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Background: Effective gastric carcinoma (GC) chemotherapy is subject to many in vitro and 

in vivo barriers, such as tumor microenvironment and multidrug resistance.

Materials and methods: Herein, we developed a hyaluronic acid (HA)-modified silica 

nanoparticle (HA-SiLN/QD) co-delivering quercetin and doxorubicin (DOX) to enhance the 

efficacy of GC therapy (HA-SiLN/QD). The HA modification was done to recognize overex-

pressed CD44 receptors on GC cells and mediate selective tumor targeting. In parallel, quercetin 

delivery decreased the expression of Wnt16 and P-glycoprotein, thus remodeling the tumor 

microenvironment and reversed multidrug resistance to facilitate DOX activity.

Results: Experimental results demonstrated that HA-SiLN/QD was nanoscaled particles with 

preferable stability and sustained release property. In vitro cell experiments on SGC7901/ADR 

cells showed selective uptake and increased DOX retention as compared to the DOX mono-

delivery system (HA-SiLN/D).

Conclusion: In vivo anticancer assays on the SGC7901/ADR tumor-bearing mice model also 

revealed significantly enhanced efficacy of HA-SiLN/QD than mono-delivery systems (HA-

SiLN/Q and HA-SiLN/D).

Keywords: gastric carcinoma, chemotherapy, quercetin, doxorubicin, co-delivery

Introduction
To date, cancer remains to be one of the most deadly diseases that lack effective 

treatments.1,2 As the most widely adopted approach in cancer therapy, chemotherapy 

is subject to many in vitro and in vivo barriers, such as tumor microenvironment3 and 

multidrug resistance (MDR).4 Tumor microenvironment is a complicated system that 

comprised different types of cells, including tumor-associated fibroblasts, macrophages, 

and endothelial cells, which are the main components that contribute to the resistance 

of drug delivery approaches (DDS) and decrease the permeation, as well retention of 

both DDS and chemotherapeutic agents.5 On the other hand, by continuously secreting 

growth-inducing cytokines and growth factors, these cells can facilitate the survival of 

tumor cells that further diminish the chemotherapy outcome in another way.6,7 In par-

ticular, during the chemotherapy processes, chronic damage to stroma cells elicits the 

secretion of damage response program molecules to promote the survival and growth 

of neighboring cells, thus causing acquired MDR to the chemotherapies. Wnt16 as a 

member of the Wnt family has been well recognized to be one of the major mitogenic 

growth factors that constitute damage response program molecules.8 It was reported that 

treatment-induced DNA damage in the neighboring benign stroma cells promotes che-

motherapy resistance through paracrine secretion of Wnt16.9 As a result, it was suggested 
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that Wnt16 might be a molecular target for remodeling the 

tumor microenvironment for enhanced chemotherapy.

It has been generally recognized that successful chemother-

apy for cancer relies on the aid of other assistant approaches 

for improved bioavailability.10–12 For the past decades, many 

smart DDS capable of encapsulating and targeted delivering 

the chemotherapeutic agents to the tumor tissue have been 

proposed, including organic ones such as polymeric micelles13 

and liposomes,14 as well as inorganic candidates such as cal-

cium carbonate,15 gold nanoparticles,16 and silica nanoparticles 

(SiLN).17,18 Among these DDS, SiLN has been identified as a 

preferable carrier due to its ease of preparation, modification, as 

well as high drug-loading capacity and biocompatibility.19

Gastric carcinoma (GC) as the fourth most common 

cancer and the second leading cause of cancer death around 

the world has exerted great threat to public health.20 Due to 

its recurrence and metastasis, the estimated overall 5-year 

survival rate of GC is merely around 15%.21 It has been 

suggested in previous report that CD44 is a key molecule 

that participates in many cellular processes of GC cells.22 

The expression of CD44 in human GC has been identified 

to serve as an indispensable indicator for tumor progression, 

metastasis, and patient survival, and23 it has been generally 

recognized that high CD44 expression was associated with 

poor chemotherapy outcomes.24 As an important receptor of 

hyaluronic acid (HA), CD44 is overexpressed in not only 

human GC but also the majority of malignant cells to mediate 

HA-related cell adhesion and HA endocytosis.25 Therefore, 

CD44 proteins have been considered as a preferable target 

receptor for specific drug delivery to GC.26 In fact, HA has 

been widely used as a drug/gene carrier and as a surface ligand 

for nanoparticles to target CD44 overexpressing cells.27–29

Quercetin (QC) is a polyphenolic flavonoid compound, 

which has shown different promising biological activities, 

including apoptosis induction, angiogenesis inhibition, and 

antiproliferative action against several human carcinoma 

cells.30 Besides, QC can competitively inhibit the members 

of MDR family, such as P-glycoprotein (P-gp), MRP1, 

and BCRP,31 which are responsible for the recognition and 

efflux of chemical drugs. More importantly, it has also been 

confirmed by a previous report that QC exerts satisfactory 

Wnt16 knockdown efficiency in NIH3T3 murine fibroblasts.6 

Doxorubicin (DOX) is a chemotherapy medication used 

to treat various kinds of cancers, including breast cancer32 

and GC.33 However, both clinical and fundamental studies 

have proved that the performance of DOX could be greatly 

impaired by MDR, especially acquired MDR, after cells have 

been exposed to a certain dosage of DOX.34,35

Combination chemotherapy for cancer therapy is consid-

ered as an important protocol to enhance therapeutic effects 

and reduce systemic toxicity by simultaneously modulating 

multiple cell-signaling pathways.36,37 As a result, DOX is 

often used together with other agents to further improve 

its anticancer performance as well as reduce the side 

effects.38,39 Co-delivering systems have been widely explored 

by precious works, in which polymer-based DDS, such as 

HA,40 polyethylene glycol,4 chondroitin sulfate,36 etc have 

shown great promise in overcoming the abovementioned 

dilemma. However, compared with previous works’ focus 

on co-delivering QC and DOX,41,42 persistent work is still 

required on the fabrication of a reliable and reproducible 

hybrid platform with decent drug-loading capability as well 

as tumor targetability to enhance the co-delivering efficacy 

in GC chemotherapy.

In this study, HA-modified SiLN nanoparticles (HA-

SiLN) were first synthesized. Then, the HA-SiLN was 

employed to co-load QC and DOX to finally construct QC 

and DOX co-delivery DDS (HA-SiLN/QD). The in vitro 

and in vivo performance of HA-SiLN/QD was system-

atically investigated on DOX-resistant human GC cell line 

(SGC7901/ADR) and xenograft mouse model.

Materials and methods
Materials
Triton X-100, tetraethyl orthosilicate (TEOS), N-(2-

aminoethyl)-3-aminopropyltrimethoxysilane (AEAPS), dicy-

clohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), 

QC, DOX, HA (10 kDa), MTT, and DiR were purchased 

from Sigma-Aldrich Co. (St Louis, MO, USA). Antibodies 

were purchased from Santa Cruz Biotechnology Inc (Santa 

Cruz, CA, USA). All other reagents were of analytical grade 

and used without further purification.

Cell culture
DOX-resistant human GC (SGC7901/ADR) and mouse 

embryonic fibroblast (NIH3T3) cells were purchased from 

the Cell Bank of Shanghai Institute of Biochemistry and Cell 

Biology (Shanghai, People’s Republic of China) and cultured 

in Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich Co.) 

supplemented with 10% fetal bovine serum (Thermo Fisher 

Scientific, Waltham, MA, USA), 100 U/mL penicillin, and 100 

µg/mL streptomycin (Thermo Fisher Scientific) in a cell incuba-

tor (HERAcell 150i, Thermo Fisher Scientific) with humidified 

atmosphere of 95% air/5% CO
2
 at 37°C. All experiments were 

performed on cells in the logarithmic phase of growth.
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Animal model
Male BALB/c nude mice (5 weeks, 20–22 g) purchased from 

Shanghai Laboratory Animal Center (Shanghai, People’s 

Republic of China) were housed in the SPF α laboratory 

and given free access to diet and water. All procedures were 

conducted in compliance with NIH guidelines for care and 

use of research animals and approved by the ethics committee 

of The First Affiliated Hospital of Soochow University. The 

tumor-bearing mice were produced similar to the protocol 

in a previous report.43 In brief, a suspension of SGC7901/

ADR cells (2×106 cells in 0.2 mL physiological saline) was 

subcutaneously inoculated into the left flank and raised 

until the tumor reached designated volume (calculated by 

the formula: W2 × L/2, where W and L are the shortest and 

longest diameter, respectively).

Preparation and drug loading of HA-
modified mesoporous SiLN (HA-SiLN)
Amine-terminated mesoporous SiLN was directly synthe-

sized by using the synchronous hydrolysis of TEOS and 

AEAPS in water-in-oil microemulsion. Briefly, a water-in-

oil microemulsion was prepared by mixing 1.8 mL of Triton 

X-100, 7.5 mL of cyclohexane, and 1.6 mL of n-hexanol. 

After stirring for 0.5 hour, 180 mL of TEOS and 60 mL 

of AEAPS were then added as precursors for silica matrix 

formation, followed by the addition of 100 µL of NH
4
OH to 

initiate the polymerization process. The reaction was allowed 

to continue for 24 hours at room temperature. Afterward, 

additional ethanol was added with proper centrifugation 

(CR21G; Hitachi Ltd., Tokyo, Japan, 3,000 rpm for 10 min-

utes) to precipitate amine-terminated SiLN. The precipitate 

was washed with ethanol and water, respectively, several 

times to remove the surfactant and unreacted molecules.44

HA was chemically conjugated to amine-terminated 

SiLN to prepare HA-SiLN according to a previous report.45 

Briefly, 0.9 g DCC and 0.55 g NHS were dissolved in 30 

mL and 5 mL of dimethyl formamide (DMF), respectively. 

About 0.42 g HA was dissolved in 70 mL of formamide at 

50°C. In an ice bath, solutions of DCC and NHS were suc-

cessively dropped into HA solution under the protection of 

nitrogen to activate the carboxyl group for 1 hour. In addi-

tion, 0.15 g amine-terminated SiLN was dispersed in 5 mL 

of DMF using probe-type sonication (Beidi-IIYJ; Nanjing 

Beidi Co., Ltd., Nanjing, People’s Republic of China, 400 

W, 30 minutes). The SiLN was added in a dropwise manner 

into the HA solution under the protection of nitrogen. After 

stirring at room temperature for 24 hours, the reaction was 

terminated by adding 5-fold of purified water. The mixed 

solution was first subjected to filtration, followed by pre-

cipitation in excess of cold acetone to obtain HA-SiLN. The 

product was purified by dialyzing against deionized water 

and collected by lyophilization.

About 0.1 g of HA-SiLN was dissolved in 3 mL of 

deionized water and stirred for half an hour, and QC and 

DOX (0.01–0.04 g) were dissolved in DMF and then added 

dropwise into HA-SiLN solution under probe-type sonication 

(100 W for 30 minutes in an ice bath). Thereafter, the solution 

was continually stirred for 24 hours and dual drug-loaded 

HA-SiLN (HA-SiLN/QD) was obtained by centrifugation 

(2,000 rpm for 30 minutes). The supernatant was collected 

to estimate QC and DOX concentration to calculate the 

drug-loading content using the following equation. Single 

drug-loaded nanoparticle (HA-SiLN/Q or HA-SiLN/D) was 

obtained using the same method.

	
DLE (% w/w)

Weight of loaded QC or DOX

Weight of DDS
= ×100%

�

The drug content of QC was measured using a UV spec-

trophotometer (D800; Beckman Coulter, Inc., Brea, CA, 

USA) at the wavelength of 255 nm. The drug content of 

DOX was measured using a fluorescence spectrophotometer 

(RF-6000, Shimadzu, Kyoto, Japan) with excitation wave-

length, emission wavelength, and slit openings set at 505, 

605, and 5 nm, respectively.

Characterization of nanoparticles
The comparative Fourier-transform infrared spectroscopy 

(FTIR) spectrum of HA and HA-SiLN was performed on 

an infrared spectrometer (VERTEX 70/70V; Bruker Optik 

GmbH, Ettlingen, Germany). The particle size and zeta poten-

tial of nanoparticles were measured by a Dynamic Light Scat-

tering Analyzer (Brookhaven Instruments, Holtsville, NY, 

USA) and a ZetaPlus Zeta Potential Analyzer (Brookhaven 

Instruments), respectively. The morphology of the MB-NSi 

nanoparticles was further visualized using transmission 

electron microscopy (JEM-1200; Hitachi Ltd.).

Colloidal stability and drug release assay
For colloidal stability test, the freshly prepared HA-SiLN/QD 

was diluted with phosphate-buffered saline (PBS, pH 7.4) 

or 20% serum at the volume ratio of 1:10. The change in 

particle size was recorded at predetermined time intervals 

for up to 48 hours. The release behavior of QC and DOX 

from HA-SiLN/QD was assessed in PBS by the dialysis 
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method.15 Briefly, the HA-SiLN/QD (containing 5 mg of 

QC and DOX) were suspended in 3 mL of the PBS release 

medium and transferred into a dialysis bag (molecular weight 

cutoff [MWCO] 3,500 Da). The release experiments were 

started by placing the dialysis bag into 27 mL of PBS with 

1% Tween 80 to afford the sink condition. The experiment 

proceeded with continuous shaking at 100 rpm at 37°C. At 

a predetermined time, the release medium was withdrawn 

for drug content analysis (as described earlier) and replaced 

with equal volume of fresh one.

Cytotoxicity and synergistic effects of 
QC and DOX
The cytotoxicity of free or drug-loaded HA/SiLN was 

evaluated using the standard MTT assay. SGC7901/ADR 

cells were seeded at 1.0×104 cells/well into 96-well plates 

and cultured until they reached 70%–80% confluence. The 

primary growth medium was replaced by 200 µL of fresh 

serum-free Dulbecco’s Modified Eagle’s Medium, to which 

free HA-SiLN or HA-SiLN/Q, HA-SiLN/D, HA-SiLN/QD 

was added to achieve various concentrations. The weight/

weight (w/w) ratios of QC and DOX were 0.1, 0.2, 1, 5, 

and 10. Plates were then returned to the incubator for up to 

48 hours of incubation. After this, 20 µL of 5 mg/mL MTT 

solution in PBS was added to each well for an additional 4 

hours of incubation. Subsequently, the medium was carefully 

removed and replaced by 150 µL of DMSO and measured at 

570 nm using a microplate reader (EL800; BioTek Instru-

ments Inc., Winooski, VT, USA). Untreated cells were 

used as a control with 100% viability. The synergy effects 

of QC and DOX were calculated using combination index 

(CI).46 In addition, apoptosis assay was performed using the 

Annexin V Apoptosis Detection Kit (Beyotime, Shanghai, 

People’s Republic of China) according to the manufacturer’s 

instructions.

In vitro intake and drug retention
For in vitro intake study, SGC7901/ADR cells were seeded 

in confocal dishes (Φ =15 mm; Corning Incorporated, Corn-

ing, NY, USA) at a density of 1×105 cells/dish and cultured 

overnight. To evaluate the cellular uptake and drug retention 

of different formulations in SGC7901/ADR cells, the dishes 

were then supplemented with 2 mL serum-free medium con-

taining different concentrations of HA-SiLN/Q, HA-SiLN/D, 

or HA-SiLN/QD. Additionally, cells were incubated with 

excess of HA solution (10 mg/mL) at 37°C for 2 hours prior to 

nanoparticle addition. At predetermined time intervals, cells 

were harvested by trypsinization, resuspended in 0.5 mL of 

PBS, and then subjected to quantitative analysis using flow 

cytometer (FCM), BD FACSCalibur™ (BD Biosciences, 

San Jose, CA, USA). For time-dependent DOX retention 

study, cells were incubated with different formulations for 

8 hours. After that, the culture medium was replaced with 

fresh one and the cells were further incubated for additional 

intervals (0.5, 1, 2, 4, or 8 hours) before being subjected to 

FCM analysis.

Effect of QC on protein expression using 
Western blotting assay
The determination of the P-gp expression levels in cells was 

in accordance with a previous report.47 In detail, SGC7901/

ADR cells were seeded in 6-well plates at 1.5×105 cells/well 

and treated with different formulations (15 µM QC) for 48 

hours. After being washed with PBS 3 times, the cells were 

harvested in lysis buffer (Beyotime) for 30 minutes and 

centrifuged at 13,000 rpm for 10 minutes, and the protein 

content in the supernatant was detected using a BCA protein 

assay (Beyotime). Equal amounts of the protein extracts (12 

µg) were loaded and separated on an 8% SDS-PAGE gel and 

transferred onto a nitrocellulose membrane. The membrane 

was incubated first with 5% nonfat milk powder in TBST 

buffer for 1 hour to block nonspecific binding sites and 

then with primary antibodies for P-gp (Abcam, Cambridge, 

MA, USA; 1:4,000) and β-tubulin (Abcam; 1:1,000) at 4°C 

overnight. After being washed with TBST, the membranes 

were further incubated with horseradish peroxidase-labeled 

goat anti-rabbit or -mouse antibodies (1:1,000) at room 

temperature for 1 hour. Finally, the membranes were rinsed 

and visualized with an electrochemiluminescence detection 

reagent (Beyotime). Protein expression was normalized to 

β-tubulin.

NIH3T3 cells were treated with equal concentration of 

15 µM QC. Two days later, the cells were harvested for a 

Western blot assay of Wnt16 expression following a similar 

protocol.

In vitro cytotoxicity studies on multicellular 
tumor spheroids (MCTS)
The establishment of SGC7901/ADR MCTS was done 

according to a previous report.48 In brief, SGC7901/ADR and 

NIH3T3 cells were detached from monolayers, pipetted into 

single-cell suspensions (1.5×104 cells/mL), and mixed with 

each other (v/v, 1:1). Afterward, cells were transferred into 

flat-bottomed 96-well plates precoated with 2% agarose 

(200 µL/well). Cells were incubated for approximately 

4 days, formulations were added into the spheroids by 
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partially (100 µL) replacing the culture medium with fresh 

medium-diluted formulations. The DOX concentration was 

fixed at 5 µg/mL. The change in spheroids was monitored 

using an inverted microscope every day for 4 days. The 

MCTS in different groups were lysed with RIPA buffer 

and then subjected to Western blotting assay to analyze the 

expression of different proteins. GAPDH was used as the 

internal reference. The gray scales of bands were quantitated 

using ImageJ software (Wayne Rasband, National Institutes 

of Health, Bethesda, MD, USA).

In vivo tumor targeting
To evaluate the tumor-targeting capability of HA-SiLN/

QD, near-infrared probe DiR was loaded into HA-SiLN/

QD during the drug-loading process to achieve DiR-labeled 

HA-SiLN/QD. The DiR-labeled HA-SiLN/QD was intrave-

nously administered into the SGC7901/ADR tumor xenograft 

mice (tumor volume: 300 mm3, n=3) followed by investiga-

tion through a noninvasive near-infrared optical imaging 

system (FX PRO; Kodak, Rochester, NY, USA) for 24 hours. 

Mice injected with the same amount of free DiR (20 µg DiR/

kg) were employed as control. Additionally, in order to fur-

ther confirm the interaction between CD44 receptors and HA, 

mice in group 3 were intravenously injected with a high dose 

of free HA (1,200 mg/kg) 1 hour before being injected with 

DiR-labeled HA-SiLN/QD. Finally, the mice were sacrificed 

and the hearts, livers, spleens, lungs, kidneys, and tumors 

of every mouse were excised to measure their individual 

fluorescence intensities. Kodak Molecular Imaging Software 

5.X (Kodak) was used to analyze the images.

In vivo anticancer efficiency
SGC7901/ADR tumor-bearing nude mice model was 

established. When the tumors reached a mean volume of 

approximately 100 mm3, mice were randomly assigned 

to 4 treatment groups (n=6): saline, HA-SiLN/QD (QC 

equivalent of 5 mg/kg), HA-SiLN/D (DOX equivalent of 

5 mg/kg), and HA-SiLN/QD (QC and DOX were equiva-

lent of 5 mg/kg) with reference to a previous report.6 The 

treatment was implemented by intravenous injection every 

2 days 7 times. Tumor volume (mm3) was calculated using 

the formula: tumor volume = (shortest diameter)2 × (longest 

diameter) ×0.5. The tumor growth and body weight variation 

curves were plotted using the average tumor volume vs days 

after the first treatment. All the mice were sacrificed 14 days 

after the first treatment, and their tumors were resected. The 

excised tumors in each group were fixed using 4% paraform-

aldehyde buffer, embedded in paraffin, and sectioned into 

5 µm thick slices. The sections were stained with hematoxy-

lin and eosin (Beyotime) for histological examinations and 

imaged under an inverted microscope.

For analysis of P-gp, α-SMA, Wnt16, and Caspase 3 expres-

sion in tumor tissues, the dissected tumors were weighted 

and cut into pieces and lysed with RIPA buffer at 10 time 

volumes relative to the tumor weight, incubated on ice for 

30 minutes, and sonicated for 10 minutes; they were then 

centrifuged at 10,000 rpm for 10 minutes. The protein 

content of the supernatant was quantitated using the BCA 

assay.

Results and discussion
Characterization of nanoparticles
FTIR analysis was performed to confirm the HA conjuga-

tion to amine-terminated SiLN (Figure S1). Afterward, 

the as-prepared HA-SiLN/QD (QC/DOX =1, w/w) was 

characterized in regard to its particles size, zeta potential, 

as well as morphology (Table S1). According to results 

obtained using a Zetasizer (Figure 1A), the size distribution 

of HA-SiLN/QD was located at around 100 nm with narrow 

distribution range, which was reflected by its relatively 

Figure 1 Particle size distribution (A), zeta potential (B) and morphology (C) of HA-SiLN/QD.
Note: Scale bar: 100 nm.
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small polydispersion index of 0.123 (,0.3). This was also 

confirmed by morphology observation using transmission 

electron microscopy (Figure 1B). It has been reported that 

the high permeability of tumor tissue could facilitate the 

accumulation of nanoparticles, especially those with size 

under 200 nm, via the well-known enhanced permeability 

and retention effect.3 In addition, the surface zeta potential 

also plays important role in dominating the in vivo fate of 

nanoparticles. It was well recognized that due to its hydro-

philicity, HA (like PEG) can prevent opsonin adsorption by 

steric repulsion, leading to reduced uptake by the mononu-

clear phagocyte system.25 As shown in Figure 1C, the zeta 

potential of HA-SiLN/QD was -28.56 mV. According to 

the UV and fluorescent quantitation results, the drug loading 

content could up to 29.7% for QC (0.297 mg QC per mg 

nanoparticles) and 32.6% for DOX (0.326 mg DOX per mg 

nanoparticles), with drug loading efficiencies of 81.6% and 

85.7%, respectively. More importantly, the drug loading 

ratio of QC to DOX (w/w) could be well tuned by varying 

the charged ratios.

Colloidal stability and drug release assay
Particle size is a critical parameter to determine the in vivo 

fate of the DDS. As a result, stability in physiological con-

ditions is the prerequisite requirement if a DDS is intended 

to safely deliver the encapsulated drug molecules to bypass 

multiple extracellular barriers.48 Herein, HA-SiLN/QD (QC/

DOX =1, w/w) was studied regarding its stability as well as 

hemolysis as a function of time and concentration, respec-

tively. To estimate the colloidal stability of the described 

DDS, the change in particle size of HA-SiLN/QD, which 

serves as an indicator of potential instability under physi-

ological conditions, was monitored in PBS (pH 7.4) as well 

as 20% serum. As shown in Figure 2A, the size of HA-SiLN/

QD remained stable with only slight fluctuation in PBS for 

48 hours, which indicated that the as-prepared HA-SiLN/

QD was capable of maintaining its size without being sig-

nificantly affected by the environment for a relatively long 

time. Additional serum stability as well as long-term colloidal 

stability (Table S2) also confirmed the conclusion. The drug 

release profile of HA-SiLN/QD was investigated. As shown 

in Figure 2B, unlike free drugs that could be quickly diffused 

in a short time (50% in 4 hours and over 90% in 12 hours), 

both the encapsulated drugs showed a sustained release prop-

erty. Different release behaviors were observed in different 

pH conditions. In detail, under physiological condition (pH 

7.4), the HA-SiLN/QD showed relatively slow release, with 

approximately 30% of the encapsulated drug being released 

in 48 hours. However, more than 80% of the drugs in HA-

SiLN/QD were being released after 48 hours of incubation 

in acidic environment. At the same time, the release of QC 

and DOX showed a similar profile with synchronized release 

Figure 2 (A) Colloidal stability of HA-SiLN/QD in PBS (pH 7.4) at 37°C for up to 48 hours, (B) drug release profile of free QC, free DOX, and QC/DOX from HA-SiLN/QD 
in different pH values (7.4 and 5.5) for up to 48 hours.
Notes: Data are shown as mean ± SD (n=3). **P,0.01.
Abbreviations: DOX, doxorubicin; h, hours; PBS, phosphate-buffered saline; QC, quercetin.
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behaviors throughout the whole experiment and was near lin-

ear before reaching a balance. The successful loading of both 

drugs as well as different drug release in different conditions 

might be able to change their in vitro and in vivo behaviors 

to achieve a more sustainable and targeted way which is 

beneficial for HA-SiLN/QD to act as a preferable DDS.

Cytotoxicity and synergistic effects of QC 
and DOX
The cytotoxicity effect of free HA-SiLN was first determined 

to verify its safety profile. As shown in Figure S2, free 

HA-SiLN showed negligible cytotoxicity on SGC7901/ADR 

cells at all tested concentrations and time intervals. Even at 

the highest concentration of 200 µg/mL (higher than that 

adopted in the following cytotoxicity assay) for 48 hours, 

the cell viability in HA-SiLN-treated cells still have no sig-

nificant difference to that of blank ones. As a result, it was 

inferred that the following cytotoxicity was all attributed to 

the loaded drugs not the carrier.

The synergistic effects of different drug combination 

ratios against SGC7901/ADR cells were investigated. The 

optimal mass ratio of QC and DOX was evaluated using 

the CI. As shown in Figure 3A, the CI attained its minimum 

when the w/w ratio of QC and DOX reached 1, indicating 

that the strongest synergistic effect was achieved. Thus, 

we chose the w/w ratio of 1 in the subsequent experiments. 

Afterward, apoptosis assay was performed to evaluate 

the in vitro cytotoxicity of selected HA-SiLN/QD (QC/

DOX =1, w/w). As shown in Figure 3B, compared with 

HA-SiLN/Q and HA-SiLN/D at the same condition, HA-

SiLN/QD demonstrated the highest apoptosis rate, which 

inferred that applying QC and DOX together might exert 

enhanced cytotoxicity on GC cells than administering either 

of them alone.

In vitro intake and drug retention
The cellular uptake profile of nanoparticles is usually char-

acterized using fluorescence method. DOX, being a model 

self-illuminating fluorescent molecule, was quantitative 

analyzed by FCM at different time points in terms of fluores-

cence intensity. It has been demonstrated that the modified 

HA polymers exposed on the surface of the nanoparticles 

can target CD44, which is excessively expressed in various 

cancer cells.49 In order to address the concept of HA-mediated 

targeting, SGC7901/ADR cells overexpressing CD44 were 

employed for cellular uptake evaluation.50 As shown in 

Figure 4A, the fluorescence signal of HA-SiLN/QD gradually 

became stronger with extended incubation time, indicating 

that the intracellular uptake of HA-SiLN/QD happened in a 

time-dependent manner. As expected, after HA pretreatment, 

the fluorescence intensity of HA-SiLN/QD suffered a great 

decline. These results provided convincing evidence that 

HA-SiLN/QD was internalized into cells via HA-mediated 

endocytosis.

Furthermore, the intracellular time-dependent retention 

of DOX in different formulations was also determined. 

As depicted in Figure 4B, the intracellular DOX retention of 

different DOX formulations decreased with incubation time 

to varying degrees. Most importantly, compared with HA-

SiLN/D, the HA-SiLN/QD showed the strongest retention 

capacity with around 50% of DOX retained inside the cells 

after 8 hours. It was suggested that overexpressed P-gp in 

MDR cells could recognize and pump the drug molecules out 

of the cells effectively, which results in drastically decreased 

intracellular drug concentrations. Our DOX retention assay 

suggested that HA-SiLN/QD could alleviate the efflux of 

DOX to reverse the MDR in SGC7901/ADR cells.

Effect of QC on protein expression using 
Western blotting assay
In order to seek the potential mechanism responsible for 

the reverse of MDR in HA-SiLN/QD-treated SGC7901/

Figure 3 (A) CI with different ratios of free QC and DOX in SGC7901/ADR cells 
for 48 hours, (B) apoptosis assay of SGC7901/ADR cells incubated with different 
nanoparticles at various concentrations for 48 hours.
Notes: Data are shown as mean ± SD (n=3). **P,0.01 vs HA-SiLN/Q and HA-
SiLN/D.
Abbreviations: CI, combination index; DOX, doxorubicin; QC, quercetin.
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ADR cells, the P-gp expression in different formulation-

treated SGC7901/ADR cells was determined by Western 

blotting. The overexpression of P-gp in drug-resistant cells 

is one of the most significant causes of MDR, in which P-gp 

functions as an efflux pump transporting drugs out of cells. 

As shown in Figure 5A, HA-SiLN/D treatment could elevate 

the P-gp expression in SGC7901/ADR cells compared with 

the blank group, indicating that acquired MDR was involved 

in this process. In contrast to the HA-SiLN/D group that 

showed elevated P-gp level compared with the blank group, 

both the HA-SiLN/Q and HA-SiLN/QD groups had P-gp 

levels decreased by over 50%. These conclusions were also 

confirmed by quantitative analysis, as shown in Figure 5B. 

Therefore, it was believed that QC might play an important 

role in the reducing the P-gp expression and increase DOX 

retention in SGC7901/ADR cells, which was in accordance 

with previous reports.46,51

In addition, we further explored the capability of QC in 

remodeling the tumor microenvironment by measuring the 

inhibition of Wnt16 in HA-SiLN/QD-treated NIH3T3 cells. 

Similar to results obtained in P-gp expression, compared 

with untreated cells, HA-SiLN/D could induce increased 

Wnt16 expression in NIH3T3 cells. As confirmed by previous 

report,6 our results demonstrated that like HA-SiLN/Q, HA-

SiLN/QD co-delivering QC and DOX could also significantly 

downregulate Wnt16 expression, indicating that QC could 

effectively suppress Wnt16 and remodel the tumor microen-

vironment to facilitate enhanced chemotherapy.

Figure 4 (A) Time-dependent and competitive intake of HA-SiLN/QD in SGC7901/ADR cells, (B) intracellular retention of DOX as a function of time.
Notes: Data are shown as mean ± SD (n=3). **P,0.01.
Abbreviations: DOX, doxorubicin; HA, hyaluronic acid; h, hours.

Figure 5 (A) Qualitative and (B) quantitative analyses of effects of QC on P-gp and Wnt16 expression in SGC7901/ADR cells, as determined by Western blotting analysis.
Notes: Data are shown as mean ± SD (n=3). **P,0.01 vs HA-SiLN/D.
Abbreviations: P-gp, P-glycoprotein; QC, quercetin.
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In vitro cytotoxicity studies on MCTS
In order to further confirm the synergistic anticancer effi-

cacy of QC and DOX, 3D SGC7901/ADR MCTS which 

mimicked the solid tumors was employed. As displayed 

in Figure 6A, after 4 days of co-incubation, the drug-

containing formulations were all shown to reduce the 

diameter of SGC7901/ADR MCTS when compared with 

the control group. It is worth mentioning that HA-SiLN/

QD co-delivering QC and DOX exerted the most significant 

reduction on diameter of SGC7901/ADR MCTS. These 

results suggested that the co-delivery of QC and DOX could 

synergistically exert their anticancer functions to achieve 

a better outcome.

Moreover, symbol proteins in MCTS after being treated 

with different formulations were quantified using Western 

blotting assay (Figure 6B). Caspase 3 quantification revealed 

that in the HA-SiLN/QD-treated MCTS, Caspase 3 level 

was 2.63-fold that in control groups, indicating strong cell 

apoptosis. In contrast, MCTS in the other 2 chemotherapy 

groups had much lower Caspase 3 levels. The change in the 

P-gp level in MCTS showed that treatment with HA-SiLN/D 

could trigger acquired MDR that elevate the expression of 

P-gp levels. However, MCTS treated with HA-SiLN/Q and 

HA-SiLN/QD could reverse this process with significantly 

decreased P-gp level. Fibroblast contents reflecting the situ-

ation of tumor microenvironment were also assessed using 

α-SMA and Wnt16. In line with our in vitro experiments, 

the number of active fibroblasts and collagen increased 

significantly after HA-SiLN/D treatment, while the HA-

SiLN/Q and HA-SiLN/QD treatments resulted in a drastic 

reduction in both fibroblasts and collagen compared to the 

untreated control. All these results indicated that the HA-

SiLN/QD could significantly decrease the fibroblasts growth 

and amount of collagen in the tumors and reverse MDR, both 

of which contributed to enhanced chemotherapy of GC.

In vivo tumor targeting
To assess the tumor-targeting ability of HA-SiLN/QD, the 

biodistribution of DiR-labeled HA-SiLN/QD and free DiR 

in the SGC7901/ADR tumor xenograft mice was monitored 

using a noninvasive imaging system. As shown in Figure 7A, 

at 24 hours postadministration, DiR-labeled HA-SiLN/QD 

displayed a remarkable fluorescence signal at the tumor site. 

In contrast, almost no signal at the tumor site was captured 

at 24 hours postinjection in the free DiR group, which 

might be due to the rapid clearance of the low-molecular 

weight DiR molecule. In order to further confirm the role of 

HA in the active targeting of HA-SiLN to CD44 receptors 

of tumor, a high dose of HA polymer was intravenously 

injected prior to administration of DiR-labeled HA-SiLN/

QD to saturate CD44 receptors on GC cells. As expected, 

a noticeable attenuation of fluorescence signal at the tumor 

site was observed, suggesting that the superior tumor target-

ability of HA-SiLN was significantly related to HA modifica-

tion. 24 hours postinjection, all the mice were sacrificed to 

obtain tumors as well as major organs for ex vivo imaging. 

Figure 6 (A) Representative of saline, HA-SiLN/D-, HA-SiLN/D-, and HA-SiLN/QD-treated SGC7901/ADR MCTS at 4 days postincubation, (B) variation of protein 
expression in different formulation-treated MCTS as compared to control.
Notes: Data are shown as mean ± SD (n=3). **P,0.01 vs HA-SiLN/D.
Abbreviations: MCTS, multicellular tumor spheroids; P-gp, P-glycoprotein.
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As presented in Figure 7B, the strongest fluorescence signal 

was visualized at the tumor tissue after administration of 

DiR-labeled HA-SiLN/QD, compared to free DiR and HA 

pretreatment groups. In detail, the fluorescence intensity 

of DiR-labeled HA-SiLN/QD at the tumor site was 7.96-

fold and 2.39-fold higher than that of free DiR and HA 

pretreatment groups, respectively, which further confirmed 

our in vivo observations.

In vivo anticancer efficiency
The in vivo therapeutic efficacy of the HA-SiLN/QD with a 

QC/DOX equivalent dose of 5 mg/kg was compared with that 

of HA-SiLN/Q, HA-SiLN/D, and saline in an SGC7901/ADR 

tumor xenograft model. Once the tumor volume reached 

100 mm3, mice were randomly divided into 4 groups (n=6). 

The treatments were administered by intravenous injection 

every 2 days for a total of 7 treatments over a period of 

14 days. As shown in Figure 8A, compared with the saline 

group, growth inhibition was observed in all drug-treated 

groups. However, due to the hostile tumor microenviron-

ment as well as strong MDR in tumor tissues, the anticancer 

efficacy of the HA-SiLN/D group was very limited. Unfor-

tunately, HA-SiLN/Q showed inferior efficacy to that of 

HA-SiLN/D due to the lack of an effective anticancer drug. 

In contrast, the HA-SiLN/QD group resulted in much better 

therapeutic efficacy than the other groups, which was also 

confirmed by hematoxylin and eosin staining, as displayed in 

Figure 8C. In addition, compared to the combination of free 

QC and DOX, it was suggested that the superior anticancer 

efficacy of HA-SiLN/QD might due to CD44-based targeted 

delivery. Quantification of symbol proteins (Caspase 3, P-gp, 

α-SMA, and Wnt16) in tumor tissue (Figure 8B) also helped 

us reach a similar conclusion to that obtained in MCTS, 

which further confirmed the superiority of remodeling the 

TME and reversing MDR by HA-SiLN/QD.

Conclusion
We successfully developed tumor-targeted SiLN nanopar-

ticles capable of co-delivering QC and DOX (HA-SiLN/QD) 

for effective GC chemotherapy. Our results demonstrated 

that the HA modification could recognize the overexpressed 

CD44 receptor on GC cells and mediate selective tumor 

targeting. In addition, QC could decrease the expression of 

Wnt16 and P-gp, thus remodeling the tumor microenviron-

ment and reversing MDR to facilitate the functionalization 

of DOX. The nanoscaled HA-SiLN/QD exhibited preferable 

stability with sustained release property. In vitro experiments 

on SGC7901/ADR cells showed selective uptake via HA-

mediated endocytosis. In addition, increased DOX retention 

as compared to the DOX mono-delivery system (HA-

SiLN/D) was also observed. In vivo anticancer assays on 

the SGC7901/ADR tumor-bearing mice model also revealed 

significantly enhanced efficacy of HA-SiLN/QD than mono-

delivery systems (HA-SiLN/Q and HA-SiLN/D).
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Figure 7 (A) In vivo distribution of free DiR, DiR-labeled HA-SiLN/QD, and HA-pretreated DiR-labeled HA-SiLN/QD at 24 hours postinjection (left: free DiR; middle: 
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Table S1 Particle size, zeta potential, and polydispersity index of different nanoparticles

Formulation Size (nm) Zeta potential 
(mV)

Polydispersity 
index

SLN 92.61±4.12 30.6±2.83 0.216±0.08
HA-SLN 102.3±2.62 −29.9±3.12 0.116±0.05
HA-SLN/QD 101.6±3.21 −28.56±2.31 0.123±0.06
HA-SLN/DiR 102.8±2.85 −29.3±2.25 0.112±0.03

Table S2 Long-term colloidal stability (2 weeks) of HA-SiLN/QD stored at 4°C and room temperature

Condition Size (nm) 
(before/after)

Zeta potential (mV) 
(before/after)

Polydispersity 
index (before/after)

4°C 101.6/102.1 -28.56/-27.43 0.123/0.126
Room temperature 101.6/103.4 -28.56/-27.17 0.123/0.145

Supplementary materials

Figure S1 Comparative FTIR spectrum of HA (A) and HA-SiLN (B).
Abbreviations: FTIR, Fourier-transform infrared spectroscopy; HA, hyaluronic acid.

Figure S2 Cell viabilities of SGC7901/ADR cells incubated with free HA-SiLN at various concentrations for 24 and 48 hours.
Note: Data are shown as mean ± SD (n=3).
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