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The mitochondrion is a promising target for diagnosis and therapy. Mitochondrial-targeting silica-coated manganese oxide 
nanoparticles (MnO@SiO2-PPh3

+ NPs) were successfully synthesized to explore the mitochondrial cytotoxicity of nanoparti-
cles. The mitochondrial targeting property was confirmed by a laser scanning confocal microscopy experiment. Even after in-
cubation for only 4 h, the cytotoxicity of MnO@SiO2-PPh3

+ NPs against cancer cells was obvious; the ATP content was sig-
nificantly decreased to 40%; and the mitochondrial membrane potential was depleted. All of these results indicated the col-
lapse of mitochondrial function and the start of a cell apoptosis pathway. Our findings suggest that mitochondrial-mediated 
apoptosis could be strengthened by targeting to the subcellular compartment. 
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1  Introduction 

With the rapid development of nanotechnology, many nano- 
particles have been related to human life. However, the un-
expected side effects of nanotechnology must also be con-
sidered. In particular, the toxicity of nanomaterials used for 
disease diagnosis and therapeutics must be determined. Be-
cause so much toxic damage can be caused by nanoparticles, 
we must consider their toxicity mechanisms. 

As we all know, the modified manganese oxide nano-
materials exhibit stupendous potential biological applica-
tions for multifunctional imaging and drug delivery [1–4]. 
Currently, silica-coated manganese oxide nanoparticles 
(MnO@SiO2 NPs) are considered one of the most important 
materials for MRI contrast agents that can be loaded with 
drugs, conjugated with fluorescent dyes or targeted mole-
cules [5–9]. Our group has developed multifunctional sili-
ca-coated MnO NPs for targeting MR imaging [10–12]. We 

also found that MnO@SiO2 NPs can induce mitochondria- 
mediated apoptosis [13].  

The mitochondrion is an important cellular organelle and 
a significant site of oxidative metabolism. It can not only 
provide energy for cells but also control programmed cell 
death. Mitochondria play a significant role in the homeosta-
sis of physiological functions, including electron transfer, 
apoptosis, cytochrome C release, and calcium storage [14]. 
The triphenylphosphonium, which consists of a positively 
charged phosphorus atom surrounded by three hydrophobic 
phenyl groups, has been utilized for more than 40 years to 
explore mitochondrial membrane potential as a probe [15– 
18]. Herein, 2-carboxyethyl-triphenylphosphonium [COOH- 
(CH2)2-PPh3

+] was conjugated on the surface of silica- 
coated MnO NPs to prepare mitochondrial-targeting silica- 
coated manganese oxide nanoparticles (MnO@SiO2-PPh3

+ 

NPs) (Figure 1). The fluorescein dye labeled on the surface 
of the nanoparticles enabled us to confirm the mitochondrial 
targeting property with a laser scanning confocal microsco-
py experiment. Compared with nontargeting MnO@SiO2 
NPs, the mitochondrial targeting MnO@SiO2-PPh3

+ NPs  
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Figure 1  Synthesis route and schematic mitochondrial toxicity of MnO@SiO2-PPh3
+ NPs. 

exhibited much more obvious toxicity, which resulted in the 
depletion of ATP content and the depolarization of mito-
chondrial membrane [19,20].  

2  Experimental 

2.1  Materials 

Manganese chloride tetrahydrate (MnCl2·4H2O) (99.0%), 
sodium oleate (C18H33NaO2, 90.0%), n-octanol (C8H18O, 
99.0%), and tetraethylorthosilicate (TEOS) were purchased 
from Sinopharm Chemical Reagent Co., Ltd. (China); 
1-octadecene (90.0%) and l g epal CO-520 were purchased 
from Sigma-Aldrich (USA); aminopropyltriethoxysilane 
(APS) was purchased from Beijing InnoChem Science & 
Technology Co, Ltd. (China); N-hydroxysuccinimide was 
purchased from Shanghai Chemical Technology Co, Ltd. 
(China); 2-carboxyethyl-triphenylphosphonium bromide 
(COOH(CH2)2-PPh3

+Br) and 1-ethyl-(3-dimethylamino-                           
propyl) carbodiimide hydrochloride (EDC·HCl) were pur-
chased from Accela Chemical Technology (Shanghai) Co., 
Ltd. (China); fluorescein isothiocyanate (FITC, 1.95%) was 
purchased from Alfa Aesar Chemical Co. Ltd. (USA); and 
MitoTracker Red CMXRos were purchased from Qcbic 
Science & Technologies Co, Ltd. (China). The water used 
in our experiment was purified through a Milli-Q Plus 185 
(USA) with the resistivity of 18 MΩ cm.  

2.2  Characterization  

X-ray diffraction (XRD) was performed by a Rigaku 
DMAX 2000 diffractometer (Japan) equipped with Cu-Kα 
radiation at a scanning rate of 4°/min in the 2θ range of 
20°–80° (λ=0.15405 nm, 40 kV, 40 mA). The size and 
morphology of the nanoparticles were observed by a JEOL 
JEM-2010 transmission electron microscope (TEM, Japan) 

operating at 200 kV. The zeta potential and hydrodynamic 
radius of our nanoparticles were analyzed by a Malvern 
Zetasizer Nano ZS model ZEN3690 (Worcestershire, UK). 
UV-Vis spectra were recorded on a spectrophotometer of 
DU 730 (Beckman Coulter, USA). The fluorescence spectra 
were determined by a Cary-Eclipse spectrometer (USA). 
Fluorescence in cells was tested by a flow cytometer 
(Quanta SC, U.S. Beckman Coulter Company). Fluores-
cence imaging was conducted by laser scanning confocal 
microscope (TSC SP5 Ⅱ, Germany Leica Microsystems). 
Cell viability experiments were recorded on a microplate 
reader, Multiskan MK3 (Thermo Fisher, USA).  

2.3  Preparation of MnO@SiO2-PPh3
+ NPs 

The aminated silica-coated manganese oxide nanoparticles 
(MnO@SiO2 NPs) were synthesized according to our pre-
viously published report [13]. To synthesize MnO@SiO2- 
PPh3

+ NPs, three steps were adopted. First, 15 mL anhy-
drous DMF and 40 mg 2-carboxyethyl-triphenylphospho-          
nium bromide were added to a 100 mL one-neck flask. 
Second, 50 mg EDC·HCl was added under magnetic stir-
ring at room temperature for 40 min before 100 mg 
N-hydroxysuccinimide was added. Then the solution was 
stirred for another 40 min. Finally, 15 mL anhydrous DMF 
that contained 10 mg MnO@SiO2 NPs was added and the 
reaction was protected with nitrogen for 24 h. After being 
washed with ethanol three times, the nanoparticles were 
stored at 4 °C [21]. 

2.4  Preparation of fluorescein-labelled silica-coated 
mitochondrial-targeting MnO nanoparticles (MnO@ 
SiO2(FITC)-PPh3

+ NPs) 

We added 15 mL anhydrous DMF and 40 mg 2-carboxye-          
thyl-triphenylphosphonium bromide into a single-neck flask 
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with magnetic stirring. Next, 50 mg EDC·HCl was added 
under magnetic stirring at room temperature for 40 min be-
fore 100 mg N-hydroxysuccinimide was added and the 
mixture was stirred for another 40 min. Next, 10 mg 
MnO@SiO2 NPs in DMF solution (15 mL) and 5 mg FITC 
were added to the reaction mixture. Finally, the NPs were 
protected with nitrogen in dark for 12 h. After being washed 
with ethanol three times, the nanoparticles were stored at 
4 °C. 

2.5  Flow cytometric analysis 

HeLa cells (human cervical cancer cells) were grown in 
culture media composed of RPMI-1640 medium supple-
mented with 10% fetal bovine serum (FBS, gibco, USA), 
1% penicillin, and streptomycin at 37 °C in an atmosphere 
of 5% CO2 and 95% air. HeLa cells were seeded onto a 
6-well plate with the density of 2106 cells/well, and then 
incubated with MnO@SiO2(FITC)-PPh3

+ NPs at 0, 25, 50, 
and 100 μg/mL. The medium was removed after 4 h incuba-
tion and the cells were washed twice with cold PBS solution 
to remove excess nanoparticles. Then the cells were col-
lected by centrifugation after being digested with trypsin. 
These cells were mixed into 1 mL RPMI-1640 medium and 
then immediately analyzed by a flow cytometer. 

2.6  Laser scanning confocal microscopy experiment 

HeLa cells were incubated with 100 g/mL MnO@SiO2-                                       

(FITC)-PPh3
+ NPs for 4 h, and then incubated with the mi-

tochondrial dye (Mito Tracker RED CMXRos) for another 
15 min. Next, these cells were fixed with 4% paraformal-
dehyde for 20 min. Before these cells were observed on a 
confocal laser scanning microscope, trypan blue dye was 
added to quench the fluorescence of the MnO@SiO2-                                       

(FITC)-PPh3
+ NPs and the Mito Tracker RED CMXRos 

absorbed by the cells. The green and red fluorescence from 
MnO@SiO2(FITC)-PPh3

+ NPs and MitoTracker Red 
CMXRos were excited by 540 and 630 nm, respectively.  

2.7  MTT assay 

HeLa cells were seeded onto a 96-well plate with the densi-
ty of 1104 cells/well. MnO@SiO2 NPs, 2-carboxyethyl- 
triphenylphosphonium bromide and MnO@SiO2-PPh3

+ NPs 
with concentrations of 0, 10, 25, 50, 75, and 100 μg/mL 
were added to a 96-well plate. After incubation for 4 h, 20 
µL MTT PBS solution (5 μg/mL) was added to each well. 
The cells were incubated for another 4 h. Then the upper 
layer of the solution was discarded and 150 μL DMSO  
solution was added to each well to dissolve the formazan 
crystals. The OD value of each well was measured at 490 
nm by a microplate reader. 

2.8  ATP content test 

The ATP content in the HeLa cells was detected with an 
ATP assay kit (Beyotime, China). The HeLa cells were 
seeded onto a 6-well plate and incubated for 24 h. After 
being washed twice with PBS, the medium was removed 
and 200 μL lysis solution was added to each well; the cells 
were lysised immediately. Then the cells were centrifuged 
at 12000 g for 10 min at 4 °C. Afterward, the supernatant 
solution was tested by a fluorescence spectrophotometer. 
The ATP content was determined by the standard curve. 

2.9  Mitochondrial membrane potential (MMP) test 

The change of mitochondrial membrane potential was de-
termined by a mitochondrial membrane potential detection 
kit (Beyotime, China) on a flow cytometer. A lipophilic dye 
JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazol-          
carbocyanine iodide) in our detection kit was used. HeLa 
cells seeded onto the 6-well plate were incubated with nano- 
particles at concentrations of of 0, 10, 25, 50, 75, and 100 
μg/mL for 4 h. The carbonyl cyanide m-chlorophenylhydra-          
zon (CCCP) (10 μmol/L) in the kit was the positive control. 
The HeLa cells were washed twice with cold PBS and then 
incubated with JC-1 working solution (5 μg/mL) for 20 min 
at 37 °C under an atmosphere of 5% CO2 and 95% air. Then 
the staining solution was removed and the cells were 
washed twice with JC-1 working buffer. Last, the cells were 
resuspended in the 500 μL 1640 culture medium and then 
analyzed by a flow cytometer. JC-1 in normally polarized 
mitochondria was aggregated in mitochondrial matrix 
(J-aggregates) with the red fluorescence; the JC-1 in depo-
larized mitochondria was in monomer in a mitochondrial 
matrix with green fluorescence. The red fluorescence re-
sulting from J-aggregates was recorded at Ex/Em 525/590 
nm. The green fluorescence resulting from monomer was 
recorded at Ex/Em 490/530 nm. 

3  Results and discussion 

3.1  Synthesis and characterization 

Silica-coated MnO NPs were synthesized according to our 
previous report [13]. As shown in Figure 2, MnO NPs were 
15.6±2.4 nm in diameter. After the conjugation with 
2-carboxyethyl-triphenylphosphonium bromide, the silica- 
coated MnO@SiO2-PPh3

+ NPs were 46.2±3.6 nm in diame-
ter. The surface potential changed from 25.5 mV for 
MnO@SiO2 to 37.4 mV for MnO@SiO2-PPh3

+ NPs. Ac-
cordingly, the hydrodynamic radius changed from 91.6 to 
94.0 nm. These results suggested that triphenylphosphoni-
um (PPh3

+) with mitochondria-targeting property was suc-
cessfully modified on the surfaces of the nanoparticles. 
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Figure 2  TEM images of MnO NPs (a) and MnO@SiO2-PPh3
+ NPs (b).  

3.2  Cellular uptake of MnO@SiO2(FITC)-PPh3
+ NPs 

To investigate the endocytosis of MnO@SiO2-PPh3
+ NPs, 

FITC was conjugated onto the surface of MnO@SiO2-PPh3
+ 

NPs to form MnO@SiO2(FITC)-PPh3
+ NPs, which were 

supported by their strong absorption peaks at 449 and 487 
nm, and their maximum emissions at 521 nm (Figure 3(a, 
b)). To determine the content of the cellular uptake of 
MnO@SiO2(FITC)-PPh3

+ NPs, HeLa cells were incubated 
with different concentrations of MnO@SiO2(FITC)-PPh3

+ 

NPs for 4 h. As shown in Figure 3, with the increasing con-
centration of MnO@SiO2(FITC)-PPh3

+ NPs, the fluores-
cence expression level of the HeLa cells was gradually en-
hanced. The fluorescence expression level reached about 
66.8% with the incubation of a maximum concentration of 
100 μg/mL. The data from the flow cytometry demonstrated 

that MnO@SiO2 (FITC)-PPh3
+ NPs could be effectively 

uptaken by the HeLa cells. 

3.3  Mitochondria targeting property of MnO@SiO2-         
(FITC)-PPh3+ NPs 

The location of nanoparticles to different cell organelles 
mainly depends on the type of their modification. In recent 
years, 2-carboxyethyl-triphenylphosphonium bromide con-
jugated probes have been used in numerous studies that 
focused on mitochondria associated responses [22]. To fur-
ther assess the sub-cellular compartmentalization of MnO@ 
SiO2(FITC)-PPh3

+ NPs, we co-stained HeLa cells with NPs 
and MitoTracker Red CMXRos. As shown in the confocal 
laser experiments depicted in Figure 4(b), the uptake of 
MnO@SiO2(FITC)-PPh3

+ NPs by HeLa cells could be  
effectively confirmed. The merged luminescent images 
(Figure 4(d)) of MnO@SiO2(FITC)-PPh3

+ NPs and Mito-
Tracker Red CMXRos probes showed good correspondence, 
which indicated high specificity to mitochondria. 

3.4  The cytotoxicity of MnO@SiO2-PPh3
+ NPs in HeLa 

cells 

The cytotoxicity of MnO@SiO2 NPs, 2-carboxyethyltri-  
phenylphosphonium bromide (COOH(CH2)2-PPh3

+Br) and 
MnO@SiO2-PPh3

+ NPs were further evaluated by a standard 
MTT assay. The cell viability of MnO@SiO2 NPs and  

 

Figure 3  The UV-Vis absorption (a) and fluorescence (b) spectra of MnO@SiO2(FITC)-PPh3
+ NPs, MnO@SiO2-PPh3

+ NPs, and FITC. Flow cytometry 
profiles of HeLa cells treated with MnO@SiO2(FITC)-PPh3

+ NPs with the concentration of 0 (c), 25 (d), 50 (e), and 100 µg/mL (f).  
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COOH(CH2)2-PPh3
+Br were all above 90% after incuba-

tion for 4 h, but the cell viability of MnO@SiO2-PPh3
+

 NPs 
induced greater cytotoxicity and exhibited a concentration- 
dependent cytotoxicity. These results were in line with our 
previous report [13], which showed that the toxicity of 
MnO@SiO2NPs was highly time-dependent. However, the 
viability decreased significantly after 8 h. In strong contrast, 
the cell viability of HeLa cells was sharply decreased with 
the increasing concentration of MnO@SiO2-PPh3

+ NPs and 
reached 57% with the concentration of 100 μg/mL after 
incubation for 4 h (Figure 5). The mitochondria-targeting 
MnO@SiO2-PPh3

+ NPs showed cytotoxicity even at the 
concentration of 10 μg/mL. The IC50 value was 50 μg/mL. 
These results indicated that MnO@SiO2-PPh3

+ NPs caused  
 

 

Figure 4  (a) Confocal images of HeLa cells of the bright field; (b) the 
fluorescence image after incubation of MnO@SiO2(FITC)-PPh3

+ NPs; (c) 
the fluorescence image after incubation of MitoTracker Red CMXRos; (d) 
the merged image of (b) and (c).  

 

Figure 5  Cell viability of HeLa cells incubated with MnO@SiO2-PPh3
+ 

NPs, MnO@SiO2 NPs, and COOH(CH2)2-PPh3
+Br. 

the death of cancer cells within 4 h. All of these results 
suggested that the mitochondria-targeting property can  
effectively improve the cytotoxicity of nanoparticles. 

3.5  Mitochondrial toxicity of MnO@SiO2-PPh3
+ NPs in 

HeLa cells 

As we all know, a change in mitochondrial membrane po-
tential is a sign of cell apoptosis. To further illustrate the 
effects of nanoparticles on the mitochondria, the loss of 
mitochondrial membrane potential (MMP) was measured. 
Generally, JC-1 dye is an indicator of mitochondrial activity 
to detect the change of the mitochondrial membrane poten-
tial (MMP). Although JC-1 was aggregated in the normal 
mitochondrial matrix with the red fluorescence, it only ex-
isted in the cytoplasm as a monomer with the green fluo-
rescence. Therefore, the change of the proportion of red/ 
green fluorescence can directly reflect the transformation of 
MMP [23–25]. As presented in Figure 6, almost all MMP of 
HeLa cells incubated with different concentrations of 
MnO@SiO2-PPh3

+ NPs showed different levels of loss in a 
concentration-dependent way. For example, the red/green 
fluorescence ratio with the concentration of 10–100 μg/mL 

 

Figure 6  Changes of MMP (a) and ATP content (b) for HeLa cells incu-
bated with different concentrations of MnO@SiO2 and MnO@SiO2-PPh3

+ 

NPs.  
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decreased almost sevenfold. The significant decrease of 
MMP began to emerge at the concentration of 50 μg/mL 
and the impact subsequently declined to 100 μg/mL. The 
mitochondrial membrane potential of MnO@SiO2-PPh3

+ 
NPs was almost completely depleted at the concentration of 
100 μg/mL. Furthermore, the downward trend of MMP after 
the incubation of MnO@SiO2-PPh3

+ NPs was much more 
than that of MnO@SiO2 NPs, which demonstrated that the 
mitochondrial membrane had truly been damaged. 

Mitochondria, which are significantly important to me-
tabolism, supply almost all of the ATP to the cells and are 
also involved in both apoptotic and necrotic cell death. Be-
cause the considerable consumption of ATP can seriously 
affect the metabolism of cells [26–28], the depletion of ATP 
was further determined. After incubation with MnO@SiO2- 
PPh3

+ NPs for 4 h, significant depletion of ATP was ob-
served in the HeLa cells. The content of ATP decreased 
significantly with concentrations of 0–50 μg/mL, by ap-
proximately 60%. However, the rate declined gradually 
from the concentration of 50–100 μg/mL, where there was a 
steady decline. The highest amount of ATP depletion (63%) 
was generated after the HeLa cells were exposed to 100 
μg/mL MnO@SiO2-PPh3

+ NPs for 4 h. All of the data sug-
gested that the MnO@SiO2-PPh3

+ NPs produced more sig-
nificant levels of ATP and mitochondrial membrane poten-
tial depletion than those of MnO@SiO2 NPs, which proved 
the superiority of mitochondria-targeting inhibitory effect 
from another aspect. 

4  Conclusions 

We designed MnO@SiO2-PPh3
+ NPs to demonstrate their 

mitochondria-targeting ability and to induce the severe 
damage to cancer cells. The MnO@SiO2 NPs exhibited non- 
cytotoxicity in about 4 h and the mitochondria-targeting 
MnO@SiO2-PPh3

+ NPs induced severe cytotoxicity in the 
same period. Most importantly, the mitochondria-targeting 
property facilitated cell death. The cytotoxicity of MnO@ 
SiO2-PPh3

+ NPs resulted from the cell action of mitochon-
drial damage, including the depletion of ATP content and 
the dissipation of mitochondrial membrane potential. This 
method can be extended to the field of medical therapy. 
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