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a b s t r a c t

Due to the non-targeted release and low solubility of anti-gastric cancer agent, apatinib (Apa), a first-line
drug with long-term usage in a high dosage often induces multi-drug resistance and causes serious side
effects. In order to avoid these drawbacks, lipid-film-coated Prussian blue nanoparticles (PB NPs) with
hyaluronan (HA) modification was used for Apa loading to improve its solubility and targeting ability.
Furthermore, anti-tumor compoundof gamabufotalin (CS-6)was selected as apartner of Apawith reducing
dosage for combinational gastric therapy. Thus, HA-Apa-Lip@PB-CS-6 NPs were constructed to synchro-
nously transport the twodrugs into tumor tissue. In vitro assay indicated thatHA-Apa-Lip@PB-CS-6NPs can
synergistically inhibit proliferation and invasion/metastasis of BGC-823 cells via downregulating vascular
endothelial growth factor receptor (VEGFR) and matrix metalloproteinase-9 (MMP-9). In vivo assay
demonstrated strongest anti-tumor growth and liver metastasis of HA-Apa-Lip@PB-CS-6 NPs adminis-
tration in BGC-823 cells-bearing mice compared with other groups due to the excellent penetration in
tumor tissues and outstanding synergistic effects. In summary, we have successfully developed a new
nanocomplexes for synchronous Apa/CS-6 delivery and synergistic gastric cancer (GC) therapy.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gastric cancer (GC) is one of the most prevalent digestive system
tumors, ranking 5th in terms of incidence and 3rd in mortality [1].
Additionally, 80%e90% of patients diagnosed with advanced GC
have already experienced metastasis, resulting in a dismal 5-year
survival rate of less than 10% [2,3]. Vascular endothelial growth
factor receptors (VEGFRs) have been identified as key mediators of
angiogenesis, playing a significant role in the growth and metastasis
of GC [4,5]. Apatinib (Apa), a small molecule specifically binds to
VEGFR-2 and effectively inhibits tumor development, leading to a
reduction in tumor microvascular density [6]. Although Apa has
been authorized by the Chinese Food and Drug Administration for
the treatment of chemotherapy-resistant advanced GC [7e9], its low
bioavailability necessitates a high dosage (750e850 mg/d), which
often exacerbates toxic side effects such as hypertension,
ao), binliu2001@hotmail.com
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proteinuria, and hand-foot syndrome [10]. Recently, combination
therapies have gained traction in tumor treatment and have shown
promising outcomes [11]. Consequently, combining Apa with other
drugs could represent an ideal strategy for efficient GC therapy at
lower dosages.

Gamabufotalin (CS-6), one kind of compound isolated from
famous traditional drug Chansu, has been found to possess potent
anti-tumor activity at low concentrations, without inducing multi-
drug resistance [12,13]. Inprevious study,wehavedemonstrated that
CS-6 could inhibit distant tumor metastases by significantly down-
regulating the levels of vascular endothelial growth factor (VEGF) and
matrixmetalloproteinase-9 (MMP-9) in triple-negativebreast cancer
(TNBC) [14]. In addition, CS-6 has demonstrated its inhibitory effects
on the growth of human glioblastoma cells (U-87) through the
downregulation of proteins such as aurora B, cdc25A, cdc25C, cdc2,
and cyclin B1, while concurrently upregulating p21 levels [15]. In an
additional study, Tang et al. [12] revealed that CS-6 could inhibit
angiogenesis of lungcancer cells (A549)bydownregulating the levels
of VEGF in vascular endothelial cells. Considering the characteristics
of rapid growth andpropensity formetastasis in advancedGC [16,17],
it is reasonable to speculate that a combinationof CS-6 andApa could
University. This is an open access article under the CC BY-NC-ND license (http://
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serve as an alternative strategy for GC therapy by effectively inhib-
iting tumor growth and metastasis.

However, the low hydrophilicity and bioavailability of Apa and
CS-6 often result in low efficacy in vivo. Additionally, another chal-
lenge is how to deliver both Apa and CS-6 simultaneously to the
tumor, considering their different pharmacological characteristics.
In recent years, nanomaterials-based drug delivery systems (DDS)
with high solubility and tumor targeting ability provided the strong
weapon for dissolving these drawbacks. For example, some studies
have developed several kinds of hydrogel based DDS for efficient GC
therapy [18e21] (Table S1). However, this kind of nanomaterials are
limited to in-situ therapy. On the other hand, Prussian blue nano-
particles (PB NPs), another type of nanomaterials with clinical
applicationpermittedbyU.S. Food andDrugAdministration showed
excellent stability and biocompatibility for in vivo administration
[22]. In our previous studies, PB NPs have successfully delivered
various drugs, such as shikonin, artemisinin, procyanidins, and sil-
ver nanoparticles for the treatment of different diseases [23e26].
Nevertheless, the hydrophobic nature of Apa results in low loading
efficiencyontoPBNPs. To address this issue and enable co-loadingof
CS-6 and Apa, we prepared a novel lipid bilayer coated PB NPs sys-
tem. Initially, we synthesized Apa-Lip according to the method
proposed by Sackmann et al. [27]. Subsequently, PB-CS-6 NPs were
added to the surface of lipid film (containing Apa-Lip) for hydration.
This process allowed us to obtain the lipid-film-coated PB NPs with
loaded Apa and CS-6. Considering the high expression of CD44 on
the GC cells [28], hyaluronan (HA) was adopted to enhance the
tumor-specific accumulation of nanodrug through the interaction
betweenHA and CD44. The pH-sensitive 1, 2-distearoyl-sn-glycero-
Scheme 1. (A) The synthetic process of hyaluronan-apatinib-Lip@Prussian blue-gamabufotalin
CS-6 NPs mediated proliferation inhibition and metastasis inhibition in BGC-823 cells. DSPE-P
PEG2000-DSPE: hyaluronan-polyethylene glycol 2000-1, 2-distearoyl-sn-glycero-3-phosphoethan
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3-phosphoethanolamine-poly (2-ethyl-2-oxazoline) (DSPE-PEOz)
in the lipid film could efficiently control the release of Apa under
tumor acidic environments to realize synergistic GC therapy with
CS-6 (Scheme 1).

2. Materials and methods

2.1. Materials

Apa was acquired from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). CS-6 was purchased from Herbest (Xi'an, China).
DSPE-PEOz2K was obtained from Xi'an RuiXi Biological Technology
Co., Ltd (Xi'an, China). FeCl3$6H2O was obtained from Shanghai
Aladdin Biochemical Technology Co., Ltd (Shanghai, China).
K4[Fe(CN)6]$3H2O was purchased from Tianjin Guangfu Fine
Chemical Research Institute (Tianjin, China). Lecithin and choles-
terol were purchased from Shanghai Ryon Biological Technology
Co., Ltd (Shanghai, China). N-hydroxysuccinimde (NHS), 1,2-
dichloroethane (EDC), and dimethyl sulfoxide (DMSO) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Chlorine6 (Ce6)
was purchased from Shanghai Yuanye Bio-Technology Co., Ltd
(Shanghai, China). MMP-9, cyclin D1 and b-actin antibodies were
purchased from Proteintech (Rosemont, IL, USA). VEGF was ob-
tained from Beyotime (Shanghai, China).

2.2. Cell lines and animals

BGC-823 cells, H9C2 cells, and human umbilical vein endothelial
cells (HUVECs) were provided by Xiangya Central Laboratory,
nanoparticles (HA-Apa-Lip@PB-CS-6 NPs). (B) Proposed mechanism of HA-Apa-Lip@PB-
EO: 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-poly (2-ethyl-2-oxazoline); HA-
olamine; MMP-9: matrix metalloproteinase-9; VEGF: vascular endothelial growth factor.
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Central South University. All cells were cultured in Dulbecco's
modified eagle medium (DMEM) (Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS) (Lonsera, Nanjing, China) and 1%
penicillin-streptomycin (PS) (Invitrogen, Carlsbad, CA, USA). Female
BALB/c nude mice were provided by Hunan SJA Laboratory Animal
Co., Ltd. All experiments involving animals conformed to the
guiding principles of the “Declaration of Helsinki” and have been
approved by the Medical Ethics Committee of Hunan University
(Approval number: SYXK-2018-0006).

2.3. Synergistic anti-tumor effects of Apa and CS-6 at different
combination ratios in vitro

BGC-823 cells were seeded in 96-well plates at a density of
8 � 103 cells per well. The cells were treated with different ratios of
Apa and CS-6 in each well (Apa: 0, 5, 10, 15, and 20 mM; CS-6: 0, 15,
30, 45, and 60 nM). 48 h later, the cell viability was determined
using the following formula:

Cell viability ð%Þ¼
ðODÞ490nm=sample

ðODÞ490nm=control
�100%

The SynergyFinder software was used to calculate the syner-
gistic effect of the Apa and CS-6, with values less than �10 indi-
cating antagonism, values between �10 and 10 indicating a
combined effect, and values greater than 10 indicating synergy [29].
GraphPad Prism software was used for data presentation.

2.4. Synthesis of HA-Apa-Lip@PB-CS-6 NPs

2.4.1. Synthesis of PB-CS-6 NPs
For the preparation of A solution, 0.0541 g of FeCl3$6H2O was

dissolved in 2 mL of water, and then 200 mL of this solution was
diluted to 20 mL with citric acid solution (25 mM) to obtain 1 mM
FeCl3 solution. Then the resulting solution was dissolved with
magnetic stirring and heated to 60 �C under a water bath. For the
preparation of B solution, 0.0085 g of K4[Fe(CN)6]$3H2O was dis-
solved in 20mL of citric acid solution (25mM) to realize the solution
with concentration of 1 mM K4[Fe(CN)6]. Similar to solution A, so-
lution B was dissolved with magnetic stirring and heated to 60 �C
using a water bath. Subsequently, 20 mL of heated solution B was
added dropwise into 20 mL of solution A under magnetic stirring in
the water bath maintained at 60 �C. This reaction mixture under-
went a color change process of “light yellow-turquoise-light blue-
pure blue”. The resulting solution was continuously stirred for
30 min under the water bath at 60 �C. After cooling to 25 �C,
carboxylated PB NPs solution was centrifuged at 15,000 rpm. The
obtained precipitate was washed 3 times with ultrapure water, and
finally, the purified nanoparticles were lyophilized by freeze-drying
method, and the freeze-dried nanoparticles were stored at �20 �C.
To prepare PB-CS-6 NPs, 200 mL of PB water solution (5 mg/mL) was
added to 800 mL DMSO solution containing 100 mg CS-6, and
continuously stirred for 6 h at room temperature. After centrifuga-
tion at 15,000 rpm for 20 min, PB-CS-6 NPs were obtained.

2.4.2. Synthesis of Apa-Lip@PB-CS-6 NPs
Based on previous literature [30], we screened a combination of

lecithin/cholesterol/DSPE-PEOz/Apa in a mass ratio of 8:1:2:2,
which can obtain stable and uniform lipid film. Briefly, lipid film
was achieved in a round-bottom flask after evaporation by using a
rotary evaporator at 37 �C. Then, the 5 mL aqueous solution of PB-
CS-6 was added on the surface of lipid film for 1 h hydration after
sonication for 1 min (20 W, 0.5/0.5 s on/off). Following 1 h hydra-
tion, there was 1 min sonication (20 W, 0.5/0.5 s on/off) to sonicate
above particle suspension. Since the suspension contained coated
3

particles (Apa-Lip@PB-CS-6), liposomes, and free drug, the Apa-
Lip@PB-CS-6 NPs were separated and purified by centrifugation
at 15,000 rpm for 30 min at room temperature, followed by
washing for 3 times in double distilled water.

2.4.3. Synthesis of HA-Apa-Lip@PB-CS-6 NPs
HA-PEG2000-DSPE was prepared according to our previous

method [31]. Briefly, HA-PEG2000-DSPE was inserted into the lipid
film of Apa-Lip@PB-CS-6 NPs to achieve HA-Apa-Lip@PB-CS-6 NPs.

2.4.4. Synthesis of PBCe6 NPs
Briefly, 5 mL of Ce6 DMSO solution (5 mg/mL) with activated

carboxyl group were mixed with 5 mL PB NPs water solution (5 mg/
mL) and the mixture was continuously stirred at 800 rpm for 24 h in
the dark to obtain PBCe6 NPs. The PBCe6 NPs solution was used for
synthesize of HA-Lip@PBCe6 and Lip@PBCe6 according to above
methods.

2.5. Controlled release of Apa and CS-6 from HA-Apa-Lip@CS-6 NPs

To determine the drug release behavior from HA-Apa-Lip@CS-6
NPs, 2 mL of nanoparticles solution (with equivalent loaded Apa or
CS-6) was dialyzed in phosphate buffered saline (PBS) with pH 5.2,
pH 6.5 or pH 7.4 by stirring in the water bath at 37 �C
(MWCO ¼ 2.5 kDa). The amount of Apa or CS-6 in different solu-
tions (PBS at pH 5.2, pH 6.5, or pH 7.4) at specified point of time (2,
4, 6, 8, 12, 24, 36, 48, 60, 72, 96, and 120 h) were detected by UV-Vis
spectrophotometer (Beckman Coulter, Inc., BREA, CA, USA), and PBS
with pH 5.2, pH 6.5 or pH 7.4 was added at different time point
mentioned above to keep the constant volume.

2.6. Biocompatibility analysis

The cytotoxicity of nanoparticles on BGC-823 cells, HUVECs, and
H9C2 cells was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Briefly, after culture for
24 h, eachwell of 96-well plates (5� 103 cell/well) was treatedwith
12.5, 25, 50, and 100 mg/mL HA-Lip@PB NPs for another 24 h,
respectively.

The hemolysis assay was conducted according to our previous
methods [32]. Briefly, 4% red blood cells (RBCs) suspension was
incubated with water (positive control), PBS (negative control), and
HA-Apa-Lip@PB-CS-6 NPs at different concentration. After 6 h incu-
bation in cell incubator, the supernatants of all samplewere collected
after centrifugation. Subsequently, the OD562nm of above supernatant
was measured for evaluating hemolysis rate. Besides, the morpho-
logical images of erythrocytes were captured under microscopes.

According to previous experimental methods [33], we carried
out platelet aggregation assay. In brief, plasma from BALB/c mice
mingled with thrombin, PBS, PB-CS-6 NPs and HA-Apa-Lip@PB-CS-
6 NPs (100 mg/mL), respectively, and then above mixture was
incubated in a thermostatic incubator (37 �C) for 1 h before
OD650nm was measured.

2.7. Cell uptake and penetrating ability assay

The BGC-823 cells seeded into confocal dishes (5 � 104 cells/
well) of a 12-well plate were cultured with HA-Lip@PBCe6 and
Lip@PBCe6 (the concentration of Ce6 was 5 mg/mL in each group) for
2e6 h. After stained by Hoechst 33342, cell images were recorded
by using confocal laser scanning microscope (CLSM). In the control
experiment, the HAwas added into wells in advance and incubated
for 1 h in HA pretreatment group. Then, cells were incubated with
PBS, free Ce6, Lip@PBCe6, HA-Lip@PBCe6 and HA-Lip@PBCe6 (HA
pretreatment group) for 4 h.
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2.7.1. In vitro deep penetration study
To gain the multicellular spheroids (MCSs), the cell mixture

containing 2.5% Matrigel (Corning Matrigel Matrix, Tewksbury, MA,
USA)was seeded intowells coatedwith agarose (5� 103 cells/well).
After 10 days, the formed MCSs were treated with free Ce6, HA-
Lip@PBCe6 NPs (5 mg/mL Ce6) for 12 h. Finally, the fluorescence
images of different depth of MCSs were captured by CLSM and the
software of Image J was used for fluorescence intensities analysis.

2.8. In vitro assessment of anticancer activity

2.8.1. Cell viability assay
After culture for 24 h, BGC-823 cells (8 � 103 cells/well) seeded

in a 96-well plate were treated with PBS, Apa (20 mM), CS-6
(30 nM), Apa&CS-6 (Apa: 20 mM, CS-6: 30 nM) and HA-Apa@PB-
CS-6 NPs (containing 20 mM of Apa and 30 nM of CS-6) for 48 h
incubation, and the cell viability was calculated using MTT assay.

2.8.2. Cell cycle analysis
After cultivation for 24 h, BGC-823 cells (1 � 105 cells/well)

seeded in the 6-well platewere treated with PBS, Apa (20 mM), CS-6
(30 nM), Apa&CS-6 (Apa: 20 mM, CS-6: 30 nM) and HA-Apa@PB-CS-
6 NPs (containing 20 mM of Apa and 30 nM of CS-6). 48 h later,
harvested cells were fixed with ethanol for another 24 h at 4 �C and
then all cells stained by the cell cycle detection kit (Beyotime,
Shanghai, China). Data of cell cycle was analyzed by flow cytometry
(Cytek Athena, Los Angeles, CA, USA).

2.8.3. Cell proliferation assay
This assay was performed by using an 5-ethynyl-2'-deoxyur-

idine (EdU) kit (Beyotime, Shanghai, China). Briefly, BGC-823 cells
(2 � 104 cells/well) seeded in the 24-well plate were cultured with
different formulations (PBS, Apa, CS-6, Apa&CS-6 and HA-Apa-
Lip@PB-CS-6 NPs) for 44 h. Next, all cells were incubated with
EdU for another 4 h, fixed with 4% paraformaldehyde for 20 min,
and permeated with 0.3% Triton X-100 for 15 min. After incubation
with the click reaction mixture and Hoechst 33342, cell images
were recorded using CLSM.

2.8.4. Colony formation assay
BGC-823 cells (1 � 103 cells/well) seeded in the 6-well plate

were treated with various formulations (PBS, Apa, CS-6, Apa&CS-6
and HA-Apa-Lip@PB-CS-6 NPs). Seven days later, the colonies were
dyed with 0.2% crystal violet and the images were captured by
microscope after having washed with PBS.

2.8.5. Western blotting analysis
The BGC-823 cells were incubated with PBS, Apa, CS-6, Apa&CS-

6 and HA-Apa-Lip@PB-CS-6 NPs (containing the same concentra-
tion of Apa/CS-6) for 48 h. The whole proteins of each well were
extracted. Next, the protein concentration was detected, and the
expression of related proteins (b-actin, VEGF, MMP-9, and cyclin
D1) was detected by Western blotting.

2.9. Cell migration/invasion assays

2.9.1. Wound healing assay
According to our previous experimental methods [14], when the

monolayer cells of BGC-823 filled the entire well, a sterile pipette
tip was used to scratch cells and the cells were washed with PBS.
Subsequently, PBS, Apa, CS-6, Apa&CS-6 and HA-Apa-Lip@PB-CS-6
NPs were added. 48 h later, the images of the scratch areas were
recorded using microscope (OLYMPUS, Tokyo, Japan).
4

2.9.2. Transwell assay
Briefly, the BGC-823 cells were incubated with PBS, Apa, CS-6,

Apa&CS-6 and HA-Apa-Lip@PB-CS-6 NPs in the 6-well plates.
48 h later, Cells in each well were collected for preparing cell sus-
pension and FBS-free DMEM (containing 5 � 104 cells from cells
suspension) was added to the upper chamber of the inserts. To
investigate cell invasion ability, the transwell-membrane was
covered with 10% matrigel (30 mL). After culturing for 24 h
(migration assays) or 48 h (invasion assay), the cells were stained
with crystal violet solution for 20 min. Finally, images of cells in
each well were recorded under a microscope (OLYMPUS, Tokyo,
Japan).

2.10. In vivo distribution studies of nanoparticles

2.10.1. Tumor targeting and biodistribution assay
When the tumor volume of BGC-823 tumor-bearing nude mice

reached about 200 mm3, 200 mL of Lip@PBCe6and HA-Lip@PBCe6

NPs (with an equivalent amount of 5 mg/kg Ce6) were respectively
administered intravenously to the mice. After administration, the
BGC-823 tumor-bearing nude mice were photographed at different
time points with the interactive video information system (IVIS)
kinetics optical system (PerkinElmer,Waltham,MA, USA). The BGC-
823 tumor-bearing nude mice were sacrificed at 48 h, and all the
tumor tissues and major organs (heart, liver, spleen, lung, and
kidney) were collected to obtain fluorescence images.

2.10.2. Penetrating ability study in vivo
To determine penetrating ability of HA modified nanoparticles

in tumor site. Tumors mentioned above were made into frozen
sections, which were stained with 4',6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, St. Louis, MO, USA) before CLSM imaging.

2.10.3. Blood circulation time study
Ce6 and HA-Lip@PBCe6 NPs (containing 2.5 mg/kg Ce6) were

intravenously injected into normal BALB/c mice, respectively. Next,
100 mL of blood sample was collected from mice in each group at
setting time points (0.5e12 h) and analyzed using the IVIS for
fluorescence images and fluorescence intensity analysis.

2.11. In vivo anti-tumor activity assay

When tumor volumes of heterotopic BGC-823 tumor-bearing
nude mice reached 100 mm3, these BGC-823 tumor-bearing nude
mice were randomly divided into 5 groups (5 mice per group): I)
intravenous injection of PBS, II) intravenous injection of Apa, III)
intravenous injection of CS-6, IV) intravenous injection of Apa&CS-
6, V) intravenous injection of HA-Apa-Lip@PB-CS-6 NPs (Apa: 5mg/
kg; CS-6: 1 mg/kg), meanwhile, healthy mice were used as the
normal group. Measurement of tumor volume and body weight
were at 2 days interval.

Aftermorphological observations, tumor tissues andmajororgans
were photographed and collected as soon as mice were sacrificed.
These tumors tissues and major organs were stained for immuno-
fluorescence or immunohistochemistry tests (hematoxylin and eosin
(H&E), Ki67, MMP-9, and VEGF staining). Moreover, the metastatic
nodules of liver tissue and weights of spleens were recorded in each
group. Meanwhile, fresh blood samples of mice in each group were
collected for hematological and biochemical analysis.

2.12. Statistical analysis

Error bars in each figure were expressed as the mean ± standard
deviation (SD) and performed at least 3 times. Comparative analysis
of the difference between groups was calculated by one-way
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analysis of variance (ANOVA) with GraphPad Prism 8.4.0. A signif-
icant differencewas defined as *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results and discussion

3.1. Assessment of synergistic effect of Apa and CS-6 on gastric
cancer cells

To maintain the anti-tumor efficacy of CS-6 on GC while mini-
mizing cardiotoxicity, we implemented a combination approach
involving Apa/CS-6. Although CS-6 has showed significant anti-
tumor potential in breast cancer and GC, its clinical application is
hindered by its potential for cardiotoxicity at high concentrations
[34,35]. Initially, we investigated the cytotoxic activity of Apa and
CS-6 on BGC-823 cells. Both compounds demonstrated dose-
dependent killing of GC cells, with IC50 values of 44.20 mM and
50.37 nM, respectively (Fig. 1A). Subsequently, we examined the
impact of Apa and CS-6 on BGC-823 cells individually. At concen-
trations of 20 mM and 30 nM, respectively, Apa and CS-6 resulted in
cell viabilities of 97.7% and 72.3%, respectively (Fig. 1B). Conversely,
the combination of 20 mM Apa and 30 nM CS-6 reduced the cell
viability of BGC-823 cells to 51.3%. Importantly, by calculating the
synergistic score of ratios, we found that Apa/CS-6 with 20 mM/
Fig. 1. Assessment of synergistic effect of apatinib (Apa) and gamabufotalin (CS-6). (A) Chem
of Apa/CS-6 combinations at different ratios were prepared to detect cell viability. (C) Syne
effect of free Apa/CS-6 at different ratios. Bars represented means ± standard deviation (SD
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30 nM exhibited the highest synergistic score of 22.4 (Fig. 1C). A
score above 10 indicated the presence of a synergistic effect be-
tween the two drugs [29].

3.2. Characterization of HA-Apa-Lip@PB-CS-6 NPs

The synthesis procedure of HA-Apa-Lip@PB-CS-6 NPs and the
proposed anti-tumor mechanism of the combinational strategy are
schematically depicted in Scheme 1. In Figs. 2A and B, transmission
electron microscope (TEM) and scanning electron microscope
(SEM) images displayed the cubic morphology of PB NPs and HA-
Apa-Lip@PB-CS-6 NPs, respectively. The average size of the NPs
was approximately 89.4 nm and 101.5 nm as shown in Fig. 2C.
Furthermore, the color of PB NPs solutionwas different from that of
HA-Apa-Lip@PB-CS-6 NPs (Fig. 2D). Upon loading CS-6, surface zeta
potential of PB NPs varied from �21.8 mV to �28.2 mV. After the
lipid-film coating and HAmodification, the surface zeta potential of
PB-CS-6 NPs decreased to�47mV (Fig. 2E). UV-Vis spectra in Fig. 2F
indicated that the characteristic peaks of Apa, CS-6 and PB were at
340 nm, 300 nm, and 710 nm, respectively. Meanwhile, the char-
acteristic peak of Apa at 340e360 nm also appeared in the HA-Apa-
Lip@PB-CS-6 NPs. Fourier-transform infrared (FT-IR) spectra further
confirmed drugs loading in HA-Apa-Lip@PB-CS-6 NPs. FT-IR
ical structure of Apa and CS-6 and their IC50 values on BGC-823 cells for 48 h. (B) Series
rgy scores calculated by SynergyFinder software were used to evaluate the synergistic
) (n ¼ 3).



Fig. 2. Characterization of the hyaluronan-apatinib-Lip@Prussian blue-gamabufotalin nanoparticles (HA-Apa-Lip@PB-CS-6 NPs). (A, B) Transmission electron microscope (TEM)
images and scanning electron microscope (SEM) images of PB NPs and HA-Apa-Lip@PB-CS-6 NPs. (C) Size distribution of PB NPs (89.4 nm, PDI: 0.17) and HA-Apa-Lip@PB-CS-6 NPs
(101.5 nm, PDI: 0.08). (D) The color of PB NPs and HA-Apa-Lip@PB-CS-6 NPs solution. (E) Zeta potentials of PB (�21.8 mV), PB-CS-6 (�28.2 mV) and HA-Apa-Lip@PB-CS-6 NPs
(�47 mV). (F) UV-Vis spectra of Apa, CS-6, PB NPs and HA-Apa-Lip@PB-CS-6 NPs. (G, H) Release behavior of Apa (G) and CS-6 (H) from nanoparticles at different pH buffer solutions
(pH 5.2, pH 6.5, and pH 7.4). PDI: polymer dispersity index.
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revealed eOH peak (3400 cm�1) in PB NPs and C^N (2210 cm�1)
peak of CS-6 with enhanced amplitude and Apa (C]O: 1740 cm�1,
dCH: 915 cm�1) in HA-Apa-Lip@PB-CS-6 NPs (Fig. S1). By optimizing
themass ratio of lecithin/cholesterol/DSPE-PEOz/Apa, we found the
entrapment efficiency of Apa was 90.4% at the ratio 8:1:2:2.
Meanwhile, the loading efficiency of 1.8% for CS-6 was found under
the ratio of CS-6/PB with 1:10 (Fig. S2). These optimal ratios
confirmed the synergistic ratio of drugs in nanocarrier. By
observing the stability of HA-Apa-Lip@PB-CS-6 NPs in different
buffers (H2O, PBS and DMEM buffer) for 15 days, no change was
found in these samples, which demonstrated the long-term sta-
bility of this kind of nanodrug under complicated condition
(Fig. S3). Considering the tumor acidic endosome/lysosome envi-
ronment (pH 4.5epH 5.5) [36], we investigated the effect of pH
value on the drug release of HA-Apa-Lip@PB-CS-6 NPs.As shown in
Figs. 2G and H, the drug release rate reached 96.1% for Apa and
64.4% for CS-6 after incubation under acidic condition (pH 5.2) for
120 h, while only 42.8% and 17.0% of the loaded Apa and CS-6 were
released from NPs under pH 7.4 condition, and there were only
52.1% of the loaded Apa and 26.0% of loaded CS-6 were released
from NPs under pH 6.5 condition. This result, which was consistent
with previous study [37], demonstrated the incorporation of pH-
sensitive lipid DSPE-PEOz successfully facilitated the release of
Apa and CS-6 in the endosomes/lysosomes within tumor cells.
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Additionally, 48 h later, the drug release ratio aligned with the
synergistic ratio of two-drug combination under pH 5.4 condition.
Therefore, the drug release behavior suggested the generation of
synergistic effect of the two drugs, when the HA-Apa-Lip@PB-CS-6
NPs were used for tumor treatment.

3.3. Biocompatibility of HA-Apa-Lip@PB-CS-6 NPs

Both of PB NPs and liposome are United States Food and Drug
Administration (US FDA)-approved components known for their
high safety [22,38]. In this study, we also demonstrated the
biocompatibility of HA-Apa-Lip@PB-CS-6 NPs. After a 48
h incubation period with BGC-823 cells, HUVECs, and H9C2 cells
for 48 h, the cell viability of all cell lines was over 80.0%, even at the
high concentration of HA-Lip@PB NPs (equivalent to 100 mg/mL PB
NPs), which indicated the low cytotoxicity of the nanoparticles on
them, including cardiomyocytes (Fig. 3A). To assess the potential
toxicity of the drugs on cells, HUVECs and H9C2 cells were cultured
with PB NPs, Apa, CS-6 and HA-Apa-Lip@PB-CS-6 NPs. The high cell
viability in Fig. S4 furtherly indicated splendid biocompatibility of
these materials. Coagulation assay demonstrated a lower risk of
platelet aggregation in PBS, PB-CS-6, and HA-Apa-Lip@PB-CS-6 NPs
treated whole blood, compared with the positive group receiving
thrombin treatment (Fig. 3B). Additionally, the hemolysis rate of



Fig. 3. Biocompatibility of hyaluronan-apatinib-Lip@Prussian blue-gamabufotalin nanoparticles (HA-Apa-Lip@PB-CS-6 NPs). (A) Cytotoxicity of HA-Lip@PB NPs to BGC-823 cells,
human umbilical vein endothelial cells (HUVECs), and H9C2 cells. (B) Blood coagulation quantification of phosphate buffered saline (PBS), thrombin, PB-CS-6 NPs, and HA-Apa-
Lip@PB-CS-6 NPs. (C) Hemolysis research of water, PBS, and HA-Apa-Lip@PB-CS-6 NPs to erythrocytes. (D) The morphology changes of erythrocytes incubated with water, PBS,
Apa, CS-6, Apa&CS-6, HA-Apa-Lip@PB-CS-6 NPs. Bars represented means ± standard deviation (SD) (n ¼ 3). *P < 0.05, **P < 0.01, and ***P < 0.001.
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each sample treated with HA-Apa-Lip@PB-CS-6 NPs for 4 h
remained below 5.0% even at a high concentration of 100 mg/mL
(Fig. 3C). Furthermore, no morphological changes were observed in
erythrocytes (Fig. 3D). Above results confirmed the biocompati-
bility of HA-Apa-Lip@PB-CS-6 NPs, which is crucial for their
application in vivo.
3.4. In vitro cellular uptake and penetration performance of HA-
Lip@PB NPs

Considering the high levels of CD44, the HA receptor, on the
surface of GC cells, HA can effectively enhance the targeting ability
of Lip@PB NPs to tumor cells [28]. By investigating the cellular
uptake efficiency of BGC-823 cells to HA-Lip@PB NPs labeling with
fluorophore Ce6 (HA-Lip@PBCe6 NPs) in vitro, red fluorescence
signal reached the peak at 4 h in BGC-823 cells. Furthermore, the
red fluorescence intensity was higher than that observed in cells
treated with Lip@PBCe6 NPs at each corresponding time point (Figs.
4A and B). Additionally, a competent assay further verified the
targeting ability of HA towards BGC-823 cells, as pre-treated BGC-
823 cells with HA only exhibited weak red fluorescence around the
cell membrane after incubation with HA-Lip@PBCe6 NPs. In
contrast, after incubating with solo HA-Lip@PBCe6 NPs, the red
fluorescence signals in the cytoplasm of tumor cells increased
70.0%, in comparison to the Lip@PBCe6 NPs group (Figs. 4C and D). In
7

addition, HA modification also enhanced the penetrating ability of
HA-Lip@PBCe6 NPs. By usingmulticellular spheroid as themimics of
real tumor, it was observed that red fluorescence signal in HA-
Lip@PBCe6 NPs treated spheroid at the depth's region of ~60 mmwas
significantly higher than that of free Ce6 treatment at the same
region (Figs. 4E and F). In conclusion, the nanodrug delivery system
(HA-Lip@PBCe6 NPs) demonstrated high targeting and penetration
ability, which is advantageous for tumor therapy in vivo.
3.5. In vitro anti-tumor function of HA-Apa-Lip@PB-CS-6 NPs

The MTT assay results revealed that the viability of BGC-823
cells treated with HA-Apa-Lip@PB-CS-6 NPs was significantly
lower compared to the Apa&CS-6 treatment group (28.6% vs.
47.9%). Furthermore, the cell viability was much higher in the free
drug-treated groups, with 76.2% for Apa and 66.9% for CS-6. These
findings clearly demonstrated that HA-Apa-Lip@PB-CS-6 NPs
exhibited an enhanced ability to kill cells, as evidenced by a 50.0%
increase in cell-killing ability compared to mono-drug treatment
(Fig. S5A). Live/dead staining also confirmed the superior effec-
tiveness of HA-Apa-Lip@PB-CS-6 NPs, showing the strongest red
fluorescence signal in cells treated with these NPs compared to the
other groups (Fig. S5B). These results further supported the
conclusion that HA-Apa-Lip@PB-CS-6 NPs had the lowest cell
viability among all the treatment groups.



Fig. 4. Cellular uptake and penetration performance of hyaluronan-Lip@Prussian blue nanoparticles (HA-Lip@PB NPs) in vitro. (A, B) Fluorescence images of cellular uptake (A) and
fluorescence intensity analysis (B) of Lip@PB NPs labeling with fluorophore Ce6 (Lip@PBCe6 NPs) and HA-Lip@PB NPs labeling with fluorophore Ce6 (HA-Lip@PBCe6 NPs) in BGC-823
cells at 2, 4, and 6 h. (C, D) Fluorescence images by confocal laser scanning microscope (CLSM) (C) and fluorescence intensity analysis (D) of BGC-823 cells incubated with free Ce6,
Lip@PBCe6, HA-Lip@PBCe6 and HA þ HA-Lip@PBCe6 NPs for 4 h. (E) Fluorescence images of multicellular spheroids, after incubation with free Ce6, and HA-Lip@PBCe6 NPs for 24 h. (F)
Mean intensity along the solid white lines in the Z-axis plotted of BGC-823 multicellular spheroids (MCSs). Bars represented means ± standard deviation (SD) (n ¼ 3). ***P < 0.001,
ns: not significant, FI: fluorescence intensity.
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Both Apa and CS-6 have been reported to effectively inhibit cell
proliferation by disrupting cell cycle [32,39]. Consistent with these
findings, flow cytometry analysis (fluorescence-activated cell
sorting (FACS) assay) indicated that Apa arrested cell cycle of BGC-
823 cells in the G0/G1 phase. On the other hand, formulations
containing CS-6 caused cell cycle arrest in the G2/M phase. Inter-
estingly, the HA-Apa-Lip@PB-CS-6 NPs-treated group displayed a
significantly higher percentage of cells in the G2/M phase
compared to the control group (46.5% vs. 7.2%) (Figs. 5A and B).
Additionally, the EdU cell proliferation staining assay showed a
high number of cells containing green fluorescence signal in control
group, indicating abundant new born cells (Fig. 5C). Comparedwith
relative fluorescence intensity of control group, single drug groups
(Apa and CS-6) showed 59.0%e66.9% relative FI, while the values in
Apa&CS-6 and HA-Apa-Lip@PB-CS-6 NPs group were 36.0%, and
28.4%, respectively (Fig. 5D). Furthermore, the colon formation
assay indicated that HA-Apa-Lip@PB-CS-6 NPs greatly prevented
colony formation of BGC-823 cells with 66.8% inhibition rate
8

compared to control group, while the inhibition rate of free drug-
treated groups were merely 14.4% for Apa and 25.0% for CS-6
(Figs. 5E and F). Evaluation of cyclin D1, an important regulatory
protein in the cell cycle [40], revealed a significant downregulation
in HA-Apa-Lip@PB-CS-6 NPs-treated cells (Figs. 5G and S6). Taken
together, these results suggested that the inhibitory effect of HA-
Apa-Lip@PB-CS-6 NPs on the cyclin D1 should be the primary
reason of the anti-tumor function.

3.6. Anti-migration and anti-invasion capability of HA-Apa-
Lip@PB-CS-6 NPs in vitro

In previous studies, we have disclosed the anti-metastasis and
growth ability of CS-6 in breast cancer [31,36]. Building upon these
findings, we sought to investigate whether HA-Apa-Lip@PB-CS-6
NPs could similarly inhibit the growth and distant metastasis of
advanced GC [16,17]. By performing wound-healing and transwell
assay, we found that free Apa or CS-6 exhibited around 28.6%e



Fig. 5. Anti-gastric cancer (GC) activity and proposed mechanism of hyaluronan-apatinib-Lip@Prussian blue-gamabufotalin nanoparticles (HA-Apa-Lip@PB-CS-6 NPs). (A, B) Cell
cycle distribution and analysis of the BGC-823 cells after incubation with various formulations. (C, D) Images of 5-ethynyl-2'-deoxyuridine (EdU) cell proliferation staining by
confocal laser scanning microscope (CLSM) (C) and fluorescence intensity (FI) analysis (D). (E, F) Colony formation assay (E) and analysis (F). (G) Western blot of cyclin D1 in BGC-
823 cells and quantitative analysis. Bars represented means ± standard deviation (SD) (n ¼ 3). ***P < 0.001. DAPI: 4',6-diamidino-2-phenylindole; PI: propidium lodide.
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34.4% inhibitory rate, while approximately 54.0% inhibitory rate
was found for GC cells treated by Apa&CS-6 and HA-Apa-Lip@PB-
CS-6 NPs. Similar trends were found for cell migration and inva-
sion assay (Figs. 6A and B). Furthermore, we investigated the effect
of HA-Apa-Lip@PB-CS-6 NPs on the levels of VEGF and MMP-9.
Metastasis is associated with the degradation of MMP-9 in the
extracellular matrix and basement membrane, as well as the
upregulation of VEGF to promote angiogenesis [41]. Western blot
assay demonstrated the significant downregulation of HA-Apa-
Lip@PB-CS-6 on MMP-9 and VEGF in BGC-823 cells (Figs. 6C and
D), the result of which was consistent with our previous reports
[32,35]. These results demonstrated that the HA-Apa-Lip@PB-CS-6
NPs inhibited tumor migration at least by means of down-
regulating MMP-9 and VEGF.

3.7. Biodistribution and pharmacokinetics of HA-Apa-Lip@PB-CS-6
NPs

Next, the biodistribution and pharmacokinetics of HA-
Lip@PBCe6 NPs in BALB/c mice were examined using real-time im-
aging. As we expected, HA-Lip@PBCe6 NPs gradually accumulated at
tumor sites of mice, as indicated by the increase of red fluorescence
signal emitted from Ce6 with time extension. The intensity of
fluorescence signal, which reached the plateau at 6e12 h after
administration, remained in the tumor tissues for up to 48 h.
However, Lip@PBCe6 NPs without HA modification exhibited weak
fluorescence intensity as well as rapid decline (Figs. 7A and B).
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Consistent with previous report [23], strong fluorescence signal
was found in the livers of mice with HA-Lip@PBCe6 NPs and
Lip@PBCe6 NPs treatment, which demonstrated the metabolic route
of NPs from liver. Meanwhile, the fluorescence signal in these
treated mice gradually decreased over time in the major organs
(Figs. 7C and D). Meanwhile, ultra-low fluorescence in the heart of
micewith HA-Lip@PBCe6 NPs treatment avoided the toxicity of CS-6
on the cardiocytes, which was the main limitation of sole CS-6 for
clinic application [42]. Besides, the fluorescence intensity in tumors
with HA-Lip@PBCe6 NPs treatment was consistently higher than
that of Lip@PBCe6 NPs treated mice at same point (12, 24 and 48 h)
(Figs. 7C and D) due to the targeting performance of HA. Mean-
while, the depth of red fluorescence signal in the tumor section
after HA-Lip@PBCe6 NPs treatment was significantly higher than
that of Lip@PBCe6 NPs group (Figs. 7E and F). These results
demonstrated that the excellent targeting effect of HA-Apa-
Lip@PB-CS-6 NPs enabled efficient accumulation and penetration
at the tumor site.

After a single intravenous injection of Ce6 and HA-Lip@PBCe6

NPs, blood samples of mice were collected to examine the phar-
macokinetics of HA-Apa-Lip@PB-CS-6 NPs in vivo by fluorescence
imaging. As shown in Fig. 7G, the intensity of fluorescence of
blood samples gradually decreased over time, and the half-life of
HA-Lip@PBCe6 NPs in the BALB/c mice increased 1.70-fold
comparing with that of Ce6 (2.31 h vs. 1.36 h) (Fig. 7H), which
showed the function of nanoparticles for extending blood reten-
tion time [43].



Fig. 6. Anti-metastatic investigation of hyaluronan-apatinib-Lip@Prussian blue-gamabufotalin nanoparticles (HA-Apa-Lip@PB-CS-6 NPs) in vitro. (A, B) Wound-healing, migration,
and invasion analysis of BGC-823 cells after treated with Apa, CS-6, Apa&CS-6, and HA-Apa-Lip@PB-CS-6 NPs for 48 h (A) and quantitative analysis (B). (C, D) matrix
metalloproteinase-9 (MMP-9) and vascular endothelial growth factor (VEGF) expression (C) and quantitative analysis (D) of BGC-823 cells with different treatments. Bars repre-
sented means ± standard deviation (SD) (n ¼ 3). ***P < 0.001.
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3.8. Anti-tumor growth and anti-metastasis activity of HA-Apa-
Lip@PB-CS-6 NPs in vivo

Encouraged by the efficient tumor cell-killing of HA-Apa-
Lip@PB-CS-6 NPs in vitro, we therefore performed anti-tumor
assay using heterotopic tumor-bearing model according to the
treatment schematic diagram (Fig. 8A). Those nude mice were
randomly divided into five groups (n ¼ 5): PBS, Apa, CS-6, Apa&CS-
6, and HA-Apa-Lip@PB-CS-6 NPs. At the end of experiment, the
tumor volume of mice with various treatments differentially
decreased compared with PBS group (Fig. 8B). The tumor growth
inhibiting rate (TIR) in HA-Apa-Lip@PB-CS-6 group reached 67.7%,
which was higher than that of Apa&CS-6 treatment group (37.6%),
CS-6 group (17.2%), and Apa group (15.7%) (Fig. 8C). Weight records
directly indicated that HA-Apa@PB-CS-6 NPs could significantly
suppress tumor growth to 0.47 g, while the value in PBS group was
1.61 g (Fig. 8D), and the reliability was supported by the ex vivo
images of tumor (Figs. 8E and S7). Additionally, H&E staining
and terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate-nick end labelling (TUNEL) results demonstrated
various degrees of tissue necrosis (marked as dotted areas) after
different treatments (Apa, CS-6, Apa&CS-6 and HA-Apa-Lip@ PB-
CS-6 NPs) (Figs. 8F and S8). In contrast, the PBS group retained
intact tumor cell morphology with concentrated nuclei. Further-
more, tumor sections of mice with HA-Apa-Lip@PB-CS-6 NPs
treatment exhibited lowest proliferation index compared with
other groups, whichwas supported by Ki67 staining (Fig. 8F). Above
results demonstrated the high anti-gastric cancer efficacy of HA-
Apa-Lip@PB-CS-6 NPs.
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Liver is the frequent site of GC metastasis because of its well
vascularized tissue and accessible capillaries [44,45]. Consistent
with previous report [46], H&E staining indicated common meta-
static nodules in the liver of heterotopic tumor-bearing mice with
PBS treatment. However, the nodules in the liver almost dis-
appeared in the HA-Apa-Lip@PB-CS-6 NPs group (Figs. 8G and S9).
These results demonstrated that HA-Apa-Lip@PB-CS-6 NPs group
can efficiently inhibit tumor metastasis. As tumor metastasis is
mainly determined by the levels of MMP-9 and VEGF, we therefore
investigated the effect of HA-Apa-Lip@PB-CS-6 NPs on them.
Immunofluorescence staining result visually demonstrated the
strong inhibition of HA-Apa-Lip@PB-CS-6 NPs on them, compared
with PBS treatment group (Fig. 8G). Taken together, these findings
suggested that HA-Apa-Lip@PB-CS-6 NPs can inhibit tumor inva-
sion and metastasis through MMP-9/VEGF pathway.

3.9. Biosafety evaluation in vivo

Biosafety evaluation in vivo is a crucial factor in assessing the
clinical feasibility of nanodrugs [47]. We therefore conducted a
comprehensive investigation to evaluate the toxicity of HA-Apa-
Lip@PB-CS-6 NPs using various indicators such as complete blood
count, hepatic function analysis and renal function analysis, body
weight changes, and organ histology. As we expected, HA-Apa-
Lip@PB-CS-6 NPs did not change the levels of RBC, platelets (PLT),
hemoglobin (HGB), compared with normal mice. Moreover, this
kind of treatment significantly reversed inflammatory response in
tumor bearing mice to normal condition, which was reflected by
the low levels of WBC and normal weight of spleen (Fig. S10) in the



Fig. 7. Biodistribution, intratumor penetration and pharmacokinetic of hyaluronan-Lip@Prussian blue nanoparticles labeling with fluorophore Ce6 (HA-Lip@PBCe6 NPs) in vivo. (A, B)
Biodistribution of HA-Lip@PBCe6 NPs and Lip@PBce6 NPs in BGC-823 tumor-bearing mice over time measured by the fluorescence (A) and quantitative (B) analysis. (C, D) Fluorescence
distribution (C) and quantitativefluorescence analysis (D) ofmajor organs after 12, 24, 48 h post-injection. (E, F) Intratumor penetration ability of Lip@PBCe6 NPs (E) andHA-Lip@PBce6 NPs
(F) in frozen tumorsections.Quantitativefluorescenceanalysisof tumors: theCe6fluorescence (red) intensityalong theyellowline fromtumorsurface to tumorcorewasanalyzedby Image
J software. (G) Blood fluorescence intensity (FI) of Ce6, HA-Lip@PBCe6 NPs over time. (H) Pharmacokinetic curves of Ce6 andHA-Lip@PBCe6 NPs after different timepoints.Mean± standard
deviation (SD) (n ¼ 3). *P < 0.05.
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Fig. 8. Treatments of heterotopic gastric cancer (GC) in mice. (A) Schematic illustration of BGC-823 heterotopic gastric tumor implantation and the dosage regimen (I: phosphate
buffered saline (PBS) group; II: apatinib (Apa) group; III: CS-6 group; IV: Apa&CS-6 group; V: hyaluronan-apatinib-Lip@Prussian blue-gamabufotalin (HA-Apa-Lip@PB-CS-6) group).
(B, C) Tumor volume record (B) and tumor growth inhibiting rate (TIR) (C) of mice with different treatments. (D) The tumor weight of mice after the final treatment in each group.
(E) The morphological images of tumors and mice after treatments. (F) Hematoxylin and eosin (H&E) and Ki67 staining of tumor sections with various treatments. (G) Metastatic
nodules of liver in each group by H&E staining and immunofluorescent analysis of matrix metalloproteinase-9 (MMP-9) and vascular endothelial growth factor (VEGF) in tumor
tissues. Bars represented means ± standard deviation (SD), n ¼ 5 per group. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 9. In vivo biosafety evaluation. (A) Complete blood count, including red blood cell (RBC), white blood cell (WBC), platelets (PLT), and hemoglobin (HGB). (B) Blood biochemistry
analysis, including liver function indicators: alanine trans-aminase (ALT) and aspartate aminotransferase (AST), and kidney functionmarkers: creatinine (CRE) and blood urea nitrogen
(BUN). (C) Changes in relative body weight in different groups during treatments. Weight changes ¼ mday15�mday0�mtumor. (m represented mass of mice, mtumor represented mass of
tumor). (D)Hematoxylin and eosin (H&E) stained imagesofmajor organs in each group. (I: phosphatebuffered saline (PBS) group; II: apatinib (Apa) group; III: CS-6 group; IV: Apa&CS-6
group; V: hyaluronan-apatinib-Lip@Prussian blue-gamabufotalin (HA-Apa-Lip@PB-CS-6) group). Bars are means ± SD. *P < 0.05, ***P < 0.001, ns: not significant.
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mice with HA-Apa-Lip@PB-CS-6 NPs treatment (Fig. 9A). Mean-
while, the negligible effect of HA-Apa-Lip@PB-CS-6 NPs on the
hepatic/kidney function was supported by the normal levels of
various markers including alanine trans-aminase (ALT), aspartate
aminotransferase (AST), creatinine (CRE) and blood urea nitrogen
(BUN) (Fig. 9B).

In terms of body weight changes, the weight of tumor-bearing
mice in PBS treatment group reduced by 4.5% (0.88 g), compared
with theweight in the first day. Theweight reduced by 1.3% (0.26 g)
in Apa treatment group, 0.6% (0.12 g) in CS-6 treatment group, and
1.7% (0.34 g) in Apa&CS-6 treatment group. But weight in HA-Apa-
Lip@PB-CS-6 NPs-treated group increased by 1.5% (0.30 g), which
indicated the improvement of HA-Apa-Lip@PB-CS-6 NPs with
nanoformulation on the toxicity of chemodrugs (Fig. 9C). In addi-
tion, the liquefaction necrosis of cardiomyocytes caused by CS-6
(red arrow mark) disappeared in the HA-Apa-Lip@PB-CS-6 NPs
group (Fig. 9D). This result demonstrated the great significance for
alleviating the cardiotoxicity of CS-6 by constructing nano-
formulation. In summary, these results manifested the improve-
ment of nanoparticles on the biosafety of CS-6 and Apa in vivo,
which is greatly importance for broadening its clinical applications.

4. Conclusions

In conclusion, we have successfully developed an effective
strategy for synthesizing HA-modified lipid/PB NPs, which were
used for co-delivery of Apa and CS-6. Comparing with free Apa
plus/or CS-6, HA-Apa-Lip@PB-CS-6 NPs displayed highly efficient
accumulation in tumor sites, controllable drug release, and ultra-
low cardiocyte toxicity. Additionally, this nano-system with
strong penetrating ability into the tumor core regions greatly
inhibited tumor growth and metastasis to the liver in heterotopic
animal models. Overall, this synergistic chemotherapy strategy
demonstrated outstanding anti-tumor efficiency both in vitro and
in vivo, providing an alternative for malignant GC therapy.
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