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Background: The combination of novel starving therapy with chemotherapy is one of the

most promising strategies to achieve an effective antitumor activity.

Methods: Herein, we developed a multifunctional mesoporous silica nanoparticle (MSNs-

GOx/PLL/HA) coated with poly (L-lysine) (PLL) and hyaluronic acid (HA) for co-delivery

of glucose oxidase (GOx) and anticancer drug paclitaxel (PTX) for cancer treatment for the

first time. Compared to single chemotherapy, introduction of GOx would not only selectively

trigger the consumption of intracellular glucose, leading to the interruption of energy supply,

but also elevat the endogenous H2O2 level, inducing stronger therapeutic effects.

Results: The novel drug delivery system possessed desirable particle diameter of 40 nm and

exhibited a pH-sensitive drug release behavior. An in vitro cellular uptake study indicated

that MSNs-GOx/PLL/HA nanoparticles effectively enhanced the cellular uptake of drug in

an apparently CD44 receptor-dependent manner, and delivered more cargo into cytoplasm

via endolysosomal escape effect in presence of PLL. The nanoplatform has also demon-

strated amplified synergistic therapeutic effects for remarkable tumor inhibition in

a xenograft animal tumor model.

Conclusion: Consequently, the developed synergistic starving-like/chemotherapy may pro-

vide a potential platform for next generation cancer therapy.

Keywords: combination therapy, glucose oxidase, hyaluronic acid, pH-sensitivity,

nanomedicine

Introduction
Although chemotherapy has been a frontline component for current cancer treat-

ment, its effectiveness is often limited due to undesired side effects on normal

tissues. Thus, there is a critical need for improving the therapeutic efficacy of

chemotherapy. Combination therapy is a promising strategy to achieve an effective

antitumor activity, which could not only modulate different signaling pathways in

cancer cells, but also sensitize cancer responsive to drugs, thereby reducing each

drug dose to reduce side effects.1,2

Recently, cancer starvation therapy has been extensively investigated in cancer

therapy. According to the Warburg effect, adenosine triphosphate (ATP) is prefer-

entially produced by oxidative phosphorylation in normal cells with a regular

microenvironment, while an enhancement of glycolysis to generate ATP is observed
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in tumor cells, which is a fast, but less efficient process.3

To compensate for this, proliferating cancer cells tend to

uptake more glucose than normal tissues for producing

more energy.4 Therefore, blocking the glucose supply or

elevating the nutrients consumption in cancer cells have

been proposed for cancer starvation therapy.5

Glucose oxidase (GOx) has drawn more attention for

glucose biosensors, which could oxidize glucose into glu-

conic acid and H2O2.
6 As we all know, H2O2 plays an

active role in various physiological processes including

cell growth, immune response, and senescence.7

According to a previous report, H2O2 at endogenous con-

centrations could cause malignant transformation of nor-

mal cells, but in turn would lead to cancerous cell death at

high concentrations.8 Therefore, the application of GOx

into tumor therapy would not only trigger the consumption

of intracellular glucose, leading to the interruption of the

energy supply, but also elevate the endogenous H2O2 level,

inducing stronger intratumoral cytotoxicity.

Mesoporous silica nanoparticles (MSNs) have been

demonstrated as one of the most promising drug carriers

due to their uniform pore size, high surface area, large

pore volume, high drug loading capability, remarkable

biocompatibility and easy surface functionalization.9

Therefore, MSNs were employed for delivery of GOx

and the chemotherapeutic agent may be an attractive

choice. However, the traditional MSNs lacked cancer tar-

geting ability, which may cause serious off-target effects

and lead to obvious side effects.5 Thus, introduction of

active targeting ligands or antibodies to the system is

extremely demanding.10 Hyaluronic acid (HA), an anionic

linear polysaccharide, has received extensive attention for

its biocompatibility, biodegradability and non-

immunogenicity, especially the high affinity to CD44

receptor.11,12 HA-modified nanocarriers are capable of

simultaneously achieving passive targeting of solid tumors

via enhanced permeation and retention (EPR) effect and

active targeting through CD44-mediated endocytosis with-

out additional targeting ligands.13,14

Therefore, in this study, MSNs were applied for the co-

delivery of GOx and anticancer drug paclitaxel (PTX) to

achieve synergistic therapeutic effects. Poly (L-lysine) (PLL)

was coupled onto the surface of MSNs via pH-sensitive

dynamic benzoic-imine covalent bond and served as “gate-

keeper” to minimize the drug leakage. Additionally, PLL had

more primary and secondary amines that would enable carriers

to facilitate endosomal escape, due to the elevation of osmotic

pressure of lysosome and endosome.15,16 Moreover, HA was

coated at the surface of carriers to shield the positive charges

of PLL to reduce hemolytic toxicity or cytotoxicity and to

improve biocompatibility. As illustrated in Figure 1, the multi-

functional nanoparticles (MSNs-GOx/PLL/HA) could

enhance the permeation at solid tumor site via EPR effect

and improved active targeting of cancer cells through CD44-

mediated endocytosis. Once entering into the tumor cells,

hyaluronidase (HAase) in the acid endo/lysosomes would

actively de-shield HA from the carriers and expose the high

positive charges of PLL, thereby leading to endolysosomal

escape via the proton sponge effect to facilitate more drugs

into cytoplasm.17,18 Meanwhile, GOx could oxidize intratu-

moral glucose for choking off the energy supply and elevate

the toxic H2O2 level to further increase the therapeutic effect.

Therefore, the combination of cancer starving therapy with

chemotherapy might provide a potential platform for next

generation cancer therapy.

Materials and methods
Materials
GOx (100 units/mg) was applied by Sigma-Aldrich Co. (St

Louis, MO, USA). HA (36 kDa) and PTX were purchased

from Yew Biotechnology Co. Ltd. (Jiangsu, China).

Triphosgene, N-ε-carbobenzyloxy-L-lysine (Lys), hexyla-

mine, 4-(dimethylamino)-pyridine (DMAP), dicyclohexyl-

carbodiimide (DCC), tetrahydrofuran (THF), hexane, N,

N-Dimethylformamide (DMF) were obtained from Energy

Chemical Technology Co., Ltd (Shanghai, China).

Hexadecyltrimethylammonium chloride (CTAC), tetra-

ethyl orthosilicate (TEOS), triethanolamine (TEA) and

4-formylbenzoic acid were provided by Fuke Chemical

Reagent Co. (Changsha, China). Methanol and ethanol

were purchased from Han Bang Scientific Corporation

(Huaian, Jiangsu, China).

HepG2 and MCF-7 cells were kindly provided by

China Pharmaceutical University Center for Safety and

Evaluation of New Drugs (Nanjing, Jiangsu, China). All

cell experiments were permitted by the Ethical Committee

of China Pharmaceutical University. Cells were cultured in

DMEM with high glucose, containing 10% FBS, 100 U/

mL penicillin and 100 μg/mL streptomycin. The cells were

cultured in an incubator at 37°C in 5% CO2 atmosphere.

Animals and tumor xenograft models
All animal experiments were carried out according to the

guidelines of the Experimental Animal Center of China

Pharmaceutical University and approved by the Ethics
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Committee of China Pharmaceutical University. Kunming

SPF mice (male, 20±2 g) were provided by Qinglong

Mountain Animal Center (Nanjing, China). To establish

the tumor model, 0.2 mL of murine hepatic carcinoma

cells (Heps, 5×106 cells/mice) were subcutaneously inocu-

lated in the right armpit area of the mice.

Preparation of mesoporous silica

nanoparticles (MSNs-GOx/PLL/HA)
Synthesis of benzaldehyde-functionalized MSNs

(MSNs-CHO)

MSNs were prepared as described in previous study.19

Briefly, CTAC (2.00 g) and TEA, (0.16 g) were dispersed

in 40 mL water and stirred at 95°C under intensive stirring

for 1 hour. Subsequently, 1.5 mL of TEOS was added drop-

wise and the reaction took place for another 1 hour at 95°C.

The product was obtained by centrifugation and washed with

ethanol to remove the residual reactants. Afterwards, the

template (CTAC) was removed in 1 wt% solution of sodium

chloride (NaCl) in methanol for 3 hours, and the same

procedure was repeated four times. Then the product was

dried at 60°C in a vacuum. Subsequently, 0.50 g MSNs were

dispersed in 10 mL DMSO solution, and 0.10

g 4-formylbenzoic acid, 0.02 g DMAP and 0.14 g DCC

were added. The reaction proceeded for 24 hours, and pro-

duct was recovered by centrifugation and dried in a vacuum

to obtain MSNs-CHO.

Synthesis of MSNs-GOx

To prepare MSNs-GOx, 0.10 g MSNs-CHO was dispersed

in 10 mL deionized water solution (pH 7.8), then 0.03

g GOx was added, and the drug delivery system was

stirred at 4°C for 8 hours. The GOx could covalently

graft onto the surface of MSNs through benzoic-imine

linkage between the aldehyde group and amine group of

GOx.6,20 Subsequently, the product was collected by cen-

trifugation, dried in vacuum to obtain MSNs-GOx. The

concentration of reacted GOx was determined by the BCA

Protein Assay Kit (Thermo Fisher Scientific, Waltham,

MA, USA) and the loading capacity of GOx was calcu-

lated by thermogravimetric analysis.21

Gluconic acid 

PTX:
GOX:
PLL:

HA:

solid
tumor

Passive Target

B
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Oxygen
Glucose

H2O2H2O
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Figure 1 Schematic illustration of MSNs-GOx/PLL/HA nanoparticles for synergistic tumor-targeted starvation and chemistry therapy. (A) The preparation processes of

MSNs-GOx/PLL/HA nanoparticles. (B) The drug delivery of nanoparticles including steps of intravenous injection and EPR effect in blood circulation. (C) The cellular

process containing the CD44-mediated cellular internalization, degradation of HA by HAase together with the exposure of PLL at HAase-rich tumor milieu, endosomal or

lysosomal escape, cytoplasmic release of GOx and PTX and the intracellular reaction of GOx with glucose.

Abbreviations: MSNs, mesoporous silica nanoparticles; GOx, glucose oxidase; PLL, poly (L-lysine); HA, hyaluronic acid; EPR, enhanced permeation and retention; HAase;

hyaluronidase; PTX, paclitaxel.
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Poly (L-lysine) surface modification (MSNs-GOx/PLL)

The synthesis route and characterization of PLL was shown

in supplementaryinformation (Scheme 1). Firstly, the N-ε-

carbobenzyloxy-L-lysine N-carboxyanhydrides (Lys(Z)-

NCA) was synthesized as reported.15 Briefly, Lys(Z) (1.00

g, 3.57 mmol) was dispersed in the 20 mL THF and then

triphosgen (0.21 g, 0.72 mmol) was added. After reacting for

3 hours at 50°C, the drug delivery systemwas evaporated and

the product washed with 50 mL of cold hexane, and the

purified product was dried in a vacuum oven.1H NMR (300

MHz, DMSO-d6, ppm): δ 1.18–1.55 (m, γ-CH2 and δ-CH2),

1.70 (ddd, β-CH2), 2.98 (q, ε-CH2), 4.41 (t, α-CH2), 4.99 (s, -

CH2- in Z groups), 7.22–7.44 (m, -Ph in Z groups), 9.08 (s, α-
NH). Fourier transform infrared spectroscopy (FTIR)

peak cm:−1 1740–1860 (C=O in carboxyl anhydride of

NCA) (Figure S1 and S2).

Lys(Z)-NCA (1.41 g, 4.58 mmol) was dissolved in 20 mL

DMF and hexylamine (3.69 mg, 0.04 mmol) in 1 mL DMF

was added. The reaction lasted for 48 hours at N2 atmo-

sphere. Then the drug delivery system was poured into the

mixture of cold methyl tert-butyl ether and hexane. The

precipitate was filtered, dried in a vacuum to yield as PLL

(Z).1H NMR (300MHz, DMSO-d6, ppm): δ 0.82 (s, -CH3 in

hexylamine), 4.98 (s, -CH2- in Z groups), 7.20–7.45 (m, -Ph

in Z groups). FTIR peak cm:−1 1691 (C=O in the Z group),

1626 and 1536 (-NHCO-, amide bond of the PLL (Z) repeat-

ing unit) (Figure S1 and S2).

PLL (Z) (200 mg, 0.02 mmol) was dissolved in trifluor-

oacetic acid then HBr (307.45 mg, 3.80 mmol) was added.

The reaction lasted for 2 hours, and then it was quenched

with cold methyl tert-butyl ether. Then the crude solid

product was filtered and washed three times to obtain the

resulting solid PLL. The average molecular weight was

detected by gel permeation chromatography (GPC). The

analysis was taken with a Shimadzu GPC with Shimadzu

RI and UV/Vis detection, and two 300 mm Waters ultra-

hydrogel GPC Columns using PEG standards. The dissolu-

tion solvent and mobile phase were composed of aqueous

solution containing 0.2 M NaNO3 and 0.01 NaH2PO4 and

the mobile phase at a flow rate of 1.0 mL/min. The average

molecular weight (6400 Da) and polydispersity index (1.00)

were calculated from the GPC retention time (20.58 min-

utes) in Figure S3.1H NMR (300 MHz, D2O, ppm): δ 0.82

(s, -CH3 in hexylamine), 1.17–1.94 (-CH2- in PLL, and -

CH2- in hexylamine), 3.03 (dd, ε-CH2), 4.33 (dd, α-CH).
FTIR peak cm:−1 3413 (-NH2 in the ε-amine of PLL)

(Figure S1 and S2).

The preparation process of MSNs-GOx/PLL was simi-

lar to that of MSNs-GOx. In brief, 0.10 g MSNs-GOx was

dispersed in 10 mL deionized water (pH 7.8), then 0.03

g PLL was added, and the drug delivery system was

further stirred for 12 hours at room temperature. Finally,

the resulting MSNs-GOx/PLL particles were collected by

centrifugation and dried via vacuum freeze-drying for

further use.

Conjugating targeted ligand to MSNs-GOx/PLL and

drug loading

In order to realize active tumor targeting of nanoparticles,

HA was applied to coat the surface of the carriers by

adding MSNs-GOx/PLL into the HA solution at a ratio

of HA: MSNs-GOx/PLL=1:1 (w:w) and stirred for 8

hours. The final MSNs-GOx/PLL/HA particles were col-

lected by centrifugation, washed with deionized water, and

then dried via vacuum freeze-drying for further use.

To obtain PTX-loaded MSNs-GOx/PLL/HA, 0.10

g MSNs-CHO were dispersed in 10 mL PTX solution

(10 mg/mL in DCM) and stirred for 12 hours at room

temperature, and the drug delivery system was centrifuged

and washed with ethanol twice, dried in a vacuum to

obtain PTX-loaded MSNs. To prepare PTX-loaded MSNs-

GOx, MSNs-GOx/PLL or MSNs-GOx/PLL/HA nanopar-

ticles, blank MSNs were replaced by PTX-loaded MSNs

and the rest of the procedure was the same as before. The

coumarin (C6) labeled nanoparticles were prepared in

a same way with PTX-loaded nanoparticles. Drug loading

capability (DL) was calculated according to previous

report.22

Characterization

The aldehyde group on the surface of MSNs was analyzed

by the FTIR using a Thermo Scientific Nicolet 6700 FTIR

spectrometer (Thermo Fisher Scientific, Waltham, MA,

USA). Mesostructure ordering of MSNs and MSNs-CHO

was determined by small-angle X-ray diffraction

(SAXRD) on a Shimadzu XRD-6000 diffractometer

(Kyoto, Japan). Nitrongen adsorption-desorption isotherms

at 77 K were conducted on a Micrometitics Tristar 3000

system (Norcross, Georgia) to quantify the pore size dis-

tribution, surface area and pore volume of MSNs and

MSNs-CHO. The morphology of MSNs, MSNs-CHO,

MSNs-GOx, MSNs-GOx/PLL and MSNs-GOx/PLL/HA

were examined using transmission electron microscopy

(TEM). Thermogravimetric analysis (TGA) was per-

formed under an N2 atmosphere with a heating rate of
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10°C min−1 on a LINSEIS STA PT1600 (Selb, Germany)

thermal analyzer. Scanning transmission electron micro-

scopy (STEM) images and spectra of the MSNs-GOx

/PLL/HA nanoparticles were obtained on JEOL JEM-

2800 (Akishima, Tokyo, Japan) scanning transmission

electron microscope with dual energy dispersive X-ray

spectrometer (EDS) detectors at an electron beam energy

of 200 kV. The size distribution and zeta potential of

different mesoporous nanoparticles were investigated

using a Malvern Zetasizer 3000 system (Malvern, UK).

The structure of PLL and the intermediates were charac-

terized by FT-IR and 1H-NMR spectra (Bruker, Karlsruhe,

Germany).

Catalytic ability measurement

To investigate the catalytic ability of immobilized GOx,

free GOx and MSNs-GOx/PLL/HA (GOx, 100 μg/mL)

were incubated with glucose solutions (1000 μg/mL). At

selected intervals (5 minutes, 30 minutes, 1 hour, 1.5, 2,

2.5 and 3 hours), samples were collected and the concen-

tration of H2O2 and pH was detected by Hydrogen

Peroxide AssayKit (Jiancheng, China) and a pH meter

(pHS-25B, Dapu, Shanghai, China), respectively.

In vitro pH responsiveness and drug release profile

The release profile of PTX-loaded formulations was con-

ducted in PBS buffer at different pH (pH 5.0, 6.5 or 7.4).

In brief, PTX-loaded MSNs and MSNs-GOx/PLL/HA

were introduced into a dialysis bag (MWCO: 1000 Da)

and immersed in 50 mL of PBS containing 0.5% (w/v)

Tween 80. The pH values were adjusted to 6.5 or 5.0 by

adding diluted HCl in the solutions. The nanoparticles

were kept at 37°C and shaken at a speed of 100 rpm. At

predetermined times, a 1 mL sample was collected and

PTX concentration measured by HPLC.

Cellular uptake

To investigate the cellular uptake, HepG2 cells were

seeded in 24-well plates and cultured for 24 hours.

Subsequently, cells were treated with C6-labeled formula-

tions for 1, 2, 4, 8, 12, and 24 hours, and uptake assessed

by flow cytometry (BD, Franklin Lakes, NJ, USA).

The real time observation of the cellular internalization

process was carried out on confocal laser scanning micro-

scopy (Carl Zeiss LSM 700, Carl Zeiss Meditec AG, Jena,

Germany). Briefly, HepG2 cells were cultivated in

a CLSM dish, and then incubated with C6 loaded MSNs-

GOx/PLL/HA for 1, 2, 4, and 8 hours, respectively. Then,

the original medium was discarded and washed with PBS

to remove residual nanoparticles. Afterwards, cells were

fixed with 4% paraformaldehyde and DAPI was applied to

stain the nuclei, and visualized by confocal laser scanning

microscopy (CLSM).

The endocytosis pathway and intracellular trafficking

assay

To investigate the endocytosis pathway of MSNs-GOx

/PLL/HA, HepG2 cells were treated with specific endocy-

tosis inhibitors.23 In brief, cells were cultured in a CLSM

dish and then treated with chlorpromazine hydrochloride

(10 mg/mL, clathrin-mediated endocytosis inhibition),

nystatin (15 μg/mL, caveolin-mediated endocytosis inhibi-

tion), amiloride (100 μg/mL, macropinocytosis inhibition)

and sodium azide (3 μg/mL, ATP synthesis inhibition) for

1 hour. Subsequently, C6-labeled nanoparticles were added

and incubated for another 4 hours. Then, cells were fixed

with 4% paraformaldehyde, and nuclei were stained with

DAPI and imaged by CLSM. For quantitative studies, cells

were collected for further assessment by flow cytometry.

In addition, the viability of cells incubated with the above

inhibitors for 4 hours was also measured.

The intracellular transport of nanoparticles such as

endoysosomal escape was investigated by CLSM. Briefly,

HepG2 cells were cultured in CLSM dish, and then treated

with C6-loaded nanoparticles for 1 hour, and washed with

cold PBS to remove the residual nanoparticles. Subsequently,

cells were further incubated with DMEM media for another

0, 2, or 4 hours and stained with Lyso-Tracker Red

(Beyotime, Nanjing, China). After washing with PBS, sam-

ples were immediately visualized using CLSM.

Target efficacy of nanoparticles

The CD44 expression levels in HepG2 and MCF-7 cells

were detected by flow cytometry. Briefly, cells were cul-

tured in 24-well plates, and then washed with blocking

buffer containing of 0.2% (v/v) FBS and 0.02% (v/v)

sodium azide, and incubated with fluorescein isothiocya-

nate (FITC)-conjugated anti-mouse CD44 (20 mL, BD)

and FITC-conjugated mouse IgG (20 mL, BD) at 4°C for

30 minutes. Subsequently, cells were treated with 200 μL
of 4% paraformaldehyde, and analyzed by flow cytometry.

The CD44-mediated active tumor targeting effect was

further verified by CLSM. In brief, HepG2 and MCF-7 cells

were treated with C6-labeled MSNs-GOx/PLL/HA nanopar-

ticles for 2 hours. Then, cells were fixed with 4% paraformal-

dehyde, and nuclei were stained with DAPI. For CD44

blocking experiments, cells were precultured with 10 mg/mL
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of HA in advance, and then incubated with MSNs-GOx/PLL/

HA for 2 hours. Furthermore, the HA-coated nanoparticles

were pretreated with HAase (1 mg/mL) for 2 hours, and then

cells were incubated with the HAase-treated MSNs-GOx

/PLL/HA nanoparticles for 2 hours. Cells were then treated

following the same procedure as described above, and mon-

itored using CLSM. Finally, the relative fluorescence intensity

was also calculated.

Measurement of intracellular H2O2 concentration

The intracellular H2O2 concentration was detected by the

BES-H2O2-Ac (Wako Pure Chemical Industries, Ltd,

Osaka, Japan), a cell-permeable specific H2O2 fluorescent

probe.24,25 The cells were cultured in 24-well plates, and

then 50 µg/mL MSNs, MSNs-GOx, MSNs-GOx/PLL and

MSNs-GOx/PLL/HA in glucose-free DMEM media were

added into each well for 6 hours, respectively. The pure

glucose-free DMEM media were also added as control.

Then cells were washed with PBS and further incubated

with 1 μM BES-H2O2-Ac for the detection of H2O2 in

intracellular. Finally, the intracellular fluorescent intensity

was monitored by flow cytometry.

To investigate the effect of glucose concentration on

the amount of intracellular H2O2, cells were treated with

MSNs-GOx/PLL/HA in different concentrations (50, 100,

200, 400, 800 µg/mL) of glucose-containing DMEM med-

ium for 6 hours. The remaining preparation followed the

same procedures as above.

The Hydrogen Peroxide Assay Kit (Beyotime) was

applied for further quantitative detection of intracellular

H2O2 level. The cells were cultured in 6-well plates, and

then 50 µg/mL MSNs-GOx/PLL/HA in glucose-free

DMEM or in different concentrations (50, 100, 200, 400,

800 µg/mL) of glucose-containing DMEM were added

into each well. The pure glucose-free DMEM medium

was also added as control. After 6 hours of incubation,

cells were collected and quantified the intracellular H2O2

concentration following the manufacturer’s instructions.

In vitro synergistic antitumor assessment

An MTT assay was applied for evaluation of glucose on

HepG2 cells proliferation. Briefly, cells were seeded in 96-

well plates at a density of 5×103 cells/well and incubated

for 24 hours. Then different concentrations of glucose-

containing DMEM media were added and incubated for

24 hours. Subsequently, cells were incubated with 20 μL
of MTT for 4 hours and 150 μL of DMSO. The absor-

bance was measured at 570 nm by a microplate reader.

The viability of H2O2 against HepG2 cells was also eval-

uated. Moreover, the cytotoxicity of blank MSNs against

HepG2 cells was also calculated.

In vitro synergistic antitumor effect of PTX-loaded

MSNs, MSNs-GOx, MSNs-GOx/PLL and MSNs-GOx

/PLL/HA was also studied in different concentrations of

glucose-containing medium by MTT method. Briefly, 20

μg/mL samples in glucose-free DMEM media or 100 μg/
mL glucose-containing DMEM media were added to each

well and incubated with cells for 24 hours. The remaining

procedures were similar to those described above.

Additionally, in vitro antitumor efficacy of different con-

centration of PTX-loaded MSNs-GOx/PLL/HA in various

glucose-containing DMEM media was also assessed.

Furthermore, in vitro observation of live/dead cells

after different treatments was also studied. Briefly, cells

were cultured in 24-well plates, and then incubated with

MSNs, MSNs-GOx, MSNs-GOx/PLL and MSNs-GOx

/PLL/HA (PTX, 2 μg/mL) in glucose-free DMEM media

or 100 μg/mL glucose-containing DMEM media for 6

hours. Subsequently, cells were stained with calcein AM

and propidium iodide (PI), according to Live and Dead

Viability Assay Kit (KeyGEN Biotech, Nanjing, China),

and captured by fluorescence microscope (Olympus

Corporation, Osaka, Japan).

Cell apoptosis and mitochondrial membrane

potential

The effect of nanoparticles on cell apoptosis was further

investigated through the Hoechst and PI double staining

method. Cells were cultured in 12-well plates, and then

treated with different nanoparticles (PTX, 2 μg/mL) for 8

hours. The remaining procedure was in accordance with

the Apoptosis and Necrosis Assay Kit (Beyotime) and

imaged by fluorescence microscope.

The apoptosis-inducing capability of nanoparticles was

further evaluated by Annexin V-FITC/PI Apoptosis

Detection Kit (Beyotime). Briefly, cells were cultured in 12-

well plates, and then treated with different nanoparticles

(PTX, 2 μg/mL) for 8 hours. The following process was in

accordance with the manufacturer’s protocol and monitored

by flow cytometry. In addition, the apoptosis-inducing cap-

ability of MSNs-GOx/PLL/HA in different concentrations of

glucose-containing media was also studied.

The mitochondrial membrane potential (ΔΨm) was

detected by the Mitochondrial Membrane potential Assay

Kit with JC-1 (Beyotime). HepG2 cells (5×105 cells/well)

dispersed in 6-well plates were incubated with different
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nanoparticles (PTX, 2 μg/mL) for 8 hours. The remaining

procedure was in accordance with the kit manufacturer's

protocol and analyzed by flow cytometry. Changes in

mitochondrial membrane potential were analyzed by the

following equations [22]:

ΔΨm ¼ RedðJ� aggregatesÞ
GreenðJC� 1monomerÞ � 100

Relative ΔΨm ¼Sample ΔΨm
Control Ψm

� 100

Cell cycle analysis

Cell cycle distribution was studied by Cell Cycle Analysis

Kit (Beyotime). HepG2 cells were cultured into 6-well

plates, and then treated with different nanoparticles

(PTX, 200 ng/mL) in 100 μg/mL glucose-containing

DMEM media for 24 hours. Subsequently, cells were

collected and fixed with 70% ethanol at −20°C for 12

hours, and re-suspended into 0.5 mL PI staining solution

for 30 minutes at 37°C in dark. The other procedure was in

accordance with the kit manufacturer's protocol and ana-

lyzed by flow cytometry.

In vivo pharmacokinetics

Sprague Dawley rats (180–220 g) were randomly divided

into four groups (N=6) and intravenously administered

with taxol, MSNs, MSNs-GOx and MSNs-GOx/PLL/HA

nanoparticles with PTX at a dose of 2.5 mg/kg. At the time

point of 0.083, 0.167, 0.25, 0.33, 0.5, 0.75, 1, 2, 4, 8, and

12 hours following injection, blood samples were collected

and then transferred to a 10 mL centrifuge tube and

extracted with 5 mL of methyl tert-butyl ether with 20

μL internal standard (diazepam, 500 ng/mL). The organic

layer was collected, dried at 37°C, and the residue was

then reconstituted with 100 μL methanol. 20 μL of the

sample was injected into the HPLC system for PTX quan-

tification. Pharmacokinetic parameters were obtained

using a non-compartmental model by PK SOLVER

(Nanjing, China).

In vivo biodistribution study

In vivo biodistribution of the preparations was studied in

Kunming SPF mice. Tumor size was monitored with

a Vernier caliper, and calculated as (a×b2)/2, where a and

b are the major axis and minor axis. The mice were

imaged at the predetermined time after intravenous injec-

tion DiR-labeled MSNs and MSNs-GOx/PLL/HA or free

DiR, at DiR dose of 0.2 mg/kg. In the HA competition

experiment, animals were pre-injected with 10 mg/kg of

free HA 30 minutes before injected with MSNs-GOx/PLL/

HA. At the established intervals, images were captured by

an in vivo imaging system (DXS 4000PRO; Kodak,

Rochester, NY, USA). After 24 hours of live imaging,

mice were then sacrificed, and major organs as well as

tumors were acquired and analyzed by the same method.

In vivo synergistic antitumor efficacy and security

evaluation

Tumor-bearing mice were divided into five groups (N=6)

and injected with different preparations every other day

(total seven injections) that contained 7.5 mg/kg PTX.

Saline was used as a negative control, and taxol as

a positive control. The tumor size and body weight were

recorded every day during the treatment period. At day 13,

tumors and major organs, including heart, liver, spleen,

lung, and kidney were also collected for histopathology

analyses with H&E staining.

Tumor-bearing mice were randomly divided into five

groups and administered with MSNs, MSNs-GOx, MSNs-

GOx/PLL/HA (PTX, 7.5 mg/kg). Saline was used as

a negative control, and taxol as a positive control. In 6

hours of post-injection, tumors were excised and weighted.

Subsequently, hydrogen peroxide assay lysate was added for

full homogenization, followed by centrifugation at 12,000

g for 5 minutes to obtain supernatant for further detection.

The following process was in accordance with the manufac-

turer’s protocol of Hydrogen Peroxide AssayKit (Beyotime).

Statistical analysis

Data are expressed as the mean ±SD. Differences between

the groups were assessed by one-way ANOVA, and

a P-value less than 0.05 was considered significant.

Results and discussion
Characterization of mesoporous silica

nanoparticles
FTIR spectroscopywas used to confirm the synthesis ofMSNs

andMSNs-CHO. As shown in Figure 2A, the observed absor-

bance bands at 1,086 cm−1 was characteristic for the asymme-

trical stretching vibration of Si-O-Si, and the absorption peak at

962 and 799 cm−1 were assigned to symmetric stretching

vibration of Si-O-Si. The presence of a typical C=O stretching

vibration of benzaldehyde at 1,692 cm−1 in MSNs-CHO con-

firmed the success of benzaldehyde functionalization. The new

emerging peak at 676 cm−1 in MSNs-CHO was also

a characteristic peak of the phenyl group. Then, the
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mesoporous characteristic of MSNs and MSNs-CHO was

confirmed by SAXRD, N2 adsorption-desorption isotherms,

and TEM analysis. The N2 adsorption-desorption isotherm

revealed that MSNs possessed relatively high specific surface

areas (463.95 m2/g) and well-defined pore sizes (2.51 nm) and

pore volume (1.08 mL/g) (Figure 2C), which could also be

confirmed by the absence of corresponding SAXRD peak(s)

(Figure 2B).19 In comparison, MSNs-CHO had a slight

decrease on specific surface area of (393.61 m2/g) and pore

size (2.16 nm), and the pore volume was 0.982 mL/g.

Moreover, the TEM results showed that the particle sizes of

MSNs-CHO were all about 40 nm, which showed no obvious

change fromMSNs (Figure 2E), indicating that the success of

benzaldehyde functionalization did not obviously alter the

overall morphology of the nanoparticles.

Next, biofunctionalized PLL was also introduced onto

the surfaces of the MSNs via benzoic-imine bond, which

served as pH-responsive “gatekeepers” and endolysosomal

escape materials. HAwas coating the surfaces of the MSNs

through electronic interaction. As shown in Table S1, the

successful coating of PLL resulted in a sharp charge con-

version in zeta potential and a slight increase of particle

size. However, after coating of HA, the MSNs-GOx/PLL/

HA once again showed a significant charge conversion

compared to MSNs-GOx/PLL, demonstrating the existence

of supporting layer on MSNs. Additionally, from the gra-

dual increase of weight loss in the TGA image (Figure 2D),

it could be inferred by the successful modification with

GOx and polymer materials layer by layer.26 TEM investi-

gation of MSNs-GOx/PLL and MSNs-GOx/PLL/HA also

provided direct visual evidence of the surface-bound poly-

mer layer. Furthermore, all the major elements (C, N, Si, O,

S) were detected in the EDS spectrum (Figure S4), which

supported our claims very well.26
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Catalytic ability measurement
The concentration of reacted GOx was determined by the

BCA Protein Assay Kit and the loading capacity of GOx

was calculated as 7.63 wt%, and the result was in accor-

dance with the analysis of TGA (Figure 2D).21 In addition,

based on GOx-catalyzed decomposition reaction of glu-

cose, we incubated free GOx and MSNs-GOx/PLL/HA

with glucose solutions, and the results showed that free

GOx and MSNs-GOx/PLL/HA could all effectively cata-

lyze the conversion of glucose, leading to the quick

decreasing in pH and the increasing of H2O2 concentra-

tion, which indicated the high catalytic capability of GOx

(Figure 3A and B).27 Therefore, it concluded that GOx

could still keep its activity after immobilization.

pH-dependent drug release
An in vitro release experiment was conducted to studywhether

MSNs-GOx/PLL/HA would respond well to the pH change

and serve as a pH-responsive system for efficient drug deliv-

ery. For comparison, the release of PTX from uncoated MSNs

was also measured. As illustrated in Figure 3C,MSNs showed

an obvious burst release with more than 55% PTX release at

pH 7.4 within 12 hours. The premature release of cargo may

result in off-target toxicity to normal bystander cells. In con-

trast, MSNs-GOx/PLL/HA was more stable in a simulated

body fluid (pH 7.4), and the drug release amount was less

than 15% within 24 hours, indicating an effectively controlled

capability by the supported polymers layer under physiologi-

cal conditions (Figure 3D). However, drug release from

MSNs-GOx/PLL/HA showed an obvious increase by

a stepwise addition of diluted HCl into the medium, and

acidification of the medium to pH 6.5 (simulating tumor

microenvironment) and 5.0 (simulating the endosomal-

lysosomal drug delivery system in tumor cell) gave rise to an

increased release to 42% and 78%, respectively. This phenom-

enon could be attributed to pH-induced cleavage of benzoic-

imine bond and consequently elimination of the surface mod-

ification polymer material on the pore outlets. The above

results demonstrated that MSNs-GOx/PLL/HA presented

a typical pH-dependent drug release behavior, which would

facilitate selective drug release within tumor cells.

Cellular uptake and endocytosis pathway
Efficient cellular internalization of nanoparticles is impor-

tant for drug delivery and efficient therapy.28 As displayed

in Figure 3E, the mean fluorescence intensity between

MSNs and MSNs-GOx showed no obvious difference. In

contrast, the signal of MSNs-GOx/PLL and MSNs-GOx

/PLL/HA was significantly increased, and fluorescence

intensity amounted to 3.1- and 4.9-fold higher than that of

MSNs preparation. Two factors might be responsible for the

above results.On the one hand, MSNs-GOx/PLL with

a highly positive charged surface could be beneficial for

negatively charged membrane absorptions. On the other

hand, the CD44-mediated endocytosis based on the active

targeting effect of HA played an important role on enhanced

uptake of nanoparticles compared to the electronic adsorp-

tive endocytosis.29 In addition, CLSM results illustrated that

nanoparticles could be effective uptake into cells, and fluor-

escence intensity increased with incubation time, suggesting

a time-dependent cellular uptake (Figure 3F).

Subsequently, the endocytosis pathway of MSNs-GOx

/PLL/HA was also studied. As shown in Figure 4A, cell

viabilities were all above 90% after treatment with different

inhibitors, implying the safety of inhibitors on cells. In addi-

tion, NaN3 reduced cellular uptake of nanoparticles by about

42% (Figure 4B), while chlorpromazine and nystatin lowered

the cellular uptake by about 33% and 30%. The qualitative

results from CLSM (Figure 4C) were in accordance with the

analysis by flow cytometry. Therefore, these results illu-

strated that the internalization of MSNs-GOx/PLL/HA was

an energy-dependent process, and clathrin-mediated endocy-

tosis as well as caveolin-mediated endocytosis all played an

important role in the uptake of nanoparticles.

Intracellular trafficking
The endolysosomal degradation pathway was considered as

a major obstacle for drug delivery, and it reported that extra-

cellular cargo processed by clathrin-mediated endocytosis

was then trafficked to the endolysosomal drug delivery

system.30–32 Thus, CLSM was applied to monitor intracellu-

lar trafficking and endosomal escape of nanoparticles. As

shown in Figure 4D, after 1 hour of incubation, colocaliza-

tion of green C6-labeled nanoparticles and red Lyso-Tracker

was observed in all groups, illustrating that nanoparticles

could entrap endosomes at an early stage of cellular

uptake.17 However, the merged yellow signal showed no

significant change in MSNs and MSNs-GOx treatment after

further 4 hours of incubation. In contrast, the merged signal

in MSNs-GOx/PLL and MSNs-GOx/PLL/HA groups was

significantly reduced after 2 hours incubation and

a minimal amount of colocalization was observed after

further 4 hours, indicating the endosomal escape of both

nanoparticles through the proton sponge effect of PLL.

Accordingly, the results confirmed that MSNs-GOx/PLL/
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HA nanoparticles would facilitate endosomal escape through

the proton sponge effect, which was beneficial for efficient

drug delivery.33

Target efficacy of nanoparticles
To investigate the affinity of MSNs-GOx/PLL/HA for

CD44 receptor on cancer cells, CD44 expression levels

0.50.0
0

500

1000

H
2O

2 
co

nc
en

tra
tio

n 
(μ

m
ol

/lL
)

MSNs-GOx/PLL/HA

MSNs-GOx/PLL/HA
Free GOx Free GOx

1500

2000

2500

100

80

60

A
cc

um
ul

at
iv

e 
re

le
as

e 
(%

)
FL

 in
te

ns
ity

 (%
)

40

20

0
0

2500
MSNs-GOx/PLL/HA-C6
MSNs-GOx/PLL-C6
MSNs-GOx-C6
MSNs-C6

2000

1500

1000

500

0
0 5 10 15 20

∗∗∗

∗∗∗

25

24

pH 7.4 pH 6.5 pH 5.0

48 72

B

C

E F

A

D

1.0 1.5
Time (hours)

Time (hours)

Time (hours)

100

80

60

A
cc

um
ul

at
iv

e 
re

le
as

e 
(%

)

40

20

0
0

1 hour

C
6

D
A

P
I

O
ve

rla
p

B
rig

ht
 im

ag
e

2 hours 8 hours4 hours

24

pH 7.4 pH 6.5 pH 5.0

48 72
Time (hours)

2.0 2.5 3.0

8
7

6
5
4pH

2
3

0
0.0 1.0 1.5 2.52.0

Time (hours)
3.00.5

1

Figure 3 (A) The generated H2O2 concentration and pH value (B) arising from the reaction between free GOx and MSNs-GOx/PLL/HA in glucose medium. In vitro PTX

release profiles from MSNs (C) and MSNs-GOx/PLL/HA (D) at different pH values via a stepwise acidification method. (E) Cellular uptake of C6-labeled different

nanoparticles. Results are expressed as mean fluorescence values determined by flow cytometry after 1, 2, 4, 8, 12 and 24 hour of incubation. Significant difference from

MSNs-C6: ***P<0.001. (F) Real time confocal microscopy images of HepG2 after incubation with C6 labeled MSNs-GOx/PLL/HA.

Abbreviations: GOx, glucose oxidase; MSNs, mesoporous silica nanoparticles; MSNs-CHO, benzaldehyde-functionalized mesoporous silica nanoparticles; PLL, poly

(L-lysine); HA, hyaluronic acid; C6, coumarin.

Du et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:142242

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


20

Control NaN3 Chlopromazine Amiloride Nystatin

C
el

l v
ia

bi
lit

y 
(%

)
FL

 in
te

ns
ity

 (%
)

0

A

B

D

C

Con
tro

l

NaN
3

Chlo
rpr

om
az

ine
Amilo

rid
e

Nys
tat

in

Con
tro

l

NaN
3

Chlo
rpr

om
az

ine
Amilo

rid
e

Nys
tat

in

40

C
6

D
A

P
I

O
ve

rla
p

B
rig

ht
 im

ag
e

60

80

100

120

160 ∗∗∗

∗∗∗
∗∗∗

∗∗

120

80

40

0

1 hour

1 hour + 2 hours

1hour + 4hours

2

2

2

3

1

1 1 11

1

3

3

4

4

4

2

2

2

3

1

1

3

3

4

4

4

2

2

2

3

1

1

3

3

4

4

2

2

2

3

1

1

3

3

4

4

4

MSNs-GOx-C6MSNs-C6 MSNs-GOx/PLL-C6 MSNs-GOx/PLL/HA-C6

Figure 4 (A) Viability of HepG2 cells treated with different inhibitors. (B) Effects of inhibitors on endocytosis in HepG2 cells. Significant difference from control:

**P<0.01, ***P<0.001. (C) Confocal microscope images of HepG2 cells after pre-incubated with different inhibitors. Scale bar: 10 μm. (D) Confocal microscope

images of HepG2 cells for intracellular delivery of C6-labeled MSNs, MSNs-GOx, MSNs-GOx/PLL and MSNs-GOx/PLL/HA for different times. The late endosomes

and lysosomes were stained by Lyso-Tracker red. 1: overlay of 1, 2 and 3; 2: green fluorescent of C6-labeled nanoparticles; 3: red fluorescent of endo/lysosomes;

4: bright field of cells; 1 hour: incubation with nanoparticles for 1 hour, followed by imaged by CLSM; 1 +2 hours: incubation with nanoparticles for 1 hour,

followed by washing and further incubation for 2 hours; 1 +4 hours: incubation with nanoparticles for 1 hour, followed by washing and further incubation for 4

hours; Scale bar: 10 μm.

Abbreviations: GOx, glucose oxidase; MSNs, mesoporous silica nanoparticles; MSNs-CHO, benzaldehyde-functionalized mesoporous silica nanoparticles; PLL,

poly (L-lysine); HA, hyaluronic acid; C6, coumarin; CLSM, confocal laser scanning microscopy.

Dovepress Du et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
2243

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


on HepG2 and MCF-7 cells were studied. The result con-

firmed that HepG2 cells highly overexpressed CD44

receptor, while MCF-7 cells showed a low level of CD44

(Figure 5A). Thereafter, the CD44-mediated internaliza-

tion was verified by CLSM. As shown in Figure 5B, when

cells were treated with MSNs-GOx/PLL/HA for 2 hours,

a visible green fluorescence was detected in HepG2 cells,

while an insignificant C6 signal was observed in MCF-7

cells. Moreover, to further study the interaction between

CD44 and HA, two cell lines were pretreated with excess

HA to block the CD44 receptor on cell membrane. The

results showed that fluorescence exhibited significant

decrease in HepG2 cells compared to that without treat-

ment with HA, while no obvious change was detected in

MCF-7 cells, which further confirmed that MSNs-GOx

/PLL/HA could be taken up by tumor cells via CD44-

mediated internalization. In addition, we also incubated

MSNs-GOx/PLL/HA with HAase to degrade HA shell of

nanoparticles, followed by study of the cellular uptake.

The fluorescence showed a dramatic reduction compared

to that of untreated cells, and then the green signal was

further quantified by CLSM (Figure 5C and D). These

results all indicated that a CD44-mediated endocytosis

pathway driven by CD44-HA affinity played a vital role

in the uptake of MSNs-GOx/PLL/HA nanoparticles.

Measurement of intracellular H2O2

concentration
To demonstrate MSNs-GOx/PLL/HA could elevate the endo-

genous H2O2 level, a cell-permeable specific H2O2 fluorescent

probe (BES-H2O2-Ac) was used to assess H2O2 generation on

HepG2 cells.24,25 As shown in Figure 6A, a larger amount of

H2O2was released fromGOx-loaded nanoparticles, indicating

that GOx could oxidize intracellular glucose to produce H2O2.

Meanwhile, MSNs-GOx/PLL/HA treatment showed a higher

fluorescence intensity than other groups, which might be

attributed to the active effect of the HA shell on increasing

the intracellular accumulation of GOx. Subsequently, to

further study the effect of glucose concentration on intracel-

lular H2O2 release, cells were incubated with MSNs-GOx

/PLL/HA in various levels of glucose-containing medium

(Figure 6B). As expected, intracellular H2O2 level was ele-

vated with increased glucose concentrations, suggesting
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a glucose-dependent H2O2 release. In addition, quantitative

determination of H2O2 in cells was also studied and the results

were in agreement with flow cytometry analysis (Figure 6C

and D). Therefore, we could infer that MSNs-GOx/PLL/HA

would effectively trigger the consumption of intracellular

glucose, leading to interruption of the energy supply, and

also elevate the endogenous H2O2 level, inducing stronger

intratumoral cytotoxicity.

In vitro synergistic antitumor efficacy
To confirm the synergistic antitumor efficacy caused by

GOx-mediated consumption of intracellular glucose and

the elevation of the endogenous H2O2 level as well as the

combination with chemotherapy, a series of cell viability

experiments were performed by different methods. As

presented in Figure 7A, during the tumor growth, glucose

serves as an energy supplier to promote cancerous cell

proliferation, while a high concentration of H2O2 would

lead to significant cell death (Figure 7B). Thus, the star-

vation-like therapy via GOx-triggered decomposition of

glucose into toxic H2O2 was a feasible strategy, which

would produce a much stronger anticancer effect than

conventional starving therapy that only blocked the glu-

cose supply. Subsequently, the good safety of blank

MSNs was confirmed by MTT assay (Figure S5). Then

the cytotoxicity of MSNs-GOx/PLL/HA was also

assessed. As expected, MSNs-GOx/PLL/HA caused

a strongeer cytotoxicity than other preparations (Figure

7C). Furthermore, the cytotoxicity was elevated with

increased glucose concentrations and chemotherapeutics,

which indicated that the H2O2 production played an

important role in improvement of therapeutic effect

(Figure 7D). Meanwhile, we further observed the live

and dead cells through the fluorescence microscope
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Figure 6 (A) Flow cytometry analysis of intracellular H2O2 generation (using the BES-H2O2-Ac probe) in HepG2 cells after being treated with different preparations. (B)
The analysis of intracellular H2O2 generation after incubation with MSNs-GOx/PLL/HA in different concentrations (50, 100, 200, 400, 800 μg/mL) of glucose-containing
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Abbreviations: MSNs, mesoporous silica nanoparticles; GOx, glucose oxidase; PLL, poly (L-lysine); HA, hyaluronic acid.
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(Figure 7E), and the results were in accordance with the

cytotoxicity analysis, which strongly confirmed that the

synergistic starvation-like therapy and chemistry therapy

could lead to an improved therapeutic effect.

Cell apoptosis and mitochondrial

membrane potential
To further demonstrate synergistic antitumor efficacy, the

apoptosis-inducing capability of different nanoparticles was

assessed by the Hoechst and PI double staining method, and

morphological changes in cell nuclei were captured by

fluorescence microscope. The blue fluorescent Hoechst

33,342 was a cell permeable nucleic acid dye usually used

to identify chromatin condensation and fragmentation by

staining the condensed nuclei of apoptotic cells. The red

fluorescent PI was a cell impairment DNA-binding dye,

which would stain cells as the plasma membrane permeabil-

ity increased and plasma membrane integrity lost.34

Therefore, cells in late apoptosis or necrosis would show

pink fluorescence after staining. As observed in Figure 8A,

the nuclei of untreated cells appeared to homogeneous fluor-

escence with no evidence of segmentation and fragmentation

after Hoechst staining, while cell nuclei became severely
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fragmented after being treated with different preparations,

illustrating that the nuclei were segmented into dense nuclear

parts and then distributed into apoptotic bodies.35 The PI

staining for late apoptotic cells only displayed the homoge-

neous fluorescence, which was consistent with the cell death

process.29 Moreover, the quantitative analysis of apoptosis

was assessed by the Annexin V-FITC/PI method. The apop-

totic rate of the control cells could be negligible, and the

percentage of early and late apoptotic cells of the taxol group

was 19%. After treatment with GOx modified nanoparticles,

the apoptotic rate was clearly increased, especially MSNs-

GOx/PLL/HA group (Figure 8B). Meanwhile, the apoptotic

effect was further improved with increased glucose concen-

trations (Figure 8C). Thus, the above results all directly

confirmed that GOx played an irreplaceable role in enhan-

cing synergistic antineoplastic therapy.

Moreover, mitochondrial membrane potential (ΔΨm) is

considered an important parameter of mitochondria function

and the loss of ΔΨm is regarded as a hallmark of cell

apoptosis.36 Therefore, the apoptotic effect was further con-

firmed by morphological membrane potential changes. As

shown in Figure 8D, compared with negative control, relative

ΔΨm value of the MSNs-GOx/PLL/HA group presented

a significant decrease, and results were in agreement with

cell apoptotic analysis.

Cell cycle analysis
As reported that the main mechanism of PTX involves

inhibition of the microtubules depolymerization leading

to formation of stable microtubules and inhibition of spin-

dle formation during late G2 phase and M phase of the cell

cycle.37 Therefore, the cell cycle progression of HepG2
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cells after being treated with different preparations was

further evaluated by monitoring DNA content through

flow cytometry. As shown in Figure 8E, all the formula-

tions induced the arrest of cell growth at different levels,

with MSNs-GOx/PLL/HA exhibiting a superior effica-

cious G2/M phase arrest, which was in accordance with

the in vitro apoptotic results (Figure 8F).

In vivo pharmacokinetics
The mean plasma concentration versus time profiles were

plotted (Figure 8G) and corresponding pharmacokinetic

parameters were summarized in Table S2. All the PTX-

loaded preparations presented higher blood circulating

levels compared to the taxol group, especially MSNs-

GOx/PLL/HA treatment. In comparison, the half-life

(t1/2) and the area under the plasma concentration-time

curve (AUC0-∞) of MSNs-GOx/PLL/HA were 2.49-fold

and 2.60-fold higher than that of the taxol group.

Moreover, the mean residence time (MRT0-∞) of MSNs-

GOx/PLL/HA was 2.15-fold higher than that of the taxol

group. The clearance (CL) rate for all the preparations was

much lower than that of taxol. These findings of MSNs-

GOx/PLL/HA nanoparticles indicated enhanced tumor tar-

get ability and therapeutic index in the animal model.29

In vivo tumor targeting and

biodistribution
To demonstrate tumor targeting ability, mice were admini-

strated with different preparations, and monitored whole-

body fluorescence biodistribution by an in vivo imaging

method. As shown in Figure 9A, intense fluorescence signal

was rapidly detected in liver 1 hour post-injection, demon-

strating that nanoparticles could be rapidly distributed and

metabolized by the liver.38 Moreover, as time progressed,

MSNs-GOx/PLL/HA could efficiently accumulate at the

tumor site, and the fluorescence signal was maintained for

up to 24 hours. By comparison, almost no signal was detected

in the tumor site 12 hours post-injection with free DiR. To

further verify the active targeting effect of HA shell of

nanoparticles, excess free HA solution was pre-injected for

competitively blocking the CD44 receptors on the tumor

cells, followed by injection with MSNs-GOx/PLL/HA. As

expected, the DiR signal showed a significant reduction at the

tumor site, indicating that the HA shell not only improved the

biostability of nanoparticles in circulatory system, but also

endowed with the active tumor targeting ability.39

Subsequently, the mice were sacrificed, and tumors as well

as major organs were excised for ex vivo imaging, which

further verified the in vivo biodistribution results (Figure 9B

and C). Therefore, these results confirmed that MSNs-GOx

/PLL/HAwas a promising platform to increase the accumu-

lation of cargo in tumor sites.

In vivo synergistic antitumor efficacy and

security evaluation
In vivo synergistic cancer starvation and chemistry therapy

of the drug-loaded nanoparticles was further evaluated in

Heps tumor bearing mice with saline as negative control

and taxol as positive control. As shown in Figure 9D,

tumor volume of saline group increased by 20-fold com-

pared to that on the first day of treatment. Meanwhile,

PTX-loaded MSNs exhibited improved tumor suppression

in comparison to saline, while there was no significant

difference from the taxol group. In comparison, significant

delays in tumor growth were detected in drug and GOx co-

delivery of MSNs-GOx and MSNs-GOx/PLL/HA, espe-

cially the MSNs-GOx/PLL/HA group. Furthermore,

MSNs-GOx and MSNs-GOx/PLL/HA (Figure 9G) all

caused a drastic increase in intratumoral H2O2 concentra-

tion, which further confirmed that GOx-modified nanopar-

ticles could consume the intratumoral glucose for H2O2

generation, leading to a significantly synergistic effect in

shrinking tumors (Figure S6).

Moreover, at the end of experiment, average tumor

weight from the saline group was 2.03 g, while that from

MSNs-GOx/PLL/HA group was only 0.21 g (Figure 9F);

there were significant differences among the two groups.

In contrast, taxol and MSNs seemed to be less effective in

inhibiting the tumor growth, which could be attributed to

the limited intratumoral H2O2 concentration that lead to

a relatively low therapy efficacy. Body weight was another

evaluation parameter to check for adverse effects of the

testing preparations.22 As shown in Figure 9E, mice in the

saline or nanoparticles groups all showed no weight loss

for the duration of the study, while taxol treatment showed

a significant reduction, demonstrating a satisfactory safety

profile for MSNs-GOx/PLL/HA nanoparticles.

Furthermore, at the end of the experiments, the antitu-

mor efficiency was also assessed through histological ana-

lysis of tumor tissues by H&E staining method. As shown

in Figure 9H, all the GOx containing therapeutic groups

showed signs of tumor growth inhibition, especially the

MSNs-GOx/PLL/HA treatment, which presented the max-

imum cell toxicity and the highest level of tumor
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necrosis.29,38 The patterns of cell apoptosis in tumor tissues

were in agreement with the results of the tumor inhibition

study. Moreover, pathological changes of major organs

were also analyzed. In comparison with saline and taxol,

the nanoparticles groups did not induce inflammatory

response, cell degeneration, or necrosis in major organs

(Figure S7). Thus, all the above results further confirmed

that MSNs-GOx/PLL/HA exhibited satisfactory tumor

100

2,000

2.5

2.0

1.5

1.0

Tu
m

or
 w

ei
gh

t (
g)

B
od

y 
w

ei
gh

t (
g)

0.5

0.0

1,500

1,000

500

0

IV

I

1 hour 2 hours 4 hours 8 hours 12 hours 24hours

II

III

IV

D

G

H

A B

C

E F

IV

III

II

I

III
II
I

2,375

1,750

3,000

1,125

Fl
ux

/m
m

2

500

Hea
rt

Liv
er

Sple
en

Lu
ng

Kidn
ey

Tu
mor

Hea
rt

Liv
er

Sple
en

Lu
ng

Kidn
ey

Tu
mor

525 950 1,375 1,800

Sali
ne

Ta
xo

l

MSNs

MSNs-G
Ox

MSNs-G
Ox/P

LL
/H

A

Sali
ne

Ta
xo

l

MSNs

MSNs-G
Ox

MSNs-G
Ox/P

LL
/H

A

∗∗∗

∗∗∗
∗∗∗
∗∗∗
∗∗∗

∗∗
∗∗

∗
Saline

40

36

32

28

24

20

16

0 2 6 8

Time (days)

10 12 144

Taxol

MSNs

MSNs-GOx
MSNs-GOx/PLL/HA

Tu
m

or
 v

ol
um

e 
(m

m
3 )

H
2O

2 c
on

ce
nt

ra
tio

n 
(μ

m
ol

/g
)

∗∗∗

∗∗∗

∗∗

∗

∗∗∗

Saline
2,500

2,000

1,500

1,000

500

0
0

0

2

2

6

6

8

8

Time (days)

10

10

12 144

4

Taxol

MSNs

MSNs-GOx

MSNs-GOx/PLL/HA

Saline Taxol MSNs MSNs-GOx MSNs-GOx/PLL/HA
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Abbreviations: MSNs, mesoporous silica nanoparticles; GOx, glucose oxidase; PLL, poly (L-lysine); HA, hyaluronic acid.
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suppression and reduced adverse drug effects, indicating

remarkably improved synergistic starvation and chemistry

therapy effects, which was much better than the traditional

nanodrug delivery system.

Conclusion
In summary, a glucose-responsive MSN was successfully

developed and reported for the first time. The novel nano-

carriers demonstrated improved cellular accumulation and

enhanced tumor targeting specificity via the CD44-

mediated internalization. Importantly, the GOx-loaded

nanoparticle could effectively decompose the intratumoral

glucose to produce toxic H2O2 to inhibit cancerous cells

proliferation and further block the energy supply, achiev-

ing strong starvation-like antitumor effect. Furthermore,

chemotherapy drug was further enhancing the apoptosis

capability and maximized the synergistic therapeutic effi-

cacy both in vitro and in vivo. Therefore, combining

cancer-targeted starvation with chemistry therapy might

provide a potential platform for cancer treatment.
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