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Abstract: Recently, gold nanoparticles (AuNPs) have shown promising biological applications 

due to their unique electronic and optical properties. However, the potential toxicity of AuNPs 

remains a major hurdle that impedes their use in clinical settings. Mesoporous silica is very 

suitable for the use as a coating material for AuNPs and might not only reduce the cytotoxicity 

of cetyltrimethylammonium bromide-coated AuNPs but might also facilitate the loading and 

delivery of drugs. Herein, three types of rod-like gold-mesoporous silica nanoparticles (termed 

bare AuNPs, core–shell Au@mSiO
2
NPs, and Janus Au@mSiO

2
NPs) were specially designed, 

and the effects of these AuNPs on cellular uptake, toxic behavior, and mechanism were then 

systematically studied. Our results indicate that bare AuNPs exerted higher toxicity than the 

Au@mSiO
2
NPs and that Janus Au@mSiO

2
NPs exhibited the lowest toxicity in human breast 

cancer MCF-7 cells, consistent with the endocytosis capacity of the nanoparticles, which fol-

lowed the order, bare AuNPs . core–shell Au@mSiO
2
NPs . Janus Au@mSiO

2
NPs. More 

importantly, the AuNPs-induced apoptosis of MCF-7 cells exhibited features that were charac-

teristic of intracellular reactive oxygen species (ROS) generation, activation of c-Jun-N-terminal 

kinase (JNK) phosphorylation, an enhanced Bax-to-Bcl-2 ratio, and loss of the mitochondrial 

membrane potential. Simultaneously, cytochrome c was released from mitochondria, and the 

caspase-3/9 cascade was activated. Moreover, both ROS scavenger (N-acetylcysteine) and JNK 

inhibitor (SP600125) partly blocked the induction of apoptosis in all AuNPs-treated cells. Taken 

together, these findings suggest that all AuNPs induce apoptosis through the ROS-/JNK-mediated 

mitochondrial pathway. Thus, Janus Au@mSiO
2
NPs exhibit the potential for applications in 

biomedicine, thus aiding the clinical translation of AuNPs.

Keywords: gold nanoparticles, cytotoxicity, gold-mesoporous silica Janus nanoparticles, reac-

tive oxygen species, c-Jun-N-terminal kinase, mitochondrial apoptosis

Introduction
Rapid advances in nanomedicine have generated an increasing number of potential 

diagnostic and therapeutic applications of nanoparticles in recent years.1–4 In particular, 

gold nanoparticles (AuNPs) have been widely used in industrial processes and commer-

cial products and have seen major advances in their use for diagnostic and therapeutic 

purposes, including biosensor applications, the targeted delivery of anticancer drugs, 

bioimaging of cells and tissues, and immunoassays.5,6 However, obtaining knowledge 

about AuNPs and their health impact is essential before they can be used in clinical set-

tings. The translation of AuNPs into the field of biomedicine is made difficult by several 

factors, one of the most important being the current incomplete knowledge regarding 

nano–bio interactions.7,8 Although AuNPs are considered inert and are regarded as 

biocompatible, contradictory results have been obtained concerning their toxicity.9,10 An 

increasing number of scientific reports have been published addressing this issue, with 

the aim of understanding the effects of the size, shape, and surface functionalization of 
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AuNPs on cytotoxicity.11–13 Smaller particles exhibit greater 

surface area to volume ratios, thus providing a larger surface 

for interaction with cellular or intracellular components.14 As 

previous work has shown that classic AuNPs (15 nm) exhibit 

markedly lower cytotoxicity than atomic AuNPs (approxi-

mately 1–2  nm) and that spherical AuNPs are generally 

more toxic than rod-like AuNPs and can cause irreversible 

structural changes that affect cell–cell contacts.15 Surface 

functionalization also affects the cytotoxicity of AuNPs.16 

Cetyltrimethylammonium bromide (CTAB) is frequently 

applied, either during synthesis or to provide stability in 

physiological media, and can induce cell death independently 

of the AuNPs.17 The use of polymer or silica coatings can 

greatly reduce the toxic effects exhibited by AuNPs.18 Thus, 

studies to investigate the biological mechanisms of the tox-

icity caused by various AuNPs are urgently needed to fully 

determine the toxicological profile of AuNPs.

The toxic effects of AuNPs, including membrane injury, 

inflammatory responses, DNA damage, autophagy, and 

apoptosis in mammalian cells, have been demonstrated in a 

number of reports.19–21 These studies have also shown that 

the toxicity of AuNPs results from their particulate nature 

that can lead to the generation of reactive oxygen species 

(ROS).22 ROS are generated in all aerobic organisms and 

are indispensable for the signal transduction pathways that 

regulate cell growth and redox status.23 However, excess 

ROS generation is linked to DNA damage and cellular 

apoptosis and is known to activate mitogen-activated protein 

kinase (MAPK) pathways, which are important mediators 

of signal transduction that play a key role in regulating 

many cellular processes.24 MAPK pathways comprise three 

important components: extracellular-signal-regulating 

kinase (ERK1/2), stress-activated protein kinase/c-Jun-

N-terminal kinase (JNK), and p38; these components are 

activated in response to oxidative stress.25 JNK is induced 

by stress responses and cytokines, and has been identified 

as a direct activator of the mitochondrial death machinery, 

thereby providing a molecular linkage between oxidative 

stress and mitochondrial-mediated apoptosis.26 Typically, 

the mitochondrial membrane potential (MMP) is lost during 

mitochondrial-dependent apoptosis, and loss of MMP also 

induces apoptosis by causing the release of pro-apoptotic 

factors, such as cytochrome c (cyt c) and apoptosis-inducing 

factor, from the inner mitochondrial space to the cytosol.27 

Cyt c released from mitochondria can activate caspase-9, 

which in turn activates executioner caspase-3 via cleavage 

induction.28 Although various reports have described the 

toxicity of AuNPs, the underlying molecular mechanism that 

leads to this toxicity remains largely unclear.

To increase the loading of drugs and reduce nanopar-

ticle cytotoxicity, bare AuNPs have been coated with silica 

layers.29 In our previous work, we fabricated a theranostic 

system based on novel gold nanorod-mesoporous silica 

Janus nanoparticles (Janus Au@mSiO
2
NPs) for combined 

photothermo-/chemo-cancer therapy.30 We observed that 

the cytotoxicity of bare AuNPs was much greater than 

that of the gold nanorod-mesoporous silica core–shell 

nanoparticles (core–shell Au@mSiO
2
NPs) and Janus Au@

mSiO
2
NPs. More interestingly, our Janus Au@mSiO

2
NPs 

exhibited lower cytotoxicity than traditional core–shell Au@

mSiO
2
NPs. However, details of the mechanisms underlying 

this unusual phenomenon remained lacking. Based on these 

studies, the goal of this work was to assess the cytotoxic 

potential of bare AuNPs, core–shell Au@mSiO
2
NPs, and 

Janus Au@mSiO
2
NPs in human breast cancer cells (MCF-7) 

and to understand the molecular mechanisms involved. To 

achieve this goal, we systematically assessed cytotoxicity, 

ROS generation, the MMP, and apoptosis in relation to 

these three types of AuNPs. Levels of key signaling and 

apoptotic proteins along with the involvement of MAPK 

signaling pathways were analyzed. Moreover, both a ROS 

scavenger (N-acetylcysteine [NAC]) and a JNK inhibitor 

(SP600125) were employed to demonstrate the role of the 

ROS/JNK-dependent mitochondrial pathway in the signaling 

of AuNPs-induced apoptosis.

Materials and methods
Reagents
Sodium borohydride (NaBH

4
), CTAB, tetraethyl orthosilicate 

(TEOS), ascorbic acid, silver nitrate and tetrachloroauric 

acid trihydrate (HAuCl
4
⋅3H

2
O), 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT), NAC, and 2′7′-
dichlorofluorescein diacetate (DCFH-DA) were obtained from 

Sigma-Aldrich Inc. (St Louis, MO, USA). Iscove’s Modified 

Dulbecco’s Medium and fetal bovine serum were obtained 

from Thermo Fisher Scientific (Waltham, MA, USA). All 

reagents were commercially available products of analytical 

grade purity and were used without further purification. A 

Bradford protein assay kit, radio immunoprecipitation assay 

lysis buffer, and an Annexin V-fluorescein isothiocyanate 

(FITC) apoptotic detection kit were obtained from the Beyo-

time Institute of Biotechnology (Jiangsu, People’s Republic of 

China). Sodium dodecyl sulfate, tetramethylethylenediamine, 

glycine, ammonium persulfate, acrylamide, Tris, Tween-20, 

and proteinase inhibitors were purchased from Beijing 

Dingguo Biological Technology Co., Ltd (Beijing, People’s 

Republic of China). All reagents were used without further 

purification. Deionized water was used in all experiments. The 
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study was approved by the institutional review board (CWO) 

of College of Basic Medicine Science, Jilin University, PR 

China. No ethics committee permission was required for the 

use of human breast cancer cell line MCF-7 because only 

certificated cell lines provided by ATCC were used.

Synthesis of bare AuNPs, core–shell Au@
mSiO2NPs, and Janus Au@mSiO2NPs
The starting materials used to prepare the gold nanorods 

were prepared using a seed-mediated wet chemical approach 

and using CTAB as a surfactant. First, 7.5 mL of CTAB 

solution (0.100 M) was mixed with 0.25 mL HAuCl
4
 under 

stirring; then, 1.0 mL deionized water and 0.60 mL sodium 

borohydride (0.010 M) was added, resulting in the forma-

tion of a brownish yellow solution. The solution was then 

stirred at 25°C for 2 hours. Then, 100 mL CTAB (0.10 M) 

was added to 10 mL of HAuCl
4
 (0.001 M) solution, and 1 

mL silver nitrate (0.01 M) and 0.6 mL of 0.1 M ascorbic 

acid were added after gentle mixing. After some time, the 

color of the growth solution changed from dark yellow to 

colorless. Finally, seed solution was added. The tempera-

ture of the growth medium was kept constant at 30°C for 

6 hours to precipitate the AuNPs. The prepared AuNPs were 

washed with deionized water three times via centrifugation 

(10,000 rpm). Bare AuNPs were dispersed in 1 mL water 

after purification.

To obtain core–shell Au@mSiO
2
NPs (core–shell) of 

controlled aspect ratios, a modified sol-gel process was devel-

oped; TEOS was used as a silica source, CTAB was used as 

a template, and the AuNPs were used as a substrate. A solu-

tion of 0.8 mM CTAB was dispersed into 20 mL water and 

uniformly dispersed by ultrasonication for at least 40 minutes 

before clarification; AuNP solution was then added. The 

resulting dispersion was poured into a three-necked flask, 

and the temperature was maintained at 40°C under stirring. 

After 1 minute, 200 µL of 0.1 M NaOH was rapidly added, 

and then a certain amount of 20% TEOS in methanol was 

added dropwise to the reaction for 48 hours at a speed of 

one drop per second. The core–shell Au@mSiO
2
NPs were 

recovered by centrifugation after briefly washing for five 

times with ethanol (5,000 rpm).

To obtain Janus Au@mSiO
2
NPs (Janus) of controlled 

aspect ratios, a modified sol-gel process was developed; 

TEOS was used as a silica source, CTAB was used as a 

template, and the AuNPs were used as a substrate. A solu-

tion of 50 mg of CTAB was dispersed into 10 mL water and 

uniformly dispersed by ultrasonication for at least 40 minutes 

before clarification; AuNP solution was then added. The 

resulting dispersion was poured into a three-necked flask, and 

the temperature was maintained at 40°C under stirring. After 

1 minute, 0.5 mL of ammonia water was rapidly added, and 

a certain amount of TEOS was then added dropwise into the 

reaction for 30 minutes at a certain speed. The Janus Au@

mSiO
2 
NPs recovered by centrifugation after briefly washing 

five times with ethanol (5,000 rpm). To extract CTAB from 

the NPs, as-synthesized product was dispersed in the ethanol 

solution of NH
4
NO

3
 (60 mL, 10 mg/mL). The mixture was 

refluxed for 6 hours and washed with ethanol three times and 

dispersed in 5 mL of anhydrous ethanol for further use.

Characterization
Transmission electron microscopy (TEM) images of bare 

AuNPs, core–shell Au@mSiO
2
NPs, and Janus Au@

mSiO
2
NPs were obtained using a Hitachi model H-7650 

TEM (Hitachi Ltd., Tokyo, Japan) operated at 100 kV. 

UV-Vis-NIR spectra were obtained using a Tecan Infinite 

M200 spectrophotometer. Zeta-potential measurements of 

the nanoparticles were obtained using a Malvern Zeta sizer 

Nano ZS instrument.

Cell culture and cellular uptake
Cells of the human breast cancer cell line MCF-7 were cul-

tured in Iscove’s Modified Dulbecco’s Medium, 10% fetal 

bovine serum, 100 U/mL penicillin, and 100 µg/mL strep-

tomycin at 37°C under 5% CO
2
. MCF-7 cells were seeded 

on lean coverslips in a 24-well plate at a seeding density 

of 2×104 cells per well. After 24 hours, the medium was 

discarded. Then, fresh culture without serum and antibiotics 

was added. To measure the intracellular localization of the 

AuNPs, FITC-labeled NPs were co-cultured with MCF-7 

cells for 3 hours. Then, the cells were washed twice with 

chilled phosphate-buffered saline (PBS), and the nuclei were 

stained using Hoechst 33258 dye (5 mg/mL) for 5 minutes. 

The location of the NPs was observed using an Olympus 

FV1000 confocal laser scanning microscope equipped with 

multi-line argon LASER (405, 488 nm) and a 30 mW Laser 

class 3D laser.

Cytotoxicity assessment
The in vitro cytotoxicity of bare AuNPs, core–shell Au@

mSiO
2
NPs, and Janus Au@mSiO

2
NPs against MCF-7 

cells was assessed at various time points using an MTT 

cell viability assay. In brief, cells were seeded in 96-well 

plates at a density of 1×104 cells per well overnight and 

then treated with various concentrations (200, 100, 50, 25, 

12.5, 6.25, 3.13, and 1.56 µg/mL) of each NP for 24, 48, or 

72 hours. The absorbance at 570 nm was measured using a 

microplate reader (BioTek Instruments, Inc., Winooski, VT, 
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Figure 1 Characterization of three rod-like gold-mesoporous silica nanoparticles.
Notes: TEM images showing bare AuNPs (A), core–shell Au@mSiO2NPs (B), and Janus Au@mSiO2NPs (C). The scale bar represents 200 nm.
Abbreviations: AuNPs, gold nanoparticles; TEM, transmission electron microscopy.

USA). Relative cell viability was calculated as A570 nm 

(AuNP-treated cells at Tn)/A570 nm (control at Tn) ×100% 

(VT, USA) based on three independent experiments.

Annexin V-FITC/propidium iodide 
apoptosis assay
To investigate the effect of bare AuNPs, core–shell Au@

mSiO
2
NPs, and Janus Au@mSiO

2
NPs on apoptosis, MCF-7 

cells were placed in a six-well culture plate at a density of 

5×105 cells per well and treated with 12.5 µg/mL of each 

NPs or with NPs plus NAC/SP600125 for 24 hours. Normal, 

apoptotic, and necrotic cells were distinguished using an 

Annexin V-FITC/propidium iodide assay kit according to the 

manufacturer’s instructions. Then, cells were washed with 

PBS, resuspended in 500 µL of binding buffer, and 1 µL of 

AnnexinV-FITC was added to the samples. After incubation 

for 5 minutes at 4°C in the dark, 1 µL of propidium iodide 

was added, and the mixture was incubated for 5 minutes 

at 4°C. Flow cytometry analysis was performed within 

15 minutes.

Assessment of the MMP
The MMP was monitored using the mitochondrial perme-

ability lipophilic JC-1 fluorescence dye according to the 

manufacturer’s instructions. MCF-7 cells were placed in 

a six-well culture plate at a density of 5×105 cells per well 

and treated with 12.5 µg/mL of each NP for 24 hours. The 

cells were then incubated for 20 minutes at 37°C in 1 mL of 

culture medium containing JC-1. The cells were then rinsed 

twice with ice-cold JC-1 staining buffer and subsequently 

analyzed using flow cytometry.

Measurement of ROS generation
Intracellular ROS production was measured using the 

oxidation-sensitive fluorescence probe DCFH-DA (Sigma, 

Shanghai, People’s Republic of China). After treatment with 

12.5 µg/mL of each NP or with NPs plus NAC for 24 hours, 

the cells were washed twice with PBS and then loaded with 

DCFH-DA in serum-free medium and incubated at 37°C for 

20 minutes. ROS production by the MCF-7 cells was evalu-

ated using both an inverted fluorescence microscope (IX71; 

Olympus Corporation, Tokyo, Japan) and a FACScan flow 

cytometer (BD Biosciences, San Jose, CA, USA).

Western blotting analysis
MCF-7 cells were placed in a six-well culture plate at a 

density of 5×105 cells per well and treated with 12.5 µg/mL 

of each NP or with NPs plus NAC/SP600125 for 24 hours. 

Then, the cells were lysed using radio immunoprecipitation 

assay lysis buffer, and the protein concentrations of the cell 

lysates were measured using a bicinchoninic acid protein 

assay kit (Beyotime Biotechnology, Jiangsu, People’s 

Republic of China). Equal amounts of cell lysate protein 

were resolved in 12% sodium dodecyl sulfate-PAGE gels 

and transferred to polyvinylidene difluoride membranes 

(EMD Millipore, Billerica, MA, USA). Primary antibodies 

against the following proteins were used: JNK (Cell Signal-

ing Technology, Danvers, MA, USA), p-JNK (Cell Signaling 

Technology), ERK (Cell Signaling Technology), p-ERK 

(Cell Signaling Technology), p38 (Cell Signaling Technol-

ogy), p-p38 (Cell Signaling Technology), Bax (Proteintech, 

Chicago, IL, USA), Bcl-2 (Epitomics, Burlingame, CA, 

USA), cytochrome-c (Epitomics), caspase-3 (Epitomics), 

caspase-9 (Epitomics), PARP (Epitomics) and GAPDH 

(Proteintech).

Results
Characterization and cellular uptake of 
the three AuNPs
Bare AuNPs, core–shell Au@mSiO

2
NPs, and Janus Au@

mSiO
2
NPs were synthesized as previously reported, and the 

AuNPs were characterized as shown in Figure 1. TEM con-

firmed that all AuNPs exhibited uniform rod-like structures; 

three cylinders with increased dimensions of 40–60/10–20 nm 
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Figure 2 Endocytosis of three rod-like gold-mesoporous silica nanoparticles.
Notes: Confocal microscopy of the cellular uptake behavior of FITC-labeled AuNPs, core–shell Au@mSiO2NPs, and Janus Au@mSiO2NPs in MCF-7 cells. Green florescence, 
FITC; blue florescence, nuclei stained with Hoechst 33258. Scale bars represent 10 µm.
Abbreviations: AuNPs, gold nanoparticles; FITC, fluorescein isothiocyanate.

(AuNPs), 80–100/40–60 nm (core–shell Au@mSiO
2
NPs), 

and 200–300/100–150 nm (Janus Au@mSiO
2
NPs) were 

obtained. As reported in our previous study,30 the three types 

of AuNP all exhibited a similar transverse surface plasmon 

resonance (TSPR) band, located at approximately 530 nm; 

compared with the longitudinal surface plasmon resonance 

(LSPR) band obtained for bare AuNPs at 600 nm, the core–

shell Au@mSiO
2
NPs were red-shifted by almost 110 nm 

(approximately 70 nm higher than Janus Au@mSiO
2
NPs). 

Moreover, bare AuNPs and core–shell Au@mSiO
2
NPs 

exhibited positive zeta potentials of +34.2 mV and +14.7 mV, 

respectively, whereas Janus Au@mSiO
2
NP exhibited a neu-

tral zeta potential of +2.1 mV in deionized water. To explore 

the localization of the three types of AuNPs in human breast 

cancer MCF-7 cells, the nanoparticles were labeled using 

the fluorescence marker FITC, and confocal microscopy 

was used to monitor the cellular uptake of the FITC-labeled 

AuNPs. As shown in Figure 2, all AuNPs were taken up by 

the cells and were mainly located in the cytoplasm and in 

the perinuclear region. More importantly, the highest cellular 

uptake was exhibited by the AuNPs, whereas the core–shell 

Au@mSiO
2
NPs were more easily internalized by cells than 

the Janus Au@mSiO
2
NPs.

Mitochondrial apoptotic pathway 
induction by the three types of AuNPs
The cytotoxicity of three types of AuNPs to MCF-7 cells was 

assessed using the MTT assay, and the results are shown in 

Figure 3A and B. MCF-7 cells that were exposed to each of 

the AuNPs for 24 hours at dose levels of 1.5625–200 µg/mL 

showed significantly decreased cell viability, and this decrease 

was concentration-dependent. More importantly, bare AuNPs 

and core–shell Au@mSiO
2
NPs exhibited much greater 

cytotoxicity than Janus Au@mSiO
2
NPs; all AuNPs showed 

less cytotoxicity at concentrations of less than 6.25 µg/mL. 

Thus, we examined the time-dependent toxicity of AuNPs at 

12.5 µg/mL. As shown in Figure 3B, the viability of MCF-7 

cells after exposure to each of the AuNPs at 12.5 µg/mL 

decreased dramatically with time. Compared with core–

shell Au@mSiO
2
NPs, Janus Au@mSiO

2
NPs consistently 

exhibited lower cytotoxicity; Au@mSiO
2
NPs consistently 

exhibited higher cytotoxicity than other Au@mSiO
2
NPs at 
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Figure 3 Mitochondrial apoptosis induced by three rod-like gold-mesoporous silica nanoparticles.
Notes: (A) MTT assay showing MCF-7 cells after incubation with three rod-like gold-mesoporous silica nanoparticles at various concentrations (1.56–200 µg/mL) for 
24 hours. (B) MTT assay showing MCF-7 cells after separate incubation with 12.5 µg/mL of three rod-like gold-mesoporous silica nanoparticles for various time intervals (24, 
48, or 72 hours). (C) MCF-7 cells were treated separately with 12.5 µg/mL of three rod-like gold-mesoporous silica nanoparticles for 24 hours; the apoptotic ratio was then 
assessed by Annexin V-FITC/PI binding and measured using flow cytometry. (D) Changes in the MMP were detected using JC-1 staining and analyzed by flow cytometry. The 
data represent three separate experiments. Mean values ± SD. *P,0.05 versus a control group, **P,0.01 versus a control group.
Abbreviations: Au, gold; FITC, fluorescein isothiocyanate; PI, propidium iodide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

each time point. To investigate whether the cytotoxicity of 

the AuNPs at 24 hours was caused by apoptosis in MCF-7 

cells, the number of apoptotic cells was measured using 

Annexin V-FITC/PI staining after treatment with 12.5 µg/

mL of each of the three AuNPs for 24 hours. As shown in 

Figure 3C, 5.8% of the cells were apoptotic in the control 

group; after treatment with bare AuNPs, core–shell Au@

mSiO
2
NPs, and Janus Au@mSiO

2
NPs, the percentages of 

apoptotic cells were 11.3%, 22.3%, and 23.7%, respectively. 

Compared with the control, each of the three AuNPs triggered 

marked apoptosis in MCF-7 cells; Janus Au@mSiO
2
NPs 

caused fewer cells to undergo apoptosis, whereas the bare 

AuNPs caused more cells to undergo apoptosis. To assess the 

role of mitochondria in AuNP-induced cell apoptotic death, 

we tested whether each AuNP caused a loss of the MMP 

by staining with the fluorescent probe JC-1 at 24 hours. As 

shown in Figure 3D, all AuNPs caused an obvious decrease 

in the MMP in MCF-7 cells, and the results were consistent 

with above cytotoxicity and apoptosis measurements. These 

results indicate that all AuNPs-induced apoptosis through the 

mitochondrial pathway.

ROS generation and MAPK activation 
during AuNP-induced apoptosis
The generation of intracellular ROS is always associated 

with MMP disruption and cell apoptosis. To investigate 

the upstream regulatory mechanisms leading to AuNPs-

induced mitochondrial dysfunction, we analyzed changes 

of intracellular ROS in MCF-7 cells using fluorescence 

microscopy and flow cytometry. As shown in Figure 4A, all 

AuNPs-induced ROS generation after 24 hours of exposure 

in MCF-7 cells, as indicated by the increased fluorescence 

intensity (Figure 4B). The highest amount of ROS was gen-

erated by the bare AuNPs treatment, and the least amount 

was generated by the Janus Au@mSiO
2
NPs treatment. It 

is clear that ROS can lead to the activation of MAPKs and 
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Figure 4 ROS generation induced by three rod-like gold-mesoporous silica nanoparticles.
Notes: MCF-7 cells were separately treated with 12.5 µg/mL of three rod-like gold-mesoporous silica nanoparticles for 24 hours; then, intracellular ROS were stained using 
DCFH-DA and measured using fluorescence microscopy (A) and flow cytometry (B). The scale bars represent 50 µm. The data represent three separate experiments. Mean 
values ± SD. *P,0.05 versus a control group.
Abbreviations: AuNPs, gold nanoparticles; ROS, reactive oxygen species; DCFH-DA, 2′7′-dichlorofluorescein diacetate; SD, standard deviation.

thereby induce apoptosis; therefore, we next examined the 

effect of AuNPs on the MAPK signal pathway by evaluating 

the phosphorylation states of JNK, p38, and ERK through 

western blotting analysis. As shown in Figure 5A, JNK 

phosphorylation was gradually increased after treatment 

with each of the AuNPs, but ERK1/2 phosphorylation was 

significantly reduced. Moreover, bare AuNPs exhibited 

greater effects than the other Au@mSiO
2
NPs; core–shell 

Au@mSiO
2
NPs exhibited a greater effect than Janus Au@

mSiO
2
NPs. Interestingly, p38 phosphorylation was almost 

affected in each of the AuNP-treated MCF-7 cells. Because 

Bcl-2 family members play a vital role in the regulation of 

the mitochondrial apoptotic pathway, the levels of Bax and 

Bcl-2 were measured by western blotting analysis. As shown 

in Figure 5B and C, all AuNP treatments suppressed Bcl-2 

expression and upregulated Bax expression compared to 

untreated cells; this result was most vividly illustrated by a 

marked increase in the Bax/Bcl-2 expression ratio. Treatment 

with bare AuNPs resulted in a higher Bax/Bcl-2 expression 

ratio than treatment with other Au@mSiO
2
NPs, and treatment 

with Janus Au@mSiO
2
NPs resulted in the lowest Bax/Bcl-2 

expression ratio. The release of cyt c from mitochondria can 

activate the caspase cascade. Members of the caspase family 

are related to cysteine proteases and act as effectors of the 

apoptotic process downstream of both the death receptor and 

mitochondrial apoptotic pathways. Thus, we investigated 

the involvement of cyt c, caspase-9, caspase-3, and PARP 

in this process using western blotting analysis. Moreover, 

treatment with the bare AuNPs caused the greatest release 

of cyt c in the cytosolic fraction, the greatest activation of 

caspase-9 and caspase-3, and the greatest cleavage of PARP; 

in contrast, treatment with the Janus Au@mSiO
2
NPs caused 

the least release of cyt c in the cytosolic fraction, the least 

activation of caspase-9 and caspase-3, and the least cleav-

age of PARP.

Role of ROS and JNK in AuNP-induced 
apoptosis
To further determine whether ROS participates in AuNP-

induced apoptosis, we pre-treated MCF-7 cells with 5 mM 

NAC, a ROS scavenger that does not affect cell prolifera-

tion. We observed that NAC abrogated the cytotoxicity of 

each of the AuNPs and markedly changed the proportion 

of apoptotic cells to 8.5%, 11.2%, and 13.2%, respectively 

(Figure 6A and B). As expected, the presence of NAC sig-

nificantly reduced the accumulation of intracellular ROS 

that was induced by each of the three AuNPs (Figure 6C). 

Furthermore, the activation of JNK in cells that had been 
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Figure 5 Roles played by MAPK subfamilies in the mitochondrial apoptosis induced by three rod-like gold-mesoporous silica nanoparticles.
Notes: MCF-7 cells were separately treated with 12.5 µg/mL of three rod-like gold-mesoporous silica nanoparticles for 24 hours; then, whole-cell lysates were collected and 
immunoblotted using antibodies against MAPK subfamily proteins, such as ERK, p-ERK, p38, p-p38, JNK, and p-JNK (A), as well as apoptosis-related proteins, such as cyt c, 
Bcl-2, Bax, caspase-9, caspase-3, and PARP (B). GAPDH was used as a standard to ensure the equal loading of lysates. (C) Quantitative analysis of the ratio of Bax/Bcl-2. 
Values are presented as means ± SD of three determinations. *P,0.05 versus control group.
Abbreviations: Au, gold; MAPK, mitogen-activated protein kinase; ERK, extracellular-signal-regulating kinase; JNK, c-Jun-N-terminal kinase; cyt c, cytochrome c; Bcl-2, 
B-cell lymphoma-2; Bax, Bcl-2-associated X protein; PARP, polyADP-ribose polymerase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SD, standard deviation.

treated with each of the AuNPs could partly be abolished 

by NAC. Furthermore, NAC blocked the activation of cas-

pase-3 that was induced by each of the AuNPs (Figure 6D). 

To further analyze whether JNK activation plays a role in 

AuNP-induced apoptosis, the effects of the JNK inhibi-

tor SP600125 (30 µM) on cell death were examined. As 

shown in Figure  7A and B, SP600125 treatment signifi-

cantly blocked the increases in cytotoxicity and apoptosis 

that were induced by each of the AuNPs. In addition, 

SP600125 remarkably suppressed the JNK phosphorylation 

and caspase-3 activation that was induced by each of the 

AuNPs (Figure 7C). These results indicate that each of the 

AuNPs-induced apoptosis through a ROS/JNK-mediated 

mitochondrial pathway.

Discussion
AuNPs with nonporous structures exhibit low loading capaci-

ties and limited elasticity, thus restricting their application 

in effective drug delivery.6,31 Therefore, the development 

of multifunctional gold-based nanomaterials that not only 

exhibit less cytotoxicity than CTAB-coated AuNPs but also 

deliver both drugs and heat, is highly desired. Mesoporous 

silica is very suitable for use as a coating material for AuNPs. 

Such coated particles would have great potential for bio-

medical applications as delivery agents for anticancer drugs, 

DNA, and proteins due to their large surface area, tunable 

size, high accessible pore volume, and well-defined surface 

properties.32 Various simple and robust methods have been 

reported for the synthesis of multifunctional mesoporous 

silica-encapsulated AuNPs (core–shell Au@mSiO
2
NPs) for 

use as cancer theranostics.33,34 Previously, we successfully 

designed and synthesized Janus Au@mSiO
2
NPs, which 

might not only efficiently deliver imaging agents or drugs into 

cancer cells but also exhibit good photothermal properties, 

thus representing a promising theranostic candidate for use 

in combined photothermo-/chemo-cancer therapy.30 Given 
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Figure 6 The effect of ROS on the mitochondrial apoptosis induced by three rod-like gold-mesoporous silica nanoparticles.
Notes: MCF-7 cells were separately treated with 12.5 µg/mL of three rod-like gold-mesoporous silica nanoparticles for 24 hours in the presence or absence of 5 mM NAC. 
(A) Cytotoxicity was analyzed using an MTT assay. (B) The apoptotic ratio was assessed based on Annexin V-FITC/PI binding and measured using flow cytometry analysis. 
(C) Intracellular ROS were stained using DCFH-DA and measured using flow cytometry. (D) The expression of p-JNK and cleaved caspase-3 was analyzed using western 
blotting. The data represent three separate experiments. Mean values ± SD. *P,0.05 versus a control group, **P,0.01 versus a control group.
Abbreviations: Au, gold; DCFH-DA, 2′7′-dichlorofluorescein diacetate; ROS, reactive oxygen species; FITC, fluorescein isothiocyanate; PI, propidium iodide; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NAC, N-acetylcysteine; JNK, c-Jun-N-terminal kinase; SD, standard deviation.
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Figure 7 The effect of JNK on the mitochondrial apoptosis induced by three rod-like gold-mesoporous silica nanoparticles.
Notes: MCF-7 cells were separately treated with 12.5 µg/mL of three rod-like gold-mesoporous silica nanoparticles for 24 hours in the presence or absence of 30 µM 
SP600125. (A) Cytotoxicity was analyzed using an MTT assay. (B) Then, the apoptotic ratio was assessed based on Annexin V-FITC/PI binding and measured using flow 
cytometry. (C) The expression of p-JNK and cleaved caspase-3 was analyzed using western blotting. The data represent three separate experiments. Mean values ± SD. 
*P,0.05 versus a control group, **P,0.01 versus a control group.
Abbreviations: Au, gold; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PI, propidium iodide; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; SP600125, 1,9-pyrazoloanthrone; JNK, c-Jun-N-terminal kinase; SD, standard deviation.

their dramatically increasing applications in biomedicine, 

AuNPs should be studied to ensure their in vitro and in vivo 

biocompatibility and biosafety. However, no studies have 

yet compared the cytotoxicity of bare AuNPs, core–shell 

Au@mSiO
2
NPs, and Janus Au@mSiO

2
NPs; thus, it is not 

possible to draw general conclusions about the mechanisms 

underlying the effects of unmodified AuNPs.

The present study reveals the effects of three types of 

AuNPs on human breast cancer cells and provides significant 

insight into the possible mechanism through which they 
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exert their toxic effects on these cells. We fabricated three 

rod-like AuNPs and characterized these uniform AuNPs 

using TEM, spectrophotometry, and Zeta potentiometry. 

We found that bare AuNPs exhibited the smallest size 

and most positive charge, whereas Janus Au@mSiO
2
NPs 

exhibited the largest size and the most negative charge; 

these interesting characteristics represent key factors for 

affecting endocytosis and cytotoxicity. Subsequently, we 

investigated the endocytosis of the three types of AuNPs. It 

was clear from our results (Figure 2) that the internalization 

of the AuNPs by MCF-7 cells appears to depend on particle 

size; the smallest (bare) AuNPs were more easily internal-

ized by cells than the larger Au@mSiO
2
NPs, a finding that 

is consistent with several previous studies.35 A probable 

reason for this phenomenon is that small nanoparticles 

exhibit a greater ability to be taken up into cells; 40 and 

50 nm nanoparticles induced the greatest cellular effect, 

and positive nanoparticles evoked a greater response than 

neutral or negative nanoparticles due to their stronger 

interaction with the negatively charged cell membrane.35 

Data obtained using an in vitro MTT assay showed that 

three types of AuNPs-induced marked growth inhibition 

of MCF-7 cells at concentrations of greater than 12.5 µg/

mL and that the strength of the antiproliferative effect fol-

lowed the order, bare AuNPs . core–shell Au@mSiO
2
NPs 

. Janus Au@mSiO
2
NPs. This behavior might be explained 

by considering that AuNPs are more easily taken up via cell 

endocytosis than other Au@mSiO
2
NPs or by considering 

that mesoporous silica coatings largely prevent the release 

of toxic CTAB from the surface of AuNPs.

Oxidative stress is the most discussed paradigm for the 

toxicity of NPs. This has been attributed to their small size, 

because large surface area is generally thought to produce 

ROS and oxidative stress.36,37 Three AuNPs in our study were 

found to be capable of generating intracellular ROS when 

stained with the cell permeable dye DCFH-DA, and the 

ROS inhibitor NAC significantly reduced ROS production 

and apoptosis induced by the AuNPs, suggesting that ROS 

generation plays a key role in the AuNP-induced apoptosis 

of MCF-7 cells. This observation is consistent with earlier 

studies, which showed similar effects on PC12 and C17.2 

cells in a dose- and time-dependent manner.38 Due to the 

lower intracellular amount of the particles and the fast time 

required for AuNPs-treated cell liberated ROS, 24 hours is 

commonly considered the optimal time to assess the effect 

of NP exposure on ROS levels; therefore, we investigated 

ROS triggered AuNPs-induced apoptosis in MCF-7 cells 

using 24 hours as our experimental exposure time.

Mitochondria play a pivotal role in the signal transduction 

of apoptosis. It is also known that increased concentrations 

of ROS and the consequent loss of the MMP are character-

istic of mitochondria-dependent apoptosis.39 In our study, 

we found that the apoptosis induced by each of the AuNPs 

was initiated by the generation of ROS, followed by a loss 

of the MMP and the release of cyt c into the cytosol, leading 

to activation of the caspase-9/-3 cascade; these events were 

blocked by NAC. These results demonstrated that apoptosis 

was induced by each of the AuNPs through ROS-mediated 

activation of the mitochondrial apoptotic pathway. Moreover, 

ROS signaling appeared to be triggered by the activation of 

the mitochondrial-dependent cell death pathway through the 

activation of MAPK pathways.

Cellular redox state and cellular signaling are closely 

related. MAPKs, including JNK, ERK, and p38, are mediators 

of the cellular response to extracellular signals.40 The eluci-

dation of MAPK signaling during apoptotic processes might 

explain the effects of ROS action.41 JNK and p38 MAPKs are 

induced by stress responses and are closely associated with cell 

death.42 In contrast, ERK is generally associated with prolifera-

tion and growth.43 Here, we showed that treatment with each 

of the AuNPs resulted in a marked activation of JNK and the 

inactivation of ERK; however, only bare AuNPs significantly 

increased the phosphorylation of p38. Differences in the 

curvature of the different types of AuNPs and the release of 

CTAB in the cell, thereby inducing the activation of p38 might 

explain this phenomenon. In addition, JNK activation was 

partly prevented in the presence of NAC, suggesting that the 

AuNPs-induced JNK through a ROS-dependent mechanism. 

To decipher the link between ROS and JNK in AuNP-induced 

toxicity in MCF-7 cells, cells were treated with AuNPs in the 

presence of the specific inhibitor SP600125. Importantly, 

we found that inhibition of the JNK pathway by SP600125 

protected the cells from apoptosis. These results showed that 

JNK kinases play a key role in AuNP-induced apoptosis. 

However, the activation of JNK kinases by AuNP-generated 

ROS might represent an adaptive response to bypass stress 

injury. Taken together, these results indicate that ROS-evoked 

JNK activation might trigger the mitochondrial-dependent 

cell death pathway based on the well-established role of these 

kinases in ROS-mediated apoptosis.

Based on the above results, we hypothesize that the interac-

tion between AuNPs and cells occurs through the following 

chain of events: endocytosis of the AuNPs, alteration of oxi-

dative stress, and changes in mitochondrial behavior, finally 

resulting in altered cell proliferation and apoptosis. In contrast 

to the numerous studies regarding the effect of many types of 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

6086

Liu et al

AuNPs on cell function, few reports have compared the effect 

of bare AuNPs, core–shell Au@mSiO
2
NPs, and Janus Au@

mSiO
2
NPs on endocytosis and cytotoxicity. The major finding 

of this study was that different types of AuNPs can be internal-

ized in cells through nonspecific cellular uptake, resulting in 

ROS-induced JNK activation and subsequently triggering the 

mitochondrial-dependent cell death pathway. These findings 

provide insights that might prove helpful for the development of 

strategies to design safe and efficient drug delivery nanocarriers 

and for understanding the environmental fate of AuNPs.

Conclusion
Here, we demonstrated that three well-defined AuNPs in the 

50–300 nm size range exhibited clear time- and dose-depen-

dent toxicity in human breast cancer MCF-7 cells. Bare AuNPs 

exerted greater toxicity than the tested Au@mSiO
2
NPs due to 

their higher endocytosis capacity in MCF-7 cells. Moreover, 

ROS-mediated oxidative stress, JNK activation, upregulation 

of the Bax/Bcl-2 ratio, loss of the MMP, cyt c release into 

the cytosol, and activation of the caspase-9/-3 cascade were 

involved in the mitochondrial-dependent apoptosis pathways 

induced by each of the AuNPs. Taken together, these find-

ings show that AuNPs alternatively induce antiproliferation 

effects in MCF-7 cells and that AuNPs-induced apoptosis 

is mediated through a ROS/JNK-dependent mitochondrial/

caspase pathway. Based on these results, it can be concluded 

that Janus Au@mSiO
2
NPs exhibited less toxicity than bare 

AuNPs or core–shell Au@mSiO
2
NPs. Thus, the interplay 

between cell responses and particle shape will undoubtedly be 

important for the investigation of numerous areas of interest, 

including the design of safe gold-based nanoplatforms that 

can translate to clinical use and the shaping of subsequent 

regulation policies.
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