clinical applications. Nanotechnology, which can be used to encapsulate insoluble
drugs through liposomes, polymers, and nanoparticles, can be used to improve the aqueous solubility and bioavailability
of HNK."?!

In this study, HA was linked to DOPE by an ester bond to form HA-DOPE, which was utilized to modify liposomes
loaded with HNK (HA-DOPE@Lips/HNK) (Figure 1). HA-DOPE@Lips/HNK could deliver HNK to the OS site and
target CD44" OS cells and improve the antitumor effect of HNK with high biocompatibility. Thus, it is a promising
strategy for the treatment of OS.

Materials and Methods

Chemicals and Reagents

Soybean phospholipids (SPC) and the DOPE were AVT Pharmaceutical Technology Co., Ltd. (Shanghai, China). The
DSPE-mPEG2000 was the product of HuaTeng Pharma (Hunan, China). HA (molecular weight (MW=10 kDa) was
offered by Liyoung Biotechnology Co., (Shandong, China). HNK was supplied by Meilunbio (Dalian, China). Hoechst
3342 (HO), propidium Iodide (PI), 4-Dimethylaminopyridine (DMAP), 1-ethyl-(3-dimethylamino-propyl) carbodiimide
hydrochloride (EDC), cholesterol (CHO) and N-Hydroxysuccinimide (NHS) were purchased from Damas-beta
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(Shanghai, China). Fetal bovine serum (FBS), RPMI1640, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-fetra-zolium bro-
mide (MTT), Annexin V-Cy5 was purchased from Thermo Fisher scientific. The anti-CD44, goat Anti-rabbit [gG H&L/
Cy3 were offered by Bioss (Beijing, China). The 143B cell and MCF-7 cell were purchased from Cell Bank of the
Chinese Academy of Sciences (Shanghai, China).

Synthesis of HA-Linked DOPE

HA-DOPE conjugation was synthesized by a modified reaction.”” Briefly, 10mg HA was dissolved in ImL H,O and
observed the HA completely dissolved, added 1mg DMAP into the HA solution, then used 0.1M HCI to adjust the solution
to pH 5.0, subsequently added 120mg EDC, 120mg NHS into the reaction solution. Similarly, the pH was adjusted to 5.0
with the 0.1M HCI and the whole reaction solution activated at room temperature for 4h. Next, the DOPE was dissolved in
ImL tetrahydrofuran, added it into the whole reaction slowly, maintained the pH at 5.0 in the whole reaction solution for 24h
at room temperature. After reaction, the pH was adjusted to 7.0 with 0.1 M NaOH, the whole reaction solution through rotary
evaporation to remove the excess tetrahydrofuran, the reaction solution was purified by a cellulose membrane (MW=14 kDa)
and dialyzed for 48h, the HA-DOPE was finally obtained by freeze-drying. HA-DOPE was identified by a Fourier
transformation infrared spectrometer (FT-IR, R330) and high-performance liquid chromatography (HPLC).

Preparation of the HNK-Loaded Liposomes

The HNK-loaded liposomes (Lips/HNK) was prepared using combined methods of thin-film hydration and sonication. In
briefly, soybean phospholipids (SPC), cholesterol, DSPE-mPEG2000, HNK was at a quality ratio of 10:3.5:2:1, and those
materials were dissolved into chloroform and methanol at a volume ratio of 1:4. The solution was dried using the rotary
evaporator to form the thin-film of the HNK loaded, the film was hydrated using the 2mL 5% glucose solution and was
sonicated using the probe sonicator for 10 min at 150W, and the loaded HNK solution was filter through a 0.22-um
microfiltration membrane.

Preparation the HA-DOPE Modify the HNK-Loaded Liposomes

The HA-DOPE-modified HNK-loaded liposomes (HA-DOPE@Lips/HNK) were prepared using combined methods of
sonication and co-extrusion method. Briefly, the hydrophobic part of HA-DOPE is inserted into the phospholipid bilayer
of liposomes, the quality ratio of HA-DOPE: Lips/HNK was 1:5, and the solution was through 200nm polycarbonate
filters (Avestin, Ottawa, Canada), using a small volume extrusion apparatus (LiposoFast tm Basic, Avestin). The thus-
formed liposomes were HA-DOPE@Lips/HNK.

Characterization of the HA-DOPE@Lips/HNK

The particles sizes, polymer dispersity index (PDI) and the zeta potential of the HA-DOPE@Lips/HNK were measured by
the Zetasizer nano-ZS90 instrument, and the morphology of the HA-DOPE@Lips/HNK was observed by the transmission
electron microscopy (TEM). The stability of the HA-DOPE@Lips/HNK is measured by the nano-ZS90, including the
particle size change for 7 days at 4°C in PBS and for 24h at 37°C in 10% FBS. Infra-red spectroscopy analyses of HNK,
blank liposomes, physical mixture (SPC, CHO, DSPE-mPEG2000, HA-DOPE and HNK) and HNK-loaded liposomes
(HA-DOPE@Lips/HNK) were performed using a Fourier transform infrared spectrophotometer (FT-IR).

High-Performance Liquid Chromatography Method for Assaying the HNK

The HNK concentration was measured by the HPLC (Agilent, USA), C18 column was used for the in vitro and in vivo
detection of the HNK, and the composition of the mobile phase was methanol: water (75:25, v/v), with the flow rate was
1.0mL/min, and the detection wavelength was 294nm, the C18 Column temperature was set at 25°C, and the limits of
detection and quantitation were 15.625 and 500pg/mL.

The Entrapment Efficiency and the Drug Loading
The encapsulation efficiency and drug loading of liposomes were determined by HPLC. For the determination of
encapsulation efficiency, the liposomes was diluted with methanol (1:9, v/v), the solution was shaken for 5 min to
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broke the liposomes structure, and centrifuged at 15,000 rpm for 10 min, the solution was filtered with a 0.22-um
microfiltration membrane, and the honokiol concentration was analyzed by the HPLC methods. For the measured the
drug loading, the liposomes were freeze-dried and resuspended and dissoloved in water, the solution was sonicated and
filtered with the 0.22-pum microfiltration membrane, and the honokiol was analyzed by the HPLC.

Cell Uptake Assay
Cell culture: human bone osteosarcoma (143B) cells were cultured in RPMI1640 which contained the 10% fetal bovine
serum and 1% penicillin—streptomycin at 37°C in a 5% CO, incubator.

The 143B cells were seeded into the 6-well plates at a density of 3x10° cells per well and the cells were cultured
overnight at 37°C in a 5% CO, incubator; the liposomes were labelled with the coumarin 6 (C6); the liposomes and the
HA-DOPE@Lips were added to each well with the same fluorescence intensity, respectively; the liposomes was
incubated with the cells for 2h; then the cells were rinsed with PBS for 3 times; finally, each well cell was collected
and resuspended in 300uL PBS, and the fluorescence intensity of the each well was measured useing flow cytometry
(Cyto FLEX, USA).

For upright fluorescence Microscopy (Olympus, Japan), 143B cells were seeded into the 24-well plates at a density of
5x10* cells per well and the cells were cultured overnight at 37°C in a 5% CO, incubator, as described previously; the
liposomes were labelled with the C6 and incubated with the cells for 2h; the liposomes were discarded and added the
Hoechst 3342 (HO) into the cells incubated 15 min; and then discarded the HO solution and the cells were rinsed PBS for
3 times. Finally, the cell slides were mounted with the glycerol/gelatin jelly sealing reagent, and observed by the
fluorescence microscopy.

Cell Viability Assay

The cell viability of 143B cells assay was evaluated by MTT assay. Briefly, 143B cells were seeded into the 96-well
plates at a density of 8x10° cells per well, the cells were incubated for 24h; 100uL of the HNK, Lips/HNK, HA-DOPE
@Lips/HNK solution were added and incubated with the cells for 48h; then, per plates were added the 10uL MTT (5mg/
mL) and cultured in the incubator for 4h; the solution was discarded; the per plates were added the 100uL dimethyl
sulfoxide (DMSO). The absorbance intensity of each well was measured at the 490 nm, and the IC50 values were
calculated and compared.

Apoptosis Assay

For flow cytometry, 143B cells were seeded into 6-well plates at a density of 3x10° cells per well, cultured overnight.
The cells were treated with HNK, Lips/HNK, HA-DOPE@Lips/HNKwith the same concentration for 48h, then the cells
were stained with the AnnexinV -Cy5/PI for 0.5h and detected by flow cytometry.

For upright fluorescence microscopy, 143B cells were seeded into the 24-well plates at a density of 5x10* cells per
well. The cells were treated with HNK, Lips/HNK, HA-DOPE@Lips/HNK for 24h. Then, the cells stained with HO and
PI solution for 0.5h. Finally, the cell slides were mounted with the glycerol/gelatin jelly sealing reagent, and observed by
the fluorescence microscopy.

Cell Cycle Assay

Logarithmic growth phase of 143B cells was seeded into the 6-well plates and cultured 24h. The cells were treated with
HNK, Lips/HNK, HA-DOPE@Lips/HNK with the same concentration for 24h. After being washed for 3 times, the cells
were collected, and fixed in cold ethanol at —20°C for overnight. Then, the cells were washed for 3 times and treated with
the PI and RNA polymerase solution (50pg/mL) for 0.5h, and finally detected by flow cytometry.

Mitochondrial Activity Assay
Logarithmic growth phase of 143B cells was seeded into the 6-well plates and cultured overnight; the cells were treated
with HNK, Lips/HNK, HA-DOPE@Lips/HNK with the same concentration for 24h. Then, the cells were stained with
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Mito Tacker ™ Deep Red FM for 0.5h. After being washed for 3 times, the cells were collected and resuspended in
300uL PBS and measured by flow cytometry.

Expression Level of CD44 in 143B Cell

As previously mentioned, 143B and MCF-7 cells were seeded into 6-well plates and cultured overnight. The cells were
treated with the primary antibody of CD44 for 2h at 4°C, then the primary antibody were discarded, and the cells were
rinsed with PBS for 2 times, next the second antibody goat anti-rabbit IgG H&L/Cy3 was added to the cells. After the
cells were incubated for 1 h at 4°C, the second antibody was discarded and rinsed with PBS for 3 times, and the cells
were resuspended in 300uL PBS and measured by the flow cytometry.

The Liposomes and CD44 Co-Localization in Cells

Logarithmic growth phase of 143B cells was seeded on the cell slide and cultured overnight, HA-DOPE@Lips was
labelled with the DiD. The cells were co-incubated with HA-DOPE@Lips/DiD for 2h, then rinsed with PBS for 3 times.
After 2h incubation with the primary antibody of CD44 at 37°C, the cells were rinsed with PBS 3 times and incubated
with second antibody goat anti-rabbit [gG H&L/Cy3 at 4°C for 1h, then the HO solution added into the cells for 20 min.
Finally, the cells were rinsed with PBS 3 times, mounted with the glycerol/gelatin jelly sealing reagent and observed by
the laser scanning confocal microscopy.

HA Inhibited the Cell Uptake

Logarithmic growth phase of 143B cells was seeded into 6-well plates and cultured overnight. The cells were treated with
free HA (1000, 500, 250, 125, 62.5, 32.25pg/mL) for 2h, then HA-DOPE@Lips/DiD was added to the cells for 2h. Next,
the solution was discarded and the cells were rinsed with PBS for 3 times. Finally, the cells were resuspended in 300uL
PBS and measured by flow cytometry.

Biodistribution in vivo

The Lips and HA-DOPE@Lips biodistribution in vivo was observed using the living imaging system (VIEWORKS,
Korea), and the liposomes were labelled with the DiD. The tumor-bearing nude mice were injected with the same
fluorescence intensity of the Lips/DiD and the HA-DOPE@Lips/DiD via the tail vein, the tumor-bearing nude mice were
observed the 1, 2, 4, 6, 8h by the living imagine system. Then the mice were sacrificed and tumors and the major organs
were harvested, the tumors and organs respectively were observed by the living imagine system. The tumors were
harvested and Lips/DiD and HA-DOPE@Lips/DiD distribution were observed in the tumor. Briefly, the tumor
samples were embedded and frozen in the OCT compound and cut into 10um thick sections, stained with anti-CD44
monoclonal antibodies at 1:100 for overnight, then stained with goat anti-rabbit IgG H&L/Cy3 for 2h. Finally, the
sections were stained with HO and observed by laser scanning confocal microscopy.

In vivo Antitumor Assay

The nude mice xenograft model of OS was established by the subcutaneous injection of 5x10° 143B cells into the left
forelimb axillae. After the tumor volume reached about 100—150mm?, the nude mice were divided into four groups, and
treated with PBS, HNK (10mg/kg), Lips/HNK (10mg/kg), HA-DOPE@Lips/HNK (10mg/kg) and were injected into the
tail vein for 10 times with an interval of 2 days. When the administration time, the tumor of the length diameter and the
width diameter were measured, tumor volume=lengthx1/2 width?, similarly, the body weight was recorded as well. The
mice were sacrificed when the second day of the last tail vein injection, the tumors and the major organs were collected,
weighted and stored in 4% paraformaldehyde. The major organs were cut into slices, stained with the hematoxylin and
eosin (H&E). Tumors were cut into slices, stained with the terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labeling (TUNEL). All animals were housed in the Department of Experimental Animal, Guangzhou University of
Chinese Medicine Science and Technology Park Co., Ltd (GUCM). All animal studies were conducted in compliance
with guidelines evaluated and approved by the ethics committee of GUCM.
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Statistical Analysis
The data were analysed using the Prism 7, the data were presented as mean values £SD, the comparison of the data was
using the Student’s test and the one-way ANOVA, the P value<0.05 was considered statistically significant.

Results

Synthesis and Characterization of the HA-DOPE

HA-DOPE was synthesized via an amide bond was inserted into the phospholipid bilayer. Meanwhile, HA-DOPE was
identified via Fourier-transformation infrared spectroscopy (Figure S1). The characteristic absorption peak of the
hydroxyl group in HA was at 3278.71cm ™', the DOPE characteristic absorption peak of the long-chain methylene was
at 2918.44 cm ' and 1461.95 cm™ ', and the DOPE characteristic absorption peak of the carbonyl group in the ester bond
was at 1376.23 cm '. The HA-DOPE characteristic absorption peaks at 3284.37 cm ' and 1735.63 cm ' indicated the
hydroxyl and carbonyl groups in the ester bond of HA and DOPE, respectively. HA and HA-DOPE were identified via
HPLC (Figure S2). A BioCore SEC column (size-exclusion chromatography column) was used for identifying HA-
conjugated DOPE. The retention time of the sample is related to its molecular weight: the larger the molecular weight,
the shorter the retention time. When HA conjugated to DOPE to form HA-DOPE, the retention time was shorter because
of the larger molecular weight. The retention times of HA and HA-DOPE were 5.3 min and 5.1 min, respectively. The
above results showed that the HA-DOPE synthesis was successful.

Characterization of the HA-DOPE@Lips/HNK

HA-DOPE@Lips/HNK was prepared via the sonication and co-extrusion method. The particle sizes, PDI, zeta potentials of
Lips/HNK and HA-DOPE@Lips/HNK were measured via dynamic light scattering, the morphology of HA-DOPE@Lips/
HNK was observed via TEM, and the encapsulation efficiency and drug loading of liposomes were determined via HPLC.
The size distribution and zeta potential distribution of HA-DOPE@Lips/HNK are shown in the Figure 2A and 2B. The
sizes of the Lips/HNK and HA-DOPE@Lips/HNK were 115.2+0.27nm and 146.2+0.62 nm, respectively (Table 1). The
size distribution of Lips/HNK and HA-DOPE@Lips/HNK exhibited good stability with minor size changes in 7 days and
even incubated in 10% FBS at 37°C for 24 h (Figure 2C and D). The morphology of HA-DOPE@Lips/HNK showed
a spherical shape (Figure 2E). Owing to the HA-DOPE modification, HA-DOPE@Lips/HNK was larger than Lips/HNK.
Furthermore, the zeta potential of HA-DOPE@Lips/HNK was more negative than that of Lips/HNK, which should be
caused by the carboxyl groups of HA. The encapsulation efficiency and drug loading of Lips/HNK were approximately
82.96+0.94% and 4.84+0.06%, respectively, whereas those of HA-DOPE@Lips/HNK were approximately 80.14+0.32%
and 3.78+0.09 (Table 1).

FT-IR spectrophotometry was used to assess the encapsulation of HNK in liposomes. The FT-IR spectra of pure HNK, blank
liposomes, physical mixture (SPC, CHO, HA-DOPE and HNK) and HA-DOPE@Lips/HNK are shown in Figure S3. In the
HNK spectrum (Figure S3A), a strong peak at 3000-3300 cm ! corresponded to the vibration of the -CH and —OH bonds. The
absorption peak at 1639 cm™' was attributed to the stretching vibration of the C=C group, and the peaks at 1493 cm ™' and
1428 cm™' were characteristic signals of the stretching vibration of the benzene ring skeleton in HNK. What’s more, the bands
centered at 1208 cm ' and 907 cm ™" were assigned to C-O vibration. As described in the spectrum of blank liposomes (Figure
S3B), a broad peak centered at 3284 cm ' corresponded to the O— stretching (HA-DOPE and CHO). The peak at around
1735 cm ™! characterizes the C=0 stretch of the ester bond (HA-DOPE and SPC). The bands located at 2921 cm ™' and 2852 cm ™!
were characteristic signals of the stretching vibration of the C-H group in SPC and DSPE-mPEG2000. The FT-IR spectrum of the
physical mixture (Figure S3C) could be considered as the superposition of Figure S3A and S3B. The spectrum of HA-DOPE
@Lips/HNK (Figure S3D) had less intense absorption bands at 1700-1300 cm ' than those of HNK and the physical mixture.
The results indicated that HNK was loaded into the liposomes.

Cell Uptake Assay
The cell uptake of 143B cells was measured via flow cytometry and upright fluorescence microscopy (Figure 3A). Lips
and HA-DOPE@Lips were labeled with Coumarin 6 (C6). The fluorescence intensity of C6 represented the 143B cells
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Figure 2 Size distribution of HA-DOPE@Lips/HNK (A); zeta potentials distribution of HA-DOPE@Lips/HNK (B); size of Lips/HNK and HA-DOPE@Lips/HNK range at
37°Cin 10% FBS (C); size of the Lips/HNK and HA-DOPE@Lips/HNK range at 4°C in PBS (D); TEM image of HA-DOPE@Lips/HNK (E).

uptake efficiently. The fluorescence intensity of HA-DOPE@Lips/C6 group was much stronger than that of Lips/C6
group. It indicated that the uptake of HA-DOPE@Lips/C6 was more efficient than that of Lips/C6, which was attributed
to endocytosis mediated by the CD44 receptor of the 143B cells. Similarly, the cellular uptake of the nanoparticles of
143B cells was quantitatively measured via flow cytometry (Figure 3B), and the results showed that the HA-DOPE
@Lips/C6 group had higher fluorescence intensity than that of the Lips/C6 group, which was consistent with the upright
fluorescence microscopy results and indicated the targeting ability of HA-DOPE@Lips.

Table | The Characterization of the HA-DOPE@Lips/HNK

LipsstHNK | HA-DOPE@Lips/HNK
Particle size (nm) 115.2+0.27 146.2+0.62
PDI 0.302+0.03 0.20+0.01
Zeta potential (mV) —23.79+0.51 —38.45+0.98
Encapsulation efficiency (%) | 82.96+0.94 80.14+0.32
Drug loading (%) 4.84+0.06 3.78+0.09

Note: Dates are Shown as Mean+SD (n=3).

Abbreviations: OS, osteosarcoma; HNK, honokiol; HA-DOPE, hyaluronic acid-
phospholipid conjugated; PDI, polymer dispersity index; HA, hyaluronic acid; SPC,
soybean phospholipids; HO, Hoechst 3342; Pl, propidium lodide; DMAP,
4-Dimethylaminopyridine; EDC, |-ethyl-(3-dimethylamino-propyl) carbodiimide hydro-
chloride; NHS, N-hydroxysuccinimide; FBS, fetal bovine serum; MTT, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetra-zolium bromide; TEM, transmission electron micro-
scopy; HPLC, high-performance liquid chromatography; HE, hematoxylin and eosin;
TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling.
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Figure 3 Fluorescence microscopy images of 143B cells (A); fluorescence intensity measured via flow cytometry (n=3) (B); in vitro cytotoxicity of HNK, Lips/HNK, HA-
DOPE@Lips/HNK against 143B cells (C); ICsq value of HNK, Lips/HNK, and HA-DOPE@Lips/HNK (D). Data are presented as mean+SD, (n=6), and *, **, *** represent
p values <0.05, <0.01, and <0.001, respectively; the bar is 200 pm.

Immunofluorescence of CD44 Protein in 143B Cell
The CD44 expression level of 143B cells was determined via flow cytometry. As shown in Figure 4B, 143B cells had
higher fluorescence intensity than MCF-7 cells (negative control), and 143B cells over-expressed CD44, which can serve

as a specific delivery target for 143B cells.

Liposomes and CD44 Co-Localization in Cells

The co-localization of HA-DOEP@Lips/DiD and CD44 in cells was determined via laser scanning confocal microscopy
(Figure 4A). HA-DOPE@Lips/DiD showed red fluorescence on the surface of the cells, and CD44 expressed on the
surface of the 143B cells showed green fluorescence; the merged image showed yellow fluorescence, which indicated
that HA-DOEP@Lips/DiD interacted with CD44 expressed on the surface of 143B cells.

HA Inhibited Cell Uptake

The cellular uptake inhibition by free HA was tested via flow cytometry (Figure 4C). Different concentrations of free HA
could inhibit cellular uptake, and the cellular uptake was associated with the interaction between HA and CD44, which is
involved in mediating the endocytosis of HA-DOPE@Lips/DiD.
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Figure 4 Co-location of HA-DOPE@Lips/DiD and CD44 (A); median fluorescence intensity of CD44 stained with Cy3 of 143B and MCF-7 cells (B); different
concentrations of HA inhibited cell uptake (C). Data are presented as mean+SD (n=3), and *** represent p values <0.001; the bar is 2 um.

Cell Viability Assay

The cell viability of 143B cells was evaluated via an MTT assay, and the results are presented in Figure 3C and D. All drugs
(HNK, Lips/HNK, and HA-DOPE@Lips/HNK) reduced cell viability in a dose-dependent manner. The ICso of HNK, Lips/
HNK, HA-DOPE@Lips/HNK were 5.16+0.7, 9.18+0.47, and 7.75+0.47 pug/mL, respectively. HA-DOPE@Lips/HNK had
higher cytotoxicity than Lips/HNK in 143B cells, which could be attributed to the affinity of HA to CD44 receptor.

Apoptosis Assay

For the apoptosis assay, 143B cells were stained with Annexin V-Cy5/PI using flow cytometry and upright fluorescence
microscopy. As shown in Figure 5A and C, HA-DOPE@Lips/HNK induced a higher cell apoptosis ratio than HNK and
Lips/HNK. Similarly, as shown in Figure 5F, the red fluorescence intensity of the HA-DOPE@Lips/HNK group was
higher than that of any other group. The higher red fluorescence intensity represents the more cell apoptosis with
decreasing cell membrane integrity; this is consistent with the flow cytometry results and indicated the apoptotic ability
of HA-DOPE@Lips/HNK.

Cell Cycle

The nuclei of 143B cells were stained with PI and determined via flow cytometry. The cell cycle distribution was defined
based on the difference in PI fluorescence intensity. As observed in Figure 5B and D, HNK, Lips/HNK and especially
HA-DOEP@Lips/HNK could arrest the cell cycle in the G1 phase. In contrast, all drugs decreased the number of cells in
the S phase, and the G2/M phase was insignificant in 143B cells after the treatment.

Mitochondrial Activity Assay

The mitochondrial activity of 143B cells was tested using Mito Tacker "™ Deep Red FM Dye. As shown in Figure 5E,
the fluorescence intensity represents the cell’s mitochondrial activity; when the mitochondria are destroyed, the
fluorescence intensity is reduced. HNK, Lips/HNK, and HA-DOPE@Lips/HNK decreased the fluorescence intensity
compared to PBS. HA-DOPE@Lips/HNK decreased the mitochondrial activity more efficiently than the other drugs.
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Biodistribution in vivo

The in vivo biodistribution of liposomes was observed using a live imaging system, and the liposomes were labeled
with DiD. Tumor-bearing mice were administered the same fluorescence intensity of Lips/DiD and HA-DOPE
@Lips/DiD via tail vein injection, and we obtained images 1h,2h,4h,6h, and 8h after administration. Then, the
tumors and major organs were collected and images were obtained. Figure 6A—C showed that HA-DOPE@Lips/DiD
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was accumulated in the tumor; in contrast, Lips/DiD rarely accumulated in the tumor. The tumor fluorescence
intensity of HA-DOPE@Lips/DiD was higher than that of Lips/DiD. Furthermore, the results indicated targeting of
HA-DOPE@Lips/DiD owing to the interaction of the HA and the CD44. Lips/DiD and HA-DOPE@Lips/DiD were
majorly distributed in the liver, lung, and kidneys, rarely distributed in the spleen, heart, and brain (Figure 6D). As
shown in Figure 6E, the intensity of red fluorescence represented accumulation of Lips/DiD and HA-DOPE@Lips/
DiD in the tumor site; HA-DOPE@Lips/DiD was more accumulated in the tumor site than Lips/DiD. Green
fluorescence represented CD44 labeled with Cy3. The tumor slices of Lips/DiD and HA-DOPE@Lips/DiD showed
the same fluorescence intensity, which indicated the same CD44 levels. In the merged image, HA-DOPE@Lips/DiD
showed pink fluorescence by overlaying the images of green and red fluorescence. This indicated the ability to
deliver the drug to the tumor.
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Figure 6 In vivo biodistribution of Lips/DiD and HA-DOPE@Lips/DiD (A); Lips/DiD and HA-DOPE@Lips/DiD images of the tumors (B); fluorescence intensity of the

tumor (C); in vivo image of the major organs (D); and immunofluorescence images of the tumors (E). Data are presented as mean+SD (n=3), and *represent p values<0.05;
the bar is 200 pm.
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In vivo Antitumor Activity

To assess the antitumor activity of HA-DOPE@Lips/HNK, we performed the in vivo antitumor experiment using
OS (143B cells) xenograft models. When the tumor volumes reached 100—150 mm?>, the mice were divided into
PBS, HNK, Lips/HNK and the HA-DOPE@Lips/HNK groups. The dose of the HNK concentration was 10mg/kg
administered via tail vein, and the mice were treated with the four groups intravenously ten times at an interval
of 2 days. As shown in Figure 7A and B, the volume of solid tumors in the PBS group increased in a time-
dependent manner; all treatment groups showed significantly repressed tumor growth. The tumor volume of the
HA-DOPE@Lips/HNK group was significantly lower than that of the other groups. The tumor weight
(Figure 7E) also indicated improved antitumor efficiency of HA-DOPE@Lips/HNK compared to that of HNK
and Lips/HNK. These results showed that HA-DOPE@Lips/HNK had good antitumor activity owing to the HA
interaction the CD44. The change in the body weight and organ index reflects the drug safety in vivo. As shown
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Figure 7 Excised tumors at the end of the experiment (A); tumor growth curve in mice during the experimental period (B); major organs weigh index (C); body weight
changes in 143B-bearing nude mice treated with PBS, HNK, Lips/HNK, and HA-DOPE@Lips/HNK (D); tumor weight at the end of experiment (E); H&E-stained organ slices
from 143B-bearing nude mice treated with different formulations after 20 days (F); TUNEL images of the tumors (G). Data are presented as mean+SD (n=6), and *, *¥, ¥
represent p values <0.05, <0.01, and <0.001, respectively; the bar is 200 pum.
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in Figure 7C and D, HA-DOPE@Lips/HNK showed no obvious body weight loss and the organ index was not
different from that of the PBS group. As shown in Figure 7F, H & E staining was utilized to assess the
histological alterations in the different groups for different organs, including the hearts, spleens, lungs, kidneys,
and brains, and the results showed that there was no significant organ injury in the HNK and the HNK-loaded
liposomes; this indicated the safety of Lips/HNK and HA-DOPE@Lips/HNK. In the TUNEL assay (Figure 7G),
we could observe stronger green fluorescence of the HA-DOPE@Lips/HNK group than that of other groups. The
above results indicated that HA-DOPE@Lips/HNK could act as an ideal nano delivery system to deliver HNK
into the OS region and target CD44" OS cells with less systemic toxicity.

Discussion

Nanotechnology has attracted attention in recent years and is applied in the treatment of OS.*’ Nanoparticles are
advantageous because we can achieve the desired drug encapsulation efficiency and increase bioavailability. In addition,
nanoparticles can be modified to deliver drugs to the tumor site.”* HNK is an antitumor drug that is insoluble in water
and lacks drug targeting, which restricts its clinical applications.”> HNK-loaded liposomes combined with HA-DOPE
showed good targeting ability to OS cells owing to the interaction between HA and CD44.2° The cell uptake assay
revealed that the uptake efficiency of HA-DOPE@Lips/HNK was significantly higher than that of Lips/HNK, indicating
that the targeting ability of HA-DOPE@Lips/HNK to OS cells mainly depended on the modification of HA-DOPE.
HNK can effectively induce apoptosis in many tumor cells. For example, HNK induced apoptosis in the Saos-2 and
MG63 cells.”” Also, HA-DOPE@Lips/HNK significantly increased apoptosis compared with HNK and Lips/HNK
because it was more up-taken by 143B cells. The cell cycle assay revealed that HNK, Lips/HNK, and HA-DOPE
@Lips/HNK could induce G1/M cell arrest. Previous studies have shown that HNK induced 143B cell cycle arrest via
the p53/p21 signaling pathway.”®?° The mitochondrial activity assay revealed that HNK, Lips/HNK, and HA-DOPE
@Lips/HNK disrupted the mitochondrial activity, which indicated that HNK can directly target mitochondrial bioener-
getics, leading to a persistent inhibition of mitochondrial respiration.***' The biodistribution assay revealed that Lips/
DiD and HA-DOPE@Lips/DiD were more accumulated in the liver, lung and spleen, which HA-DOPE@Lips/DiD
accumulated in the tumor site. These results indicated that HA-DOPE@Lips/DiD can deliver the drug into the tumor
owing to the interaction between HA and CD44. HA and alendronate-modified nanoparticles can deliver curcumin to the
OS site.!” What’s more, the HA-coated liposomes could deliver paclitaxel and target tumors and enhance the anti-tumor
efficiency in 4T1 tumor-bearing mice.*> HNK inhibited solid tumor growth and induced apoptosis in vivo. HNK induced
apoptosis in HOS and U20S cells and suppressed tumor growth in the mouse xenograft model.*> HA-DOPE@Lips/
HNK demonstrated superior antitumor efficiency, which may be related to the enhanced tumor targeting of HA. In
addition, HNK, Lips/HNK, and HA-DOPE@Lips/HNK have good biocompatibility with no apparent damage to the
major organs. In conclusion, our study indicated that HA-DOPE@Lips/HNK is a safe and efficient vehicle for the
delivery of HNK to treat OS.

Conclusion

In the present study, we synthesized a targeting delivery system with HA-DOPE@Lips/HNK liposomes for the physical
encapsulation of HNK. HA-DOPE@Lips/HNK showed excellent performance with suitable particle size, good stability,
high encapsulation rate, and high binding affinity with CD44 of the OS cells. HA-DOPE@Lips/HNK delivered more
HNK into OS cells, which greatly improved the in vivo antitumor activity with no obvious organ toxicity. Thus, HA-
DOPE@Lips/HNK could be useful for OS applications. This study provided an HNK delivery strategy for the targeted
therapy of OS.
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