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Background: Drug delivery systems (DDS) capable of targeting both cell and organelle

levels are highly desirable for effective cancer therapy. In this study, we developed a novel

enzyme-responsive, multistage-targeted anticancer DDS based on mesoporous silica nano-

particles (MSNs), which possessed both CD44-targeting and mitochondrial-targeting

properties.

Materials and methods: Triphenylphosphine (TPP), a mitochondria-targeting compound,

was grafted onto the surface of MSNs firstly. Then, Doxorubicin (Dox) was encapsulated into

the pore of MSNs, followed by capping with tumor-targeting molecules hyaluronic acid

(HA) through electrostatic interactions to form the final product consist of Dox loaded, TPP

attached, HA capped mesoporous silica nanoparticles (MSN-DPH).

Results: Our results suggested that MSN-DPH was preferentially taken up by cancer cells

via CD44 receptor-mediated endocytosis. Moreover, MSN-DPH mainly accumulated in

mitochondria owing to the mitochondrial-targeting ability of TPP. Degradation of HA by

overexpressed HAase facilitated the release of Dox in cancer cells. Thus, MSN-DPH

efficiently killed the cancer cells while exhibited much lower cytotoxicity to normal cells.

Conclusion: This study demonstrates a promising multistage-targeted DDS for cancer

chemotherapy.

Keywords: mesoporous silica nanoparticles, drug delivery, enzyme-responsive, multistage-

targeting, cancer therapy

Introduction
Nowadays, cancer remains a major threat to human life.1–3 Chemotherapy is one of the

most effective options among current clinical cancer therapies. However, most of the

traditional chemotherapeutic drugs cause severe side effects since they cannot distin-

guish between cancer and normal cells. Their therapeutic efficiency was also limited

due to the rapid clearance during circulation and premature drug release.4,5

Development of novel drug delivery systems (DDSs) capable of minimizing adverse

effects while improving therapeutic efficacy is crucial for successful cancer therapy.

Nano-sized DDSs possessed the well-known enhanced permeability and retention

effect and was effective in reducing the drawbacks of traditional chemotherapeutic

drugs.6 So far, various types of nanocarriers have been developed.4,7–12 Among these

nanocarriers, mesoporous silica nanoparticles (MSNs) have attracted enormous

interests.13,14 MSNs possessed unique features including high specific surface area,

tunable particle and pore size, good biocompatibility and easy surface
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functionalization.13,15–18 These features offer promise to

develop MSN-based “on-command” DDSs. To date, various

MSN-based DDSs using different capping agents have been

developed.13,15,16 These smart “gatekeepers” could protect

the loaded drugs during circulation in blood and respond to

certain stimulus to release the drug.19–23 Furthermore, target-

ing moieties could be anchored on the surface of MSNs to

generate active targeted DDSs.24–27 These DDSs could target

tumor cells overexpressing the corresponding receptors and

efficiently deliver anticancer drugs into the cells. Among the

existing capping and targeting molecules, hyaluronic acid

(HA) constitutes advantageous properties and attracts

increasing attentions. HA is a naturally occurring

polysaccharide.28 As the main component of extracellular

matrix, HA possesses favorable biocompatibility, non-

immunogenicity and biodegradability.15,28,29 HA specifically

interact with CD44 receptor, which is overexpressed in many

cancer cells. Thus, HA functions as multifunctional agent

with both capping and targeting ability. Furthermore, HA

could be readily degraded by hyaluronidase (HAase) in

acidic microenvironment of tumor tissues while stable in

normal tissues due to the neutral pH.30,31 HA-capped MSN

has shown great progress in targeted cancer therapy.15,16,28

Although promising, most of these DDSs could only target

tumor cells. Drawbacks such as multidrug resistance is inevi-

table, which has become a major barrier to cancer therapy.

Development of multistage-targeted DDSs capable of alter-

ing the intracellular localization of drugs and delivering them

to specific subcellular organelle is highly desired.

Recently, mitochondria have emerged as a hot target in

cancer therapy due to their central roles in regulating cell

metabolism and apoptosis. Delivery of anticancer drugs to

mitochondria may bypass the classical resistance pathways

while maintaining or improving their therapeutic

efficacy.32,33 In addition, induction of mitochondria-mediated

apoptosis could also enhance the efficiency of cancer

therapy.34 Triphenylphosphine (TPP) is one of the most pro-

mising mitochondria-targeting ligands, which can be driven

into mitochondria by mitochondrial membrane potential.35–37

Battogtokh et al developed a mitochondria-targeted anticancer

DDS by conjugating docetaxel (DTX) with TPP and further

loading the TPP–DTX conjugate into folate-cholesteryl albu-

min (FA-chol-BSA) nanoparticles. In vitro and in vivo results

revealed that the as-prepared TPP–DTX@FA-chol-BSA NPs

primarily accumulated in themitochondria and exhibited better

antitumor effect.1

In this study, we developed an enzyme-responsive multi-

stage-targeted anticancer DDS based on MSNs. As illustrated

in Scheme 1, MSNs were grafted with TPP for mitochondrial-

targeting and further modified with HA. HA capping could not

only improve the CD44 receptor-mediated cancer cell target-

ing, but also block the pores as a “gatekeeper” to protect the

Dox pre-leakage. The as-prepared MSN-DPH (consist of Dox

loaded, TPP attached, HA capped mesoporous silica nanopar-

ticles) was fully characterized and their HAase-responsive

drug release was studied. Meanwhile, the CD44 receptor-

mediated intracellular uptake as well as the mitochondrial-

targeting ability of the MSN-DPH were also investigated.

Finally, the in vitro antitumor effect of MSN-DPH was exam-

ined in detail.

Materials and methods
Materials
HA (MW: 30,000) was purchased from Freda Biopharm Co.

(Shandong, People’s Republic of China). (3-aminopropyl)

triethoxysilane (APTS) was obtained from Macklin

(Shanghai, People’s Republic of China). N-hydroxysuccini-

mide (NHS) was purchased from BBI Life Sciences

(Shanghai, People’s Republic of China). Triethanolamine

(TEA), tetraethyl orthosilicate (TEOS), hexadecyl trimethyl

ammonium chloride (CTAC), methanol and ethanol were

bought from Sinopharm Biotech (Shanghai, People’s

Republic of China). 1-(3-dimethylaminopropyl)-3-ethylcar-

bodiimide hydrochloride (EDC·HCl) was purchased from

Aladdin (Shanghai, People’s Republic of China).

Doxorubicin hydrochloride (Dox·HCl) was purchased from

Yuancheng (Wuhan, People’s Republic of China). HAase

was obtained from Macklin (Shanghai, People’s Republic

of China). African green monkey SV40-transformed kidney

fibroblast cells (Cos-7) and human gastric carcinoma cells

(MGC-803) cells were obtained from the Cell Bank of the

Chinese Academy of Sciences (Shanghai, People’s Republic

of China). Dulbecco’s modified Eagle’s medium (DMEM),

RPMI 1640 medium, FBS and penicillin-streptomycin solu-

tion were purchased from Gibco (MA, USA).

Characterizations
Transmission electron microscopy images were obtained

using a JEM-2100 (JEOL, Japan) transmission electron

microscopy operating at an acceleration voltage of 200 kV.

Nitrogen adsorption-desorption isotherms were recorded

using a Quadrsorb SI analyzer (Quantachrome, USA) at

−196°C under continuous adsorption conditions. Fourier

transform infrared spectra (FT-IR) were measured on

a NicoletTM iSTM 10 spectrophotometer (Thermo Fisher
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Scientific, USA) at 4 cm−1 resolution with 32 scans.

Dynamic light scattering and zeta potential were measured

using a ZEN 3600 instrument (Malvern, UK). UV absor-

bance spectra were recorded using a UV-2550 spectrophot-

ometer (Shimadzu, Japan). Confocal scanning laser

microscopy images were taken on a TCS SP8 microscope

(Leica, Germany). Flow cytometry analysis was carried out

using a CytoFLEX flow cytometer (Beckman Coulter, USA).

Synthesis and ammonization of MSNs

(MSN-NH2)
CTAC (0.5 g) and appropriate amounts of TEA were

dissolved completely in distilled water (20 mL) at 95°C

and stirred for 1 hr. Then, TEOS (1.5 mL) was added

manually using a syringe at a speed of approximately

1 mL/min. After continuous stirring for 1 hr, the as-

synthesized MSNs were collected by centrifugation at

12,000 rpm for 30 mins and then washed with ethanol to

remove the residual reactants. To remove surfactants com-

pletely, the as-synthesized MSNs were dispersed under

ultrasound for 20 mins and refluxed in a mixed solution

of ethanol (12 mL) and hydrochloric acid (36–38%,

1.5 mL) at 60°C overnight. Then, the solution was centri-

fuged and washed several times with ethanol. The same

operation was repeated twice. The final product was dried

under vacuum.

To obtain amino-functionalized MSNs, MSNs (1 g)

were refluxed with anhydrous toluene (80 mL) containing

APTS (0.75 mL) for 20 hrs and washed by ethanol for

several times. After drying under vacuum overnight,

MSN-NH2 was obtained.

Synthesis of TPP propionic acid and

preparation of MSN-TPP
TPP (8.5 g, 32.5 mmol) was added to a solution of 3-bro-

mopropionic acid (5 g, 32.5 mmol) in acetonitrile (13 mL).

The mixture was stirred at 80°C for 24 hrs and then con-

centrated in vacuum. The residue was taken up with

a minimal amount of chloroform and the product was pre-

cipitated from diethyl ether. The white precipitate was fil-

tered and recrystallized from acetonitrile to obtain TPP

propionic acid as colorless solid. 1H NMR (400 MHz,

HAase-responsive
Dox release

Mitochondrial targeting

Multistage

targeted delivery

CD44-mediated endocytosis

MSN-DPH

MSN-Dox

HA

Dox

MSN-TPP

TPP

MSN

Scheme 1 Schematic illustration of the preparation and application of MSN-DPH (consist of Dox loaded, TPP attached, HA capped mesoporous silica nanoparticles) for

multistage-targeted delivery of Dox.

Abbreviations: Dox, Doxorubicin; HA, hyaluronic acid; MSN, mesoporous silica nanoparticle; TPP, triphenylphosphine.
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CDCl3) δ (ppm): 2.9–3.0 (m, 2H, CH2CO), 3.6–3.7 (m, 2H,

Ph3PCH2), 7.6–7.7 (m, 15H, ArH). 13C NMR (100 MHz,

CDCl3) δ (ppm): 18.7 (d, Ph3PCH2), 27.9 (s, CH2CO),

117.4 (d, 3C, ArCH (ispo)), 131.2 (d, 6C, ArCH), 133.5

(d, 6C, ArCH), 135.2 (d, 3C, ArCH), 171.0 (d, CO).

TPPpropionic acid (22mg)was dissolved in distilledwater

(10mL); then, EDC (10mg) andNHS (5mg)were added. The

pH value of the solution was adjusted to 4–6, and the reaction

was stirred for 30mins to active carboxylate groups. After that,

MSN-NH2 (50 mg) was added to complete esterification reac-

tion. Nanoparticles were collected by centrifugation and

washed by ethanol for several times. The product (MSN-

TPP) was dried by vacuum drying.

Preparation of dox loaded MSNs

(MSN-DPH)
>Dox (15 mg) was dissolved in distilled water (30 mL);

then, MSN-TPP (150 mg) was added and dispersed by

ultrasonic bath. After 12 hrs of stirring, additional Dox

(15 mg) was added and kept for 12 hrs to ensure the

maximum loading. Thereafter, HA (150 mg) was added

to package the particle. Finally, the solution was centri-

fuged and the precipitation was washed by PBS for four

times. The concentration of Dox was measured by UV−vis
spectrophotometer and calculated according to the stan-

dard curve. The loading capacity was calculated from the

concentration of the unloaded Dox in the supernatant. The

product (MSN-DPH) was dried by vacuum drying.

Release of dox from MSN-dox and

MSN-DPH
MSN-Dox (2 mg) and MSNs-DPH (2 mg) were dispersed in

2mL of PBS (0.01M, pH 7.4), respectively, and then sealed in

dialysis bags (cutoff 3500 KDa). The bags containing MSN-

Dox were immersed in PBS (20 mL, n=3). The bags contain-

ing MSNs-DPH were immersed in PBS (20 mL, n= 3) with

and without HAase, respectively. Then, the bags were incu-

bated on shaking table at 37°C. At each time intervals, PBS

(3 mL) was taken out and analyzed by UV–vis spectrophot-

ometer. Simultaneously, 3 mL of fresh PBS was added for

supplementary. The concentration of Dox was determined by

comparing the absorbance at 480 nm with the standard curve.

Cellular uptake and intracellular

localization of MSN-DPH
MGC-803 cells were seeded on a 20 mm cell culture

dishes at a density of 4×104 cells per dish and cultured

for 24 hrs. The cells were then treated with MSN-DPH for

6, 12 and 24 hrs, respectively. The cells were then stained

with Mitolite Green and DAPI, followed by washing with

PBS and immobilized with 4% paraformaldehyde. Finally,

the fixed cells were washed with PBS and then observed

by confocal microscopy.

For cytometry assay, Cos-7 and MGC-803 cells were

seeded on 12-well plate at a density of 4×104 cells per well

and cultured for 24 hrs. Then, MSN-Dox and MSN-DPH

(20 µg/mL) were added into the well and incubated con-

tinuously for 6, 12 and 24 hrs, respectively. Thereafter, the

cells were digested by trypsin, collected by centrifugation

at 1,000 rpm and resuspended in 1% paraformaldehyde

solution. The intracellular fluorescence was analyzed using

a CytoFLEX flow cytometer (Beckman Coulter).

In vitro cytotoxicity of MSN-DPH
MSN and MSN-DPH were dispersed in DMEM and RPMI

1640 medium at a concentration of 1 mg/mL. Cos-7 and

MGC-803 cells were maintained in DMEM medium and

1,640 medium supplemented with 10% FBS and 1% penicil-

lin-streptomycin at 37°C in a humidified incubator (5% CO2).

Cells were grown in 96-well plate overnight at a density of

5,000 cells per well (100 μL). MSN and MSN-DPH at the

indicated concentrations (from 5 to 25 μg/mL)were added into

the well. After 48 hrs of incubation, the medium was removed

and 100 μL ofMTTsolution was added. After 4 hrs, 100 μL of

DMSOwas added into the well. Finally, the absorbance at 570

nm was measured by a Multiskan MK3 microplate reader to

determine the cell viabilities (Thermo Scientific, USA).

Statistical analysis
Statistical analysis was performed using Student’s t-test.

Data are presented as mean±SD.

Results and discussion
Preparation and characterization of

MSN-DPH
MSNs with controlled particle size were synthesized

under alkaline condition using cationic surfactants as

the structure-directing agent.38 As shown in Figure 1A,

the as-synthesized MSNs presented regular round shape

with obvious pore channels, which had a size of about

50 nm. The MSNs were further conjugated with TPP.

Then, Dox was loaded, followed by capping with HA,

which yielded MSN-DPH. MSN-DPH still maintained

spherical shape whereas a slight increase of particle size
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was observed, which was due to the introduction of HA

(Figure 1B). This result was further confirmed by

dynamic light scattering analysis. MSN possessed

a hydrodynamic diameter of approximately 70 nm,

which was increased to 110 nm after functionalization

with TPP and HA (Figure 1C and D).

FT-IR spectra verified the successful synthesis of

MSN-DPH. MSNs exhibited the typical Si-O vibration

at 1,100 cm−1 (Figure 2A).39 No additional peaks at

2,800 cm−1 corresponding to the C-H vibration of

CTAC could be observed, indicating the good purity of

MSNs. MSN-NH2 revealed a new band of amino groups

(–NH2) at around 1,530 cm−1, indicating the functiona-

lization of amino groups onto MSN.39,40 The conjuga-

tion of TPP to MSNs was evidenced by the appearance

of signals at 3,700–3,500 cm−1 and 1,690–1,630 cm−1,

which were ascribed to N-H stretch and C=O stretch of

amide group. An absorption band at around 1,640 cm−1

was clearly observed after HA capping, which was

assigned to amide C=O stretching of the carboxyl

groups in HA.28 The zeta potential of MSN changed

from negative (-26 mV) to positive (+7 mV) after TPP

conjugation (Figure 2B). After Dox loading and HA

capping, the MSN-DPN exhibited almost neutral surface

charge. Neutral nanoparticles were considered to possess

longer circulation time in blood.41 Therefore, neutral

MSN-DPH may have prolonged blood circulation time

by means of avoiding been eliminated by immune sys-

tem. Furthermore, the Brunauer–Emmett–Teller and

Barret–Joyner–Halenda analyses were carried out to ver-

ify the mesoporous structure of nanoparticles. MSNs

exhibited a typical mesoporous N2 adsorption–deso-

rption isotherm with a pore diameter of about 3 nm

(Figure 2C and D). In contrast, MSN-DPH no longer

maintained the mesoporous structure. Moreover,

a significant decrease in surface area (from 553 to

441 m2/g) and pore volume (from 0.37 to 0.1 cm3/g)

was observed after Dox loading and HA capping. These

results were due to the loading of Dox in pores of

MSNs and the coverage of HA on the surface. MSN-
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Figure 1 Characterizations of the MSNs and MSN-DPH (consist of Dox loaded, TPP attached, HA capped mesoporous silica nanoparticles). Transmission electron

microscopy images of (A) MSN and (B) MSN-DPH. Hydrodynamic size distribution of MSN (C) and MSN-DPH (D).

Abbreviation: MSN, mesoporous silica nanoparticle.
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DPH exhibited a high Dox loading capacity of about

110 mg Dox per 1 g of particles, which was determined

by UV–vis analysis. The stability of MSN-DPH in phy-

siological solutions was further studied. As shown in

Figure 2E, no significant change was observed regarding

the hydrodynamic sizes of MSN-DPH in PBS and med-

ium after statically placed for 4 days. This result sug-

gested that MSN-DPH was stable as carrier.

HAase-responsive Dox release from

MSN-DPH
Release of Dox fromMSN-DPH andMSN-Dox in PBS (pH

7.4) was further determined by UV–vis analysis. As shown

in Figure 3, a much faster release of Dox from MSN-Dox

was observed, which reached to 70% in 72 hrs. In contrast,

Dox was released from MSN-DPH in a slower and sus-

tained manner due to the HA capping. This property might

minimize Dox premature release from MSN-DPH during

blood circulation and reduce the side effects to normal

tissues. Furthermore, release of Dox from MSN-DPH was

obviously accelerated after the addition of HAase. HAase

hydrolyzed the outer HA layer of MSN-DPH and thus

facilitated the release of Dox. Therefore, MSN-DPH may

achieve an enhanced antitumor effect due to the accelerated

Dox release in tumor cells triggered by HAase.

Multistage targeting capability of

MSN-DPH

To investigate the targeting capability of MSN-DPH at cell

level, MSN-Dox and MSN-DPH were incubated with MGC-

803 cells, followed by measuring intracellular fluorescence

through flow cytometer. As shown in Figure 4A and B, MSN-
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Dox andMSN-DPH could be gradually internalized byMGC-

803 cells and the intensity of intracellular Dox fluorescence

increased as the incubation time went by. Compared with

MSN-Dox, MSN-DPH presented more cellular uptake,

which was primarily attributed to the CD44-mediated endo-

cytosis. Therefore,MSN-DPHmight result in a high chance of

drug accumulation in tumor tissues, which eventually leads to

enhanced antitumor effect.

The intracellular localization and mitochondrial-targeting

capability of MSN-DPH were further carried out using multi-

staining assay and observed by confocal fluorescence micro-

scopy (Figure 4C). Cell mitochondria was stained by Mitolite

Green, which was a mitochondria-specific fluorescent probe.

In the initial 6 hrs of incubation, MSN-DPH was taken up by

the cells and only a small amount of MSN-DPH could be

observed inmitochondria, indicated bymoderately overlapped

Dox fluorescence and Mitolite Green. Although the efficiency

was low at the beginning, until 12 hrs of incubation, obvious

red fluorescence appeared in mitochondria and yellow spots

arose in the merged images. These observations demonstrated

that MSN-DPH had been successfully internalized by MGC-

803 cells and the released Dox tended to accumulate in mito-

chondria. After 24 hrs of incubation, the red fluorescence not

only overlapped completely with the green fluorescence but

also gradually covered the blue fluorescence of DAPI, indicat-

ing the completed disassembling of HA layer and Dox release.

Furthermore, no significant change of Mitolite Green fluores-

cence was observed with the increase of incubation time.

This result suggested that the enhanced co-localization of

MSN-DPH fluorescence with Mitolite Green fluorescence

was not due to the increase of Mitolite Green fluorescence.

This result confirmed again the excellent mitochondria-
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Figure 4 Cellular uptake and intracellular localization of MSN-DPH (consist of Dox loaded, TPP attached, HA capped mesoporous silica nanoparticles). Flow cytometry

profiles of MGC-803 cells incubated with MSN-Dox (A) and MSN-DPH (B) for various time. (C) Confocal microscopy images of MGC-803 cells incubated with MSN-DPH

for various time. The nuclei of the cells were stained with DAPI (blue). Cell mitochondria was stained by Mitolite Green. Scale bars denote 25 μm.

Abbreviations: Dox, Doxorubicin; MSN, mesoporous silica nanoparticle.
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targeting capability ofMSN-DPH. Taken together,MSN-DPH

possessed a multistage targeting ability for tumor cells and

mitochondria.

In vitro antitumor effect of MSN-DPH
Next, cytotoxicity assays were performed with two cell

lines including normal cell Cos-7 and stomach cancer

cell MGC-803. The cells were treated with MSN and

MSN-DPH with different concentrations for 48 hrs, and

then the cell viabilities were recorded. No significant

cytotoxicity was observed when incubating MSN with

Cos-7 and MGC-803 cells. All of the cell viabilities

exceed 80% at the concentrations below 25 μg/mL.

This result was in accordance with our previous report,

which suggested the good biocompatibility of MSNs.42

In addition, the viabilities of Cos-7 cells exposure to

MSN-DPH with different concentrations were still

higher than 70% (Figure 5A). As normal cell lines,

Cos-7 cells lack CD44 receptor on their surface and

possess lower intracellular HAase levels.43,44

Therefore, only small amount of Dox could enter the

Cos-7 cells and induce cell death. However, MSN-DPH

exhibited much higher dose-dependent cytotoxicity to

MGC-803 cells. When increasing the concentrations of

MSN-DPH, the viabilities of MGC-803 cells were sig-

nificantly decreased to 34% (Figure 5B). Enhanced anti-

tumor effect of MSN-DPH was mainly contributed to

the following reasons: 1) enhanced cellular uptake of

Dox in MGC-083 cells via CD44 receptor-mediated
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Figure 5 Relative viability of (A) Cos-7 and (B) MGC-803 cells incubated with

MSN and MSN-DPH (consist of Dox loaded, TPP attached, HA capped mesoporous

silica nanoparticles) for 48 hrs. Data were presented as mean±SD (n=3).

Abbreviation: MSN, mesoporous silica nanoparticle.
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Figure 6 Live/dead images of MGC-803 cells incubated with MSN and MSN-DPH (consist of Dox loaded, TPP attached, HA capped mesoporous silica nanoparticles). Live

cells and dead cells were stained by AM (green) and PI (red), respectively. Scale bars denote 25 μm.

Abbreviation: MSN, mesoporous silica nanoparticle.
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endocytosis; 2) accelerated Dox release in MGC-803

cells triggered by overexpressed HAase; and 3) induc-

tion of mitochondria-mediated apoptosis by Dox accumu-

lated in mitochondria. To further investigate the lethality of

MSN-DPH toward MGC-803 cell, the live/dead viability/

cytotoxicity assay was performed using confocal fluores-

cence microscopy. Live cells were viewed with green fluor-

escence, while dead cells were represented in red. As shown

in Figure 6, few sporadic red fluorescence appeared in cells

cultured with MSN, whereas almost half of the cells exhib-

ited red fluorescence when treated with MSN-DPH for 24

hrs. These findings further verified thatMSN-DPH possessed

good anticancer effect while was less toxic to normal cells.

Taken together, MSN-DPH showed strong potential for tar-

geted cancer therapy.

Conclusion
In this study, a MSN-based enzyme-responsive DDS

capable of multistage targeting cancer cells and mito-

chondria was developed. The capping of HA on the

surface of MSN provided effective sealing capacity in

normal cell while enhanced selective uptake by cancer

cells via CD44 receptor-mediated endocytosis pathway.

Moreover, MSN-DPH exhibited enzyme-responsive Dox

release under the degradation of the overexpressed

HAase in cancer cell. Additionally, TPP decoration

endowed DDS the ability to target mitochondria and

release Dox at subcellular organelle. MSN-DPH exhib-

ited favorable antitumor activity while much lower cyto-

toxicity to normal cells. Therefore, MSN-DPH had

strong potential for targeted cancer therapy.
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