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Purpose: Gastric cancer is one of the most common human epithelial malignancies, and using 

nanoparticles (NPs) in the diagnosis and treatment of cancer has been extensively studied. The 

aim of this study was to develop hyaluronic acid (HA) containing lipid NPs coloaded with 

cisplatin (CDDP) and sorafenib (SRF) for the treatment of gastric cancer.

Materials and methods: HA and CDDP containing lipid prodrug was synthesized using 

polyethylene glycol (PEG) as a linker (HA-PEG-CDDP). HA-PEG-CDDP and SRF were 

entrapped into the lipid NPs by nanoprecipitation method (H-CS-NPs). The physicochemical 

and biochemical properties such as size, zeta potential, and drug release pattern were studied. 

In vitro viability was also evaluated with MKN28 and SGC7901 human gastric cancer cells. 

In vivo testing including biodistribution and accumulation in tumor tissue was applied in gastric 

tumor-bearing mice to confirm the inhibition of gastric cancer.

Results: H-CS-NP has a particle size of 173.2±5.9 nm, with a zeta potential of -21.5±3.2 mV. 

At day 21 of in vivo treatment, H-CS-NPs inhibited the tumor volume from 1,532.5±41.3 mm3 

to 259.6±16.3 mm3 with no obvious body weight loss. In contrast, mice treated with free drugs 

had body weight loss from 20 to 15 g at the end of study.

Conclusion: The results indicate that H-CS-NPs enhanced the antitumor effect of drugs and 

reduced the systemic toxicity effects. It could be used as a promising nanomedicine for gastric 

cancer combination therapy.

Keywords: nanocarriers, chemotherapy, polyethylene glycol, enhanced permeability and 

retention effect, reticuloendothelial system

Introduction
Gastric cancer is one of the most common human epithelial malignancies and remains 

the second leading cause of cancer-associated mortality for clinical cancer.1 To enhance 

the therapeutic efficiency for gastric cancer, chemotherapy or radiotherapy is often used 

combined with surgery.2 However, these treatments may inhibit normal cell growth 

and cause unexpected systemic toxicity. Also, the failure of cancer treatment could be 

caused by drug resistance, thus leading to low quality of life.3 Additionally, combina-

tions of cytotoxic agents, including cisplatin, docetaxel, irinotecan, capecitabine, and 

oxaliplatin, have also been reported to prolong survival.4 However, therapeutic efficacy 

is still limited by two major factors: drug resistance and side effects.5,6 Nowadays, using 
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nanoparticles (NPs) in the diagnosis and treatment of cancer 

has been extensively studied.7 Anticancer drug-loaded NP 

drug delivery systems have been extensively utilized and 

have become an important research area in gastric cancer 

therapy.8

Novel drug delivery strategies are applied by using 

nanotechnology in the anticancer therapy field. However, 

nanomedicines still face several obstacles, including the 

amount of drugs loaded may be low due to the physi-

cochemical properties of nanocarriers; the release of drugs 

may not be ideally controlled after administration; and the 

drugs may be instable in the blood circulation.9 Therefore, 

prodrug approaches were widely applied to alleviate these 

disadvantages. Among all the nanosystems, lipid prodrug 

strategy has received considerable attentions.10

Hyaluronic acid (HA), a polyanionic glycol amino gly-

can with repetitive disaccharide units of D-glucuronic acid 

and D-N-acetylglucosamine, has been identified as a potent 

ligand to target tumor cells that overexpress CD44.11,12 Gastric 

cancer cells are reported to have CD44 expression and could 

be used as a receptor for HA targeting.13 Thus, HA-decorated 

NPs were applied for ligand-receptor-targeted gastric cancer 

therapy.14 Zhang et al developed an HA containing prodrug 

and loaded in NPs for synergistic combination therapy of 

lung cancer.15 Results illustrated that the targeted ability of 

HA helped the system to enhance the antitumor effects and 

reduce the systemic toxicity.

Sorafenib (SRF) is an anticancer drug, which is mainly 

used in the treatment of gastric cancers.16 SRF is a tyrosine 

kinase inhibitor, which inhibits proliferation, angiogenesis, 

and invasion of tumor cells. SRF has been administered 

in NP encapsulation and demonstrated better antitumor 

effect compared with that of free drug counterpart.17,18 The 

combination of SRF with chemotherapy is well-tolerated 

and is associated with encouraging response rates in several 

malignances.19 SRF plus cisplatin (CDDP) was evaluated 

in terms of the safety, pharmacokinetics, and preliminary 

efficacy in patients with advanced gastric cancer by Yamada 

et al.20 Kudo et al also used SRF combined low-dose CDDP 

in patients with advanced hepatocellular carcinoma.21 CDDP 

containing prodrugs was designed in many researches.22–24 

So in this study, SRF and CDDP prodrug combination was 

coloaded in the NPs.

In the present research, HA and CDDP containing lipid 

prodrug were synthesized using polyethylene glycol (PEG) 

as a linker (HA-PEG-CDDP). HA-PEG-CDDP and SRF were 

entrapped into the lipid NPs by nanoprecipitation method. 

Their physicochemical and biochemical properties such as 

size, zeta potential, and drug release pattern were studied. 

Their in vitro viability was also evaluated with MKN28 

and SGC7901 human gastric cancer cells. In vivo testing 

including biodistribution and accumulation in tumor tissue 

was applied in gastric tumor-bearing mice to confirm the 

inhibition of gastric cancer.

Materials and methods
chemicals and reagents
NH

2
-PEG-NH

2
 (molecular weight: 3,400) was purchased 

from Peng Sheng Biological Co., Ltd. (Shanghai, People’s 

Republic of China). Injectable HA was obtained from 

Bloomage Freda Biopharm Co., Ltd. (Jinan, People’s 

Republic of China). CDDP, SRF, and succinic anhydride 

were purchased from Sigma-Aldrich (St Louis, MO, USA). 

Egg phosphatidylcholine (PC) was obtained from Avanti 

Polar Lipids, Inc. (Alabaster, AL, USA). Pluronic F68 was 

provided by BASF (Ludwigshafen, Germany). 1-Ethyl-

(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC·HCl), N-hydroxysuccinimide (NHS), and dimethyl 

sulfoxide (DMSO) were provided by Aladdin Reagent 

Database Inc (Shanghai, People’s Republic of China). FBS, 

DMEM, and MTT were purchased from Invitrogen Corpora-

tion (Carlsbad, CA, USA).

synthesis of ha-Peg-cDDP
HA-PEG was first prepared by amidation of the carboxyl 

groups of HA with the amine groups of PEG (Figure 1A).25 

HA, PEG, and CDDP were dissolved in DMSO separately. 

EDC⋅HCl and NHS were added into HA solution and stirred 

for 1 hour at room temperature (RT) (mixture A). HA-PEG 

was obtained by adding PEG solution dropwise into mixture A 

and stirred for 12 hours at RT. H
2
O

2
 was then added to CDDP 

solution to get CDDP-(OH)
2
. Succinic anhydride was added 

to CDDP-(OH)
2
 and stirred at 50°C for 12 hours to obtain 

CDDP-(COOH)
2
 (Figure 1A).26 Then, EDC·HCl and NHS 

were added into CDDP-(COOH)
2
 solution to get mixture B. 

Mixture B was added to HA-PEG, stirred for 24 hours at 

RT, and then dialyzed against water for 12 hours. HA-PEG-

CDDP was finally obtained by lyophilization (Figure 1A). 

The chemical structure of HA-PEG-CDDP was determined 

by 1H-NMR analysis in the solvent of DMSO-d6.

nPs preparation
NPs were prepared utilizing a nanoprecipitation technique.27 

Briefly, SRF (50 mg) and PC (200 mg) were dissolved 

together in acetone (10 mL) as the organic phase. The aqueous 

phase was formed by dissolving HA-PEG-CDDP (200 mg) 

in F68 solution (1%, w/v). Ten milliliter of the organic phase 
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was added into 100 mL of aqueous phase drop by drop and 

homogenized (22,000 rpm, 30 seconds). The organic solvent 

was evaporated by stirring the suspension for 12 hours at 

RT. Then suspension was centrifuged at 15,000 rpm for 

15 minutes to collect the NPs, washed twice with purified 

water, and lyophilized at -40°C for 24 hours to get HA-

PEG-CDDP and SRF coloaded NPs (H-CS-NPs, Figure 2A). 

The lyophilized H-CS-NPs were stored at 4°C until use. For 

non-HA-contained CDDP and SRF-coloaded NPs (CS-NPs), 

PEG-CDDP was added into the aqueous phase instead of 

HA-PEG-CDDP. For single HA-PEG-CDDP-loaded NPs 

(H-C-NPs), SRF was not added into the organic phase. For 

single SRF-loaded NPs (H-S-NPs), HA-PEG was added into 

the aqueous phase instead of HA-PEG-CDDP. For blank 

NPs (NPs), SRF was not added into the organic phase, 

and HA-PEG was added into the aqueous phase instead of 

HA-PEG-CDDP.

nPs characterization
Particle size and zeta potential of NPs were determined in 

purified water using a Zetasizer Nano ZS system (Malvern 

Instruments, Malvern, UK). Particle size and morphology 

of H-CS-NPs were observed by transmission electron 

microscope (TEM) with a JEOL electron microscope 

(Tokyo, Japan).28

The amount of CDDP in the NPs was tested by an Induc-

tively Coupled Plasma Optical Emission Spectrometer (ICP-

OES, PerkinElmer Inc, Waltham, MA, USA).29 The amount 

Figure 1 synthesis scheme (A) and 1h nMr spectroscopy (B) of ha-Peg-cDDP prodrug.
Note: ha-Peg-cDDP was synthesized by forming an amide linkage between ha-Peg and cDDP.
Abbreviations: 1h nMr, 1h nuclear magnetic resonance; cDDP, cisplatin; ha, hyaluronic acid; Peg, polyethylene glycol.
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of SRF was measured by  ultraviolet–visible spectroscopy  

spectrophotometer at a wavelength of 267 nm.30 The drug 

encapsulation efficiency (EE) as well as the loading capacity 

(LC) of NPs were calculated by the formulas:

 
EE (%)

Amount of  drug in NPs

Total amount of  drug for loadi
=

nng
100;×

 

 
LC (%)

Amount of  drug in NPs

Total amount of  drug loading i
=

nn NPs
100.×

 

stability of the nPs
Various kinds of NPs were placed in Cl (NaCl 150 mM) 

and FBS (10%) cocontaining PBS solution separately.31 

The particle size and EE were monitored to evaluate the 

stability of NPs.

in vitro drug release
CDDP and/or SRF-loaded NPs were placed in separate 

dialysis bags with a molecular mass cutoff of 1 kDa.32 The 

dialysis bags were incubated in 20 mL of PBS (pH =7.4) 

at 37°C with gentle shaking (100 rpm), and the incubation 

buffer was collected and replaced by fresh incubation buffer 

at every designated time point. The collected incubation 

buffer containing the released drugs was analyzed by the 

methods mentioned in Section “NPs characterization.”

cells and animals
Human gastric cancer cell lines: MKN28 and SGC7901 

cells were purchased from ScienCell Research Laboratories 

(San Diego, CA, USA) and were cultured in Roswell Park 

Memorial Institute medium with 10% FBS, and 10% 

penicillin at 37°C, 5% CO
2
.

BALB/cA nude mice (6–8 weeks old) were purchased 

from Shandong University Laboratory Animal Center 

(Jinan, People’s Republic of China). The study protocol 

was approved by the Committee for the Care and Use of 

Laboratory Animals of Jining Medical University (No 

JNMU20180116-001) and followed the National Institutes 

of Health guide for the care and use of laboratory animals.

in vitro cytotoxicity
MKN28 and SGC7901 cells were cultured overnight 

(3,000 cells/well) in a 96-well plate, and cytotoxicity was 

assessed by the MTT assay.33 The cells were added to each 

well, incubated at 37°C for 6 hours, and followed by replace-

ment of the solution with complete growth medium. After 

cell attachment and growth resumption, growth media were 

replaced with various concentrations of CDDP and/or SRF-

loaded NPs, free CDDP plus SRF (free CS), free CDDP 

(free C), and free SRF (free S). Control cells were added with 

equivalent volume of fresh media. After 48 hours, medium 

was replaced with 20 mL of MTT solution (5 mg/mL), 

followed by incubation for another 4 hours at 37°C. Then 

the medium was replaced by 100 mL of DMSO. Absorbance 

of the solution was measured at 560 nm.

in vivo blood analysis and tissue 
distribution
MKN28 cells (107) were injected subcutaneously in the dorsal 

skin of mice to obtain the gastric cancer model.34 When 

tumor size reached 100 mm3, CDDP and/or SRF-loaded 

NPs, free CDDP, and/or SRF were administered via the tail 

Figure 2 Preparation scheme (A) and TeM image (B) of h-cs-nPs.
Note: h-cs-nPs were prepared using a nanoprecipitation technique.
Abbreviations: cDDP, cisplatin; h-cs-nPs, ha-Peg-cDDP and srF coloaded nPs; ha, hyaluronic acid; nPs, nanoparticles; Pc, phosphatidylcholine; Peg, polyethylene 
glycol; srF, sorafenib; TeM, transmission electron microscope.
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vein of mice at a dose of 5 mg drugs per kg body weight. 

After 3 weeks, mice were killed and blood samples were 

collected into heparinized tubes. Blood was centrifuged at 

15,000 rpm for 20 minutes at 4°C to isolate plasma, which 

was immediately flash frozen in liquid nitrogen until pro-

cessing. Clinical chemical parameters, including alanine 

transaminase (ALT), creatine phosphokinase (CPK), lactate 

dehydrogenase (LDH), and blood urea nitrogen (BUN) were 

assayed.35 The plasma was decanted and serum levels of ALT, 

CPK, LDH, and BUN with an autoanalyzer (COBAS C111, 

Roche Diagnostics, Basel, Switzerland) were measured to 

obtain various biochemical data. Then, tissue including 

tumor, liver, spleen, kidney, stomach, colon, heart, and lung 

were collected and weighed.

in vivo antitumor activity and toxicity
MKN28 cell-induced gastric cancer model was used for the 

evaluation of antitumor activity and toxicity. When tumor 

size reached 100 mm3, the mice were treated five times at 

3-day intervals with CDDP and/or SRF-loaded NPs, free 

CDDP, and/or SRF via the tail vein of mice at a dose of 5 mg 

drugs per kg body weight.36 The antitumor activity was evalu-

ated in terms of the tumor size, which was estimated by the 

following formula below: V = (major and minor axes)×(minor 

axes of the tumor)2/2.

The physical conditions and body weight change of mice 

were monitored for 3 weeks to evaluate the in vivo toxicity 

during the treatment.

statistical analysis
All the results were expressed as mean ± SD from at least 

three independent runs. Comparisons between groups were 

made using Student’s t test and with more than two groups, 

ANOVA was used to compare results. Statistical significance 

was set at P,0.05. All statistical analysis was performed 

using SPSS, version 21.0.

Results
characterization of ha-Peg-cDDP
The 1H NMR spectrum of HA-PEG-CDDP was analyzed 

and marked one by one in Figure 1B. The peaks at 1.26 (1), 

1.93 (2), 3.26 (6), 4.47 (8), and 5.05 (9) ppm belong to 

the -CH
3
, -OH, and sugar rings of HA, respectively. The 

peaks at 2.91 (4) and 3.98 (7) ppm are the protons of PEG. 

The peaks of 7.98 (10) and 8.93 (11) ppm belong to the -NH 

in the amide linkage. The peaks of 2.48 (3), 2.91(4), 3.07 (5), 

and 3.26 (6) ppm are the characteristic peaks of the -CH
2
 

and -CH next to the amide linkage. These peaks could prove 

the existence of the amide linkage.

characterization of nPs
The H-CS-NP has a particle size of 173.2±5.9 nm, with 

a zeta potential of –21.5±3.2 mV (Table 1). The size of 

CS-NPs (118.3±5.1 nm) is smaller than H-CS-NPs. The zeta 

potential of CS-NPs changed to –8.4±0.9 mV, which may 

be explained by the anionic HA on the surface of the NPs, 

thus brought about more negative charges to the system. 

Blank NPs exhibit similar size and zeta potential as drug-

loaded NPs, means the loading of drugs did not enlarge the 

size and influence the surface charge. The CDDP and SRF 

EE were measured to be over 80%. TEM images revealed 

that H-CS-NPs had a spherical shape with obvious coat on 

the outer layer (Figure 2B). This may be produced by the 

HA coating on the NPs. The size of H-CS-NPs is ,200 nm 

according to the bar.

serum stability of nPs
To investigate the serum stability of NPs, the size and EE 

change of the particles were measured along with the time. 

It was found that the average sizes of the NPs remained 

unchanged during the test (Figure 3A), this phenomenon 

means the particles that did not aggregate in the serum and 

the serum proteins were also not adsorbed on the NP sur-

faces. The constant EE during the tested time could be the 

Table 1 nPs characterization

NPs H-CS-NPs CS-NPs H-C-NPs H-S-NPs NPs

Particle size (nm) 173.2±5.9 118.3±5.1 168.4±6.1 165.1±6.5 171.9±5.3

Zeta potential (mV) -21.5±3.2 -8.4±0.9 -19.8±2.7 -22.1±3.1 -20.5±2.7

cDDP ee (%) 82.5±3.9 85.4±3.1 83.3±3.5 n/a n/a

cDDP lc (%) 5.9±0.8 9.6±1.1 6.4±0.7 n/a n/a

srF ee (%) 81.9±4.3 83.3±3.7 n/a 85.2±3.8 n/a

srF lc (%) 3.1±0.4 5.4±0.6 n/a 3.4±0.5 n/a

Note: Data are presented as mean ± sD, n=3.
Abbreviations: CDDP, cisplatin; EE, encapsulation efficiency; LC, loading capacity; N/A, not applicable; NPs, nanoparticles; SRF, sorafenib.
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Figure 3 stability of nPs: size (A) and ee (B, C) change.
Note: The size and ee change of the particles were measured along with the time to investigate the stability of nPs.
Abbreviations: CDDP, cisplatin; EE, drug encapsulation efficiency; NPs, nano particles; SRF, sorafenib.

Figure 4 In vitro CDDP and SRF release profile of NPs.
Notes: in vitro drug release of nPs was measured by dialysis methods. Data are 
presented as mean ± sD, n=3.
Abbreviations: cDDP, cisplatin; srF, sorafenib; nPs, nanoparticles.

evidence of the stable drug encapsulation capacity of the NPs 

constructed (Figure 3B and C).

in vitro drug release
The in vitro CDDP and SRF release profile of NPs showed 

that the release of drugs from various kinds of NPs all fol-

lowed a sustained manner (Figure 4). However, the release 

rates of CDDP and SRF are different. CDDP had faster 

release than SRF, nearly complete drug releases were 

achieved by CDDP and SRF at 36 and 48 hours, respectively. 

These results may be caused by the different position of drugs 

loaded in the NPs, which will be discussed later.

in vitro cytotoxicity
Cytotoxicity of drug-loaded NPs and free drugs were evalu-

ated on two kinds of gastric cancer cell lines. Blank NPs 

did not show obvious toxicity against both MKN28 and 
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SGC7901 cells (Figure 5). All the drugs containing groups 

exerted concentration-dependent cytotoxicity on gastric 

cancer cells. On MKN28 cells, H-CS-NPs showed obvi-

ous enhanced cytotoxic activity compared with CS-NPs, 

H-C-NPs, and H-S-NPs (P,0.05). Free CS exhibited lower 

cytotoxicity than H-CS-NPs and CS-NPs (P,0.05). Similar 

results were found in SGC7901 cells.

in vivo blood analysis
Blood analysis was performed to analyze the clinical chemical 

parameters (Figure 6). The differences in ALT, CPK, LDH, 

and BUN between the NPs groups were not statistically sig-

nificant (P.0.05). While significantly lower blood enzyme 

levels than free drug groups suggested the lower toxicity of 

drug-loaded NPs treatment in vivo (P,0.05).

0

20

40

60

80

100

0.01 0.1 1 10 100

Drug concentration (μg/mL)

M
K

N
28

 c
el

ls
 v

ia
bi

lit
y 

(%
)

0

20

40

60

80

100

0.01 0.1 1 10 100

Drug concentration (μg/mL)

SG
C

79
01

 c
el

ls
 v

ia
bi

lit
y 

(%
)

H-CS-NPs CS-NPs H-C-NPs H-S-NPs

Free CS Free C Free S Control

A

B

Figure 5 in vitro cytotoxicity of drug-loaded nPs and free drugs on MKn28 (A) and sgc7901 cells (B).
Notes: The cytotoxicity of drug-loaded nPs and free drugs was evaluated on two kinds of gastric cancer cell lines by MTT method. Data are presented as mean ± sD, n=6.
Abbreviation: nPs, nanoparticles.
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in vivo tissue distribution
Figure 7 exhibited the in vivo tissue distribution results. 

Compared with free CS, higher accumulation of CDDP 

and SRF was observed in the tumor, liver, and spleen for 

H-CS-NPs and CS-NPs (P,0.05). The heart and kidney 

drug distribution of free CS was higher than H-CS-NPs 

and CS-NPs (P,0.05). However, no significant increase 

of CDDP and SRF accumulation was observed in most 

normal tissues for NPs groups except liver and spleen. More 

important, H-CS-NPs showed obvious higher distribution 

compared with CS-NPs in the tumor (P,0.05).

in vivo antitumor activity and toxicity
Although both CDDP and/or SRF-loaded NPs, free CDDP, 

and/or SRF showed in vivo antitumor activity in gastric 

tumor bearing (Figure 8A), the most significant in vivo 

antitumor activity was presently observed when H-CS-NPs 

was used (P,0.05). At day 21, H-CS-NPs inhibited tumor 

volume from 1,532.5±41.3 mm3 to 259.6±16.3 mm3. This 

inhibition efficiency was remarkably better than CS-NPs 

(412.3±26.5 mm3) and free CS (846.4±33.6 mm3) (P,0.05). 

As shown in Figure 8B, the mice treated with free drugs had 

body weight loss from 20 to 15 g at day 21. In contrast, there 

was no obvious body weight loss in NPs groups. No animal 

death was observed in all the tested groups.

Discussion
With the rapid development of nanoscience and technology, 

nanoparticulate drug delivery systems have been widely used 

in health care applications, especially for highly efficient 

drug delivery of chemotherapeutic agents.37 Macromolecu-

lar prodrugs are among the most studied nanomedicines, 

several of which are currently in clinical trials.38 However, 

macromolecular prodrugs usually display inferior tumor 

Figure 6 in vivo blood analysis for the clinical chemical parameters, including (A), cPK (B), lDh (C), and BUn (D).
Note: Data are presented as mean ± sD, n=8.
Abbreviations: alT, alanine transaminase; BUn, blood urea nitrogen; cPK, creatine phosphokinase; lDh, lactate dehydrogenase.
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accumulation and low stability, thus hindering their applica-

tions. So nanocarriers need to cooperate with prodrugs to get 

a better therapeutic effect.

This research begins with the synthesis of HA and CDDP 

containing lipid prodrug using PEG as a linker (HA-PEG-

CDDP). HA is a natural polysaccharide, which plays an 

important role in the tumorigenesis process.39 Strong affinity 

to CD44 receptors overexpressed on different cancer cells as 

well as cancer stem cells made HA an ideal tumor-targeted 

ligand. Among polymers commonly used for drug conjuga-

tion, PEG is currently considered as the most successful 

and promising modifier.40 Through PEG modification, the 

physicochemical and biopharmaceutical properties of drugs 

might be greatly improved, thus resulting in enhancement 

of therapeutic efficacy and reduction in side effects. In this 

study, the peaks of 2.48, 2.91, 3.07, and 3.26 ppm are the 

characteristic peaks which could prove the existence of the 

amide linkage.

An NP system is expected to be stable during circulation 

in the bloodstream for the good drug delivery capacity.41 

It was found that the average sizes of the NPs remained 

unchanged during the test, this phenomenon means the par-

ticles did not aggregate in the serum and the serum proteins 

were also not adsorbed on the NPs surfaces. The constant 

EE during the tested time could be the proof of the stable 

drug encapsulation capacity of the NPs constructed. It may 

also be concluded that the PEG on the surface of the NPs 

acted as the stabilizer.42

The sustained release of CDDP and SRF is due to the lipid 

NPs core and the PEG shell. To be noticed, CDDP had faster 

Figure 7 in vivo cDDP (A) and srF (B) tissue distribution.
Note: Data are presented as mean ± sD, n=8.
Abbreviations: cDDP, cisplatin; srF, sorafenib.
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Figure 8 in vivo antitumor activity (A) and body weight loss (B).
Note: Data are presented as mean ± sD, n=8.
Abbreviation: nPs, nanoparticles.

release than SRF, nearly complete drug releases were achieved 

by CDDP and SRF at 36 and 48 hours, respectively. These 

results may be caused by the different position of drugs loaded 

in the NPs. This may due to the hydrophilic HA and PEG 

that make the HA-PEG-CDDP prodrugs present nearer to the 

surface than SRF. The HA-PEG shell and lipid core through 

which the drugs are released may provide a sustained release 

of drug molecules at the tumor site. This result will prevent 

the total drug release in the bloodstream and promote the drug 

release in endosomes or lysosomes in cancer cells.43
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The anticancer ability of drug-loaded NPs was dem-

onstrated by evaluating cell viability and tumor xenograft 

growth in cultured gastric cancer cell lines in vitro and 

gastric tumor xenograft mice model in vivo. In vitro cyto-

toxicity of drug-loaded NPs and free drugs was evaluated 

on two kinds of gastric cancer cell lines: MKN28 and 

SGC7901 cells. Similar results were found in both cell 

lines. H-CS-NPs showed the highest tumor cell inhibition 

ability by inhibiting the viability of the cancer cell lines at 

low concentrations, which is significantly lower than other 

samples tested.44 Higher toxicity of H-CS-NPs in compari-

son with CS-NPs may be attributed to the attendance of HA 

that provided the targeted ability to the system. In contrast, 

free drug formulations illustrated poorer in vitro antitumor 

efficiency than the drug(s) encapsulated NPs. This may be 

explained by the protection effect of NPs that could reduce 

the degradation of drugs in blood circulation and increase 

the amount of drugs accumulated within the tumor cells and 

showed better cytotoxicity. In vivo antitumor study, H-CS-

NPs inhibited tumor volume to 259.6±16.3 mm3, which was 

remarkably better than CS-NPs (412.3±26.5 mm3) and free 

CS (846.4±33.6 mm3). In vivo results suggest a remarkably 

increased therapeutic efficacy of CDDP and/or SRF-loaded 

NPs in gastric tumor-bearing mice compared with free CDDP 

and/or SRF. H-CS-NPs showed obvious better tumor inhibi-

tion efficiency than H-C-NPs and H-S-NPs, this may due to 

the synergistic effect of the two drugs. The in vivo antitumor 

results are in accordance with the in vitro results, proved the 

promising efficacy of H-CS-NPs.

Compared with free CS, higher CDDP and SRF accu-

mulation of H-CS-NPs and CS-NPs were observed in the 

reticuloendothelial system (RES) active tissue: liver and 

spleen. This result indicated that some of the NPs samples 

were trapped by the RES after systemic administration.45 

Significantly higher accumulations of H-CS-NPs and CS-

NPs than free CS tumor tissue were noticed, which may be 

explained by the enhanced permeability and retention effect 

on the tumor site that let the NPs accumulated easily in the 

tumor. Blood analysis was performed to analyze the clinical 

chemical parameters. Blood enzyme levels were measured 

at day 21 (3 weeks after first treatment).46 The differences in 

blood enzyme activities among the NPs or the free drug treat-

ment groups were not statistically significant, while the trends 

in blood enzyme levels obviously suggested lower toxicity 

of NPs than free drug treatment in tumor models. The mice 

treated with NP samples showed no significant body weight 

loss, whereas free drug administration groups exhibited over 

25% body weight loss at the end of study (day 21). There is 

no obvious difference on behaviors of mice treated with NPs 

compared with the control group. However, considerably 

less active and weaker movements were found on the mice 

treated with free drugs. The above results indicate that the 

NPs enhanced the antitumor effect of drugs and reduced the 

systemic toxicity effects in vivo.

Conclusions
HA and CDDP containing lipid prodrug were synthesized 

and coloaded with SRF into lipid NPs. H-CS-NPs have a 

small size and high drug-loading efficacy. H-CS-NPs showed 

obvious better tumor inhibition efficiency than H-C-NPs and 

H-S-NPs in vivo, this may due to the synergistic effect of the 

two drugs. Higher toxicity of H-CS-NPs in comparison with 

CS-NPs may be the evidence of the targeted ability of HA 

that enhanced the efficiency of the system. Blood enzyme 

levels obviously suggested lower toxicity of NPs than free 

drug treatment in tumor models. The mice treated with NP 

samples showed no significant body weight loss, indicating 

that the NPs could enhance the antitumor effect of drugs and 

reduce the systemic toxicity effects in vivo.
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