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Abstract

Mitophagy, a selective autophagy of mitochondria, clears up damaged mitochondria to maintain 

cell homeostasis. We performed high-content analysis (HCA) to detect the increase of PINK1, an 

essential protein controlling mitophagy, in hepatic cells treated with several nanoparticles (NPs). 

PINK1 immunofluorescence-based HCA was more sensitive than assays and detections for cell 

viability and mitochondrial functions. Of which, superparamagnetic iron oxide (SPIO)-NPs or 

graphene oxide-quantum dots (GO-QDs) was selected as representatives for positive or negative 

inducer of mitophagy. SPIO-NPs, but not GO-QDs, activated PINK1-dependent mitophagy as 

demonstrated by recruitment of PARKIN to mitochondria and degradation of injured 

mitochondria. SPIO-NPs caused the loss of mitochondrial membrane potential, decrease in ATP, 

and increase in mitochondrial reactive oxide species and Ca2+. Blocking mitophagy with PARKIN 

siRNA aggravated the cytotoxicity of SPIO-NPs. Taken together, PINK1 immunofluorescence-

based HCA is considered to be an early, sensitive, and reliable approach to evaluate the bioimpacts 

of NPs.
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There is a great potential that nanotechnology will supply some solutions to urgent problems 

such as environmental protection, energy, water cleanup, and medical development.1–3 

However, along with the rapid development of nanomaterials (NMs) in medicine and 

manufacturing industries, the likelihood of the harm of NMs to the susceptible population is 

greatly increased when potential detrimental NMs cannot be identified accurately and 

rapidly.3,4 Understanding of the adverse effects and underlying mechanisms of NMs is 

helpful for the development of novel NMs with optimal benefit-to-risk ratio and to ensure 

the safety of NMs for application.

Up to now, there is no mature evaluation system for nanosafety, although several useful 

models have been proposed. Of which, the three tiered model seems to be well-developed 

and accepted in determining oxidative stress. In this model, antioxidant defensive response is 

recommended to be tested (Tier 1), followed by inflammatory response (Tier 2) and 

cytotoxicity (Tier 3).4 While most toxicological endpoints are used for examining higher 

tiers of oxidative stress, multi-parametric assays with more endpoints are suggested to be 

used for toxicity testing at Tiers 1 and 2.4,5 Besides antioxidant defensive response, other 

protective mechanisms also play important roles in anti-exogenous stress, such as DNA 

damage repair,6 endoplasmic reticulum stress,7 and autophagy.8 Developing suitable 

biomarkers or toxicological endpoints will contribute to establishing a systematic screening 

toolbox for comprehensive and precise assessment of NMs for potential adverse effects.

Autophagy degrades the harmful cellular components such as damaged organelles and 

aggregated proteins, and recycles them to maintain cell survival and homeostasis.9 

Mitochondria control the energy metabolism and regulate calcium homeostasis, lipid 

synthesis, and cell death.10 When mitochondria are damaged by internal or external stresses, 

mitophagy (a selective autophagy of mitochondria) is triggered to remove excessive or 

damaged mitochondria to maintain homeostasis.10 In mammalian cells, while mitochondria 

are depolarized, PARKIN (encoded by PARK2 gene) is recruited to the injured mitochondria 

through PTEN-induced putative kinase 1 (PINK1), and then PARKIN conjugates ubiquitins 

onto proteins on the mitochondrial outer membrane (MOM) to subsequently induce 

mitophagy.11 Mutants of PINK1 or PARKIN, failing to mediate mitophagy, are associated 

with Parkinson disease, which can be a result of damaged mitochondria accumulation.12 

Besides, mitophagy has been shown to play essential roles in other diseases, such as cardiac 

hypertrophy and dysfunction,13 neuromuscular disorders,14 tumors,15 and liver diseases.16 

However, there is no report on the effects and mechanisms of NMs-induced mitophagy in 

hepatic cells.

Generally, mitophagy is triggered to clear up injured mitochondria to overcome stress at the 

early stage. With the increase of stress, mitophagy fails to maintain the cellular homeostasis, 

and cells will go through various forms of death.17 Thus, we hypothesized that mitophagy 

would act as a new sensitive biomarker for nanosafety assessment. As a novel imaging and 

statistics technology, high-content analysis (HCA) provides multi-parametric and 

quantitative analysis of each cell using multicolored fluorescence dyes or fluorescence-

labeled antibodies.18 A multi-parametric cellular HCA system has been shown to be more in 

concordance with human toxicity than conventional assays for cytotoxicity.19,20

He et al. Page 2

Nanomedicine. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the present study, using HCA, we explored whether mitophagy could be induced by some 

nanoparticles (NPs), including cadmium telluride (CdTe)-quantum dots (QDs), and gold 

(Au)-QDs, graphene oxide (GO)-QDs, cerium dioxide (CeO2)-NPs, silicon dioxide (SiO2)-

NPs, superparamagnetic iron oxide (SPIO)-NPs, and zinc oxide (ZnO)-NPs. Subsequently, 

SPIO-NPs or GO-QDs was selected as positive or negative inducer of mitophagy for detailed 

studies. SPIO-NPs are usually used as contrast agent for magnetic resonance imaging 

(MRI).21 GO is also widely applied in biomedical field, such as drug delivery, gene carriers, 

photothermal and photodynamic therapies, and biosensors.22 Furthermore, using traditional 

methods and assays, we confirmed that mitophagy could be triggered by SPIO-NPs, rather 

than GO-QDs. Finally, we demonstrated that mitophagy is an early, sensitive, and suitable 

parameter in evaluating biocompatibility of NPs. The PINK1-dependent mitophagy-based 

HCA is considered to be a rapid, reliable, and high-throughput approach to incorporate into 

present toolbox for nanosafety assessment.

Methods

Additional methods are described in the Supporting Information.

Preparation and characterization—The SPIO-NPs were synthesized according to 

previous methods.23 CdTe-QDs and Au-QDs were gifts from Dr. Xiangyang Liu (Fujian 

Provincial Key Laboratory for Soft Functional Materials Research, Xiamen University). GO-

QDs were obtained from JCNANO (Nanjing, China). CeO2-NPs, ZnO-NPs, and SiO2-NPs 

were purchased from Aladdin (Shanghai, China). The morphology of these NPs was 

observed using transmission electron microscopy (TEM) (FEI Tecnai, Blackwood, NJ, 

USA). Au-QDs and CdTe-QDs were captured with high-resolution TEM (JEOL, Peabody, 

MA, USA). The high-resolution TEM image of GO-QDs was provided by manufacturer. 

Malvern Zetasizer instrument (Worcestershire, UK) was used to measure the size and zeta 

potential of these NPs.

High-content analysis (HCA)—All cells were seeded on a 96-well imaging plate 

(PerkinElmer, Waltham, MA, USA) with glass bottom, at a density of 8000 cells per well. 

As for the concentration-effect ofNPs on mitophagy, cells were treated with NPs at 7.5, 15, 

30, and 60 μg/mL for 12 h in complete medium containing 10% fetal bovine serum (FBS). 

As for the time-effect, cells were treated with 15 μg/mL SPIO-NPs or GO-QDs for 3, 6, 12, 

and 24 h. For mitophagy assay, cells were labeled with Mitotracker (red, Thermo Scientific, 

Hudson, NH, USA) and stained with anti-PINK1 primary antibody (anti-rabbit, Novus, 

Miami, FL, USA) with corresponding Alexa Fluor 488-labeled secondary antibody (green, 

Beyotime, Shanghai, China). After washing, cells were fixed in ice-cold methanol for 15 

min at −20 °C and co-stained with 4’,6-diamidino-2-phenylindole (DAPI) for cell counts by 

nuclei staining. For mitochondrial reactive oxide species (mitoROS) measurement, cells 

were washed with HBSS/Ca2+/Mg2+ (Beyotime), and incubated with MitoSOX Red probe 

(Thermo Scientific) diluted in HBSS/Ca2+/Mg2+ for 15 min at 37 °C in the dark. This probe 

was excited at 510 nm and emitted at 580 nm. For mitochondrial membrane potential 

(MMP) measurement, cells were incubated with JC-1 probe (Beyotime) for 20 min at 37 °C 

and then washed with JC-1 staining buffer. JC-1 probe for MMP was excited at 488 nm and 

the monomer of JC-1 was detected at 520 nm (green fluorescence) and the aggregated JC-1 
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was detected at 590 nm (red fluorescence). Mitochondrial depolarization was indicated by 

an increase in the green/red fluorescence ratio. As for mitochondrial Ca2+ measurement, 

cells were incubated with Rhod-2 AM probe (Abcam, Cambridge, MA, USA) for 45 min at 

37 °C, protected from light. Rhod-2 AM probe was excited at 561 nm and emitted at 593 

nm.

All the fluorescence intensity and images were obtained using Opera Phenix HCA confocal 

microscopy (PerkinElmer). In each well, more than 24 imaging fields were captured at the 

same exposure time. Each treatment had at least three replicates. For each measured cell, the 

following calculations were performed automatically by Columbus™ analysis system 

(PerkinElmer): (a) The cell nuclei were assigned at the DAPI channel; (b) The average 

fluorescence intensity was calculated by dividing the brightness of the entire field of cells to 

the according area.

Results

Physical-chemical characterization

In order to investigate whether PINK1-dependent mitophagy could be triggered by NPs, we 

first characterized a group of NPs that were employed in this study, including CeO2-NPs, 

ZnO-NPs, SPIO-NPs, Au-QDs, CdTe-QDs, GO-QDs, and SiO2-NPs. The shapes of these 

NPs were characterized with TEM or high- resolution TEM. Au-QDs, CdTe-QDs, and 

SPIO-NPs were spherical and relatively uniform; GO-QDs were single layered and had 

narrow-size distribution; CeO2-NPs, ZnO-NPs, and SiO2- NPs were amorphous (Figure S1). 

The hydrodynamic size and zeta potential were measured when these NPs were dispersed in 

water and cell culture medium containing 10% FBS, respectively; these data are presented in 

Supplement Table S1. Of note, the hydrodynamic size of SPIO-NPs was 31.3±1.4 nm and 

142.8±2.3 nm; the zeta potential was close to +48.9 mV and −8.3 mV, respectively. The 

hydrodynamic size of GO-QDs was 5.2±0.1 nm and 9.4±0.2 nm; the zeta potential was 

−13.7 mV and −8.9 mV in water and cell culture medium containing 10% FBS, respectively.

PINK1 immunofluorescence-based HCA for several NPs

As a kinase regulating mitochondrial quality, PINK1 plays a protective role in structure and 

functions of mitochondria.24 HCA, a cell-based multi-parametric image analysis technique, 

can be applied to detect cell viability, oxidative stress, and mitochondrial Ca2+ to generate 

large data sets that can be used to create predictive models for nanosafety evaluation.18 To 

monitor whether the PINK1-dependent mitophagy can be triggered by different NPs, human 

normal hepatic L02 cells were treated with 7.5, 15, and 30 μg/mL CeO2-NPs, ZnO-NPs, 

SPIO-NPs, Au-QDs, CdTe-QDs, GO-QDs, and SiO2-NPs for 12 h, followed by PINK1 

immunofluorescence-based HCA. As shown in Figure 1, A-C, groups of CeO2-NPs, ZnO-

NPs, and SPIO-NPs decreased the fluorescence signals of mitochondria (Figure 1, A and B), 

and increased the fluorescence signals of PINK1 protein (Figure 1, A and C). Meanwhile, 

other NPs had no significant effects on the fluorescence of mitochondria and PINK1 protein. 

These results suggested that PINK1 immunofluorescence-based HCA may be a suitable 

method for NPs-induced PINK1-dependent mitophagy and thus hold the potential in 

assessing NPs’ bioeffects.
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In order to compare the sensitivity of the PINK1 immunofluorescence-based HCA with 

MTS assay for cell viability, we treated L02 cells with NPs at 7.5, 15, 30, 60, and 120 

μg/mL for 12 h. As shown in Figure 1, D, the cell viability was significantly decreased only 

by treatments with SPIO-NPs at 60 and 120 μg/mL and ZnO-NPs at 30, 60, and 120 μg/mL. 

Therefore, PINK1 immunofluorescence-based HCA was proved to be more sensitive than 

cell viability assay to detect the bioeffects of NPs as the mitophagy responses were detected 

at earlier time points and lower concentrations by HCA.

Mitophagy triggered by SPIO-NPs, rather than GO-QDs, in a time-dependent manner

To further validate the PINK1 immunofluorescence-based HCA application for nanosafety 

assessment, we chose SPIO-NPs or GO-QDs as positive or negative inducer for PINK1-

dependent mitophagy, respectively. With treatment at 15 μg/mL concentration, SPIO-NPs 

induced mitophagy but did not decrease cell viability, while GO-QDs had no significant 

effect on both (Figure 1, B), thus this concentration was selected for further analysis. HCA 

was performed to detect the dynamic change of mitochondria and PINK1 protein after L02 

cells were treated with the two NPs from 3 to 24 h (Figure 2, A). Each cell was identified 

through DAPI stained nuclei (blue). Quantitative analysis of mitochondria (red) or PINK1 

protein (green) was performed using the mean value of fluorescence intensity per cell. The 

results of mitochondrial staining indicated that the quantities of mitochondria were 

decreased by SPIO-NPs, but not by GO-QDs, from 6 to 24 h (Figure 2, B). On the other 

hand, SPIO-NPs treatment caused a significant time-dependent increase in PINK1 protein as 

early as at 3 h, while GO-QDs did not alter the signals of PINK1 protein at any time point 

(Figure 2, C). The PINK1 immunofluorescence-based HCA might be used as an effective, 

early, and sensitive approach for nanosafety assessment.25 In addition, we also examined 

whether PINK1-dependent mitophagy can be induced in different cells. Mouse fibroblast 

NIH3T3 cells and human epithelial HEK cells were treated with SPIO-NPs (15 μg/mL) and 

subjected to HCA analysis. As shown in Figure S2, SPIO-NPs increased the expression of 

PINK1 and decreased the mitochondrial mass in both cells, indicating that SPIO-NPs-

induced mitophagy can occur in different types of cells, such as fibroblast/epithelial cells.

SPIO-NPs-induced mitophagy confirmed by conventional methods

To verify PINK1-dependent mitophagy induced by SPIO-NPs, a number of conventional 

molecular and biochemical approaches were applied. First, we separated the mitochondrial 

fraction from the total cell lysate to investigate the expression and translocation of the 

proteins related to PINK1-dependent mitophagy.26,27 Using Western blot, we found that the 

levels of mitochondrial PINK1 and PARKIN were increased upon 15 μg/mL SPIO-NPs 

treatment for 12 h (Figures 3, A and S3). In addition, the phosphorylated form of 

mitochondrial PARKIN (p-PARKIN) at Ser65 was elevated by SPIO-NPs treatment, 

compared to control (Figures 3, A and S3). GO-QDs treatment also increased the p-PARKIN 

in mitochondrial fraction, but to a lesser extent. Additionally, treatment with SPIO-NPs or 

GO-QDs increased the level of P62 in mitochondria, compared to control. SPIO-NPs also 

caused an increase in the level of LC3-II in mitochondria, accompanied by a decreased level 

of it in the cytoplasm; GO-QDs, however, did not elevate the level of LC3-II in 

mitochondrial fraction (Figures 3, A and S3). Taken together, treatment of SPIO-NPs, but 

not GO-QDs, significantly increased the mitochondrial proportions of PINK1, PARKIN, and 
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LC3-II, indicating that the mitochondria fused with phagophore to form mitophagosome and 

went through mitophagy in hepatic cells.

Next, confocal laser scanning microscopy was performed to study the distribution and co-

localization of PINK1, PARKIN, and LC3. As indicated in Figures 3, B and S4, A, PINK1 

was up-regulated and partially localized at mitochondria of SPIO-NPs-treated L02 cells; 

however, under this experimental condition, PINK1 was not augmented in GO-QDs-treated 

cells. SPIO-NPs treatment caused mitochondria quantity decrease and mitochondria 

translocation to the prinuclear space. The intensity of PARKIN was also enhanced upon the 

treatment of SPIO-NPs (Figure S4,) B. PINK1 and PARKIN co-located at the mitochondria, 

suggesting that PARKIN was recruited to mitochondria by PINK1 upon SPIO-NPs treatment 

(Figure 3, B, upper panel). Co-localization of LC3 protein with lysosome and mitochondria 

was also observed in SPIO-NPs-treated cells (Figures 3, B, lower panel and S4, C, D), 

suggesting that damaged mitochondria fused with phagophore to form mitophagosome. 

Moreover, the interaction of PINK1 and PARKIN was examined using PLA. As shown in 

Figure 3, C and D, compared to control or GO-QDs, SPIO-NPs-treated cells presented 

significantly more red loci, indicating stronger interaction between PINK1 and PARKIN, 

which further supported that SPIO-NPs triggered PINK1-dependent mitophagy in hepatic 

cells.

Finally, SPIO-NPs-induced mitophagy in L02 cells was examined by TEM. Cellular TEM 

directly detected the formation of mitolysosome, which contained the damaged 

mitochondria in cells treated with SPIO-NPs (7.5, 15, and 30 μg/mL) (Figure 4). SPIO-NPs 

also disrupted the cristae of mitochondria. In contrast, GO-QDs had little effect on the 

cellular ultrastructure (Figure 4). Altogether, the increase in PINK1, PARKIN, and LC3-II, 

the mitochondrial translocation of PINK1 and PARKIN, and the formation of autophagsome 

induced by SPIO-NPs treatment detected by conventional methods were consistent with the 

results obtained from PINK1 immunofluorescence-based HCA.

Mitochondrial functions impaired by SPIO-NPs, rather than by GO-QDs

ROS, the byproduct of metabolism process, plays an important role in cellular homeostasis.
28 It was of interest to investigate whether SPIO-NPs and GO-QDs provoke ROS, so we 

used MitoSOX fluorescent probe to measure the mitoROS level using HCA. As shown in 

Figure 5, A, treatment of SPIO-NPs for 12 h caused a significant and concentration-

dependent increase in mitoROS, but such effect was only observed at the highest 

concentration for the treatment of GO-QDs. This result indicated that SPIO-NPs harbored 

greater capability to induce oxidative stress and mitochondrial damage, compared to GO-

QDs.

Evidence shows that excessive mitoROS disrupts the mitochondrial membranes, which is 

responsible for the loss of MMP.28 In the present study, MMP was detected with JC-1 probe 

using HCA. The green fluorescence, emitted from monomer of JC-1, indicates a lower 

MMP; while the red fluorescence, emitted from aggregation of JC-1, indicates a higher 

MMP. A significant loss of MMP was observed in cells treated with 15, 30, and 60 μg/mL 

SPIO-NPs for 12 h, as indicated by a 40.0%, 69.0%, and 77.4% increase in the ratio of JC-1 
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green/red fluorescence intensity, respectively. In contrast, GO-QDs treatment did not alter 

MMP of L02 cells (Figure 5, B).

Previous study has demonstrated that the increase of mitochondrial Ca2+ is associated with 

damage of mitochondria, and the disruption of Ca2+ homeostasis is linked to the induction of 

autophagy. 29 With Rhod-2 AM probe, we measured the mitochondrial Ca2+ level in the 

cells treated with SPIO-NPs or GO-QDs using HCA. Our results showed that SPIO-NPs 

significantly increased the level of mitochondrial Ca2+, compared to control. The 

concentration of mitochondrial Ca2+ stayed roughly the same in GO-QDs-treated cells as 

that in control cells (Figure 5, C).

As the power house of cell, mitochondria produce cellular energy in the form of ATP, so we 

measured the cellular ATP content in L02 cells. As shown in Figure 5, D, SPIO-NPs 

decreased the level of ATP in a concentration-dependent manner. The depletion of ATP 

suggested that the function of mitochondria was impaired in SPIO-NPs-treated cells. The 

ATP content was slightly increased by GO-QDs, but there was no significant change. All of 

these results suggested that mitochondrial functions of hepatic cells were adversely altered 

by SPIO-NPs, but not by GO-QDs. Moreover, compared with the fluorescence of 

mitochondria, MMP, and mitoROS, PINK1 immunofluorescence was significant increased 

by SPIO-NPs at the concentration as low as 7.5 μg/mL, which further supported that PINK1 

immunofluorescence-based HCA can be used as an early and sensitive method for 

assessment of nanotoxicity.

Mitophagy plays a protective role in mitochondrial injury induced by SPIO-NPs

To investigate the role of mitophagy in SPIO-NPs-induced cytotoxicity, PARK2 siRNA 

(siPARK2) was employed to block the mitophagy. Knockdown of PARK2 inhibited the 

expression levels of PINK1 and LC3-II induced by SPIO-NPs, confirming the blockage of 

the mitophagy (Figures 6, A and S5). SPIO-NPs decreased 17% of the cell viability, while 

SPIO-NPs treatment with PARK2 siRNA decreased the cell viability further to 55% (Figure 

6, B). Additionally, carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a well-known 

mitophagy inducer, was employed to treat L02 cells for 1, 3, and 6 h. Firstly, we confirmed 

that CCCP could induce PINK1-dependent mitophagy in L02 cells in a time-dependent 

manner, as evidenced by the increase of PINK1, PARKIN, and LC3-II using Western blot 

(Figure S6, A). After siPARK2 transfection, L02 cells were treated with CCCP for 12 h. 

Similar to SPIO-NPs, CCCP treatment inhibited the cell viability of L02 cells, which was 

also significantly enhanced by knockdown PARKIN (Figure S6, B). These findings indicated 

that PINK1-dependent mitophagy protected mitochondrial injury and cytotoxicity from 

SPIO-NPs.

Discussion

In the present study, PINK1 immunofluorescence-based HCA was employed to detect 

mitophagy triggered by many NPs in various cells, including hepatic L02 cells, fibroblast 

NIH3T3 cells, and epithelial HEK cells. SPIO-NPs or GO-QDs were chosen as positive or 

negative inducer of mitophagy, respectively. We further validated PINK1-dependent 

mitophagy induced by SPIO-NPs, but not by GO-QDs, with traditional experiments, such as 

He et al. Page 7

Nanomedicine. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TEM, Western blot, PLA, and immunofluorescence confocal microscopy. Mechanically, we 

demonstrated that SPIO-NPs, rather than GO-QDs, activated phosphorylation and 

mitochondrial translocation of PARKIN, triggered the degradation of injured mitochondria, 

and resulted in PINK-dependent mitophagy. Consistently, SPIO-NPs treatment induced the 

decrease in MMP and ATP, as well as the increase in mitochondrial ROS and Ca2+. 

Moreover, the results of the present study showed that PINK1 immunofluorescence-based 

HCA was more sensitive than assays for cell viability and detections for mitochondrial 

functions. Herein, PINK1 immunofluorescence-based HCA is considered to be an early, 

sensitive, and reliable approach to evaluate the bioimpacts of NPs.

HCA is a multi-parametric imaging and quantitative statistics technology using multi-

colored fluorescence dyes or fluorescence-labeled antibodies, which has been applied in 

many research fields, including biology, pharmacology, and nanotoxicology.18 Several 

probes for mitochondrial structure and functions are available to employ in HCA, such as 

Mitotracker for mitochondria, mitoSOX for mitoROS, Rhod-2 AM for mitochondrial Ca2+, 

and JC-1 for MMP.18 In this study, we developed a novel HCA method to monitor the effects 

of different types of NPs on mitochondria based on PINK1-dependent mitophagy. PINK1-

dependent mitophagy was triggered by several NPs, including SPIO-NPs, CeO2-NPs, and 

ZnO-NPs as detected using HCA. This effect was further studied and confirmed by selected 

NPs using different conventional methods. Consistent with our finding, a recent study 

showed that ZnO-NPs also induced PINK1-dependent mitophagy in a mouse microglia 

BV-2 cell line.29 In our study, we found that mitochondrial dysfunction and mitochondrial 

ROS overproduction contributed to induction of mitophagy. In line with us, CeO2-NPs and 

ZnO-NPs were also proven to target mitochondrion to induce oxidative stress and 

mitochondrial disorder.30–32 All these results support that NPs-triggered mitophagy is 

closely linked to their targeting to mitochondrion and inducing mitochondrial dysfunction 

and ROS overproduction.

Our study demonstrated that several metal oxide NPs (such as SPIO-NPs) induced 

mitophagy, but non-metal NPs (such as GO-QDs) did not. Unlike SPIO-NPs, GO-QDs did 

not affect the cell viability and mitochondrial functions even at very high concentrations. 

Other studies also showed that GO-QDs and other stable and inert NMs are less toxic33–35 

For example, no damaging effects were observed in mice treated with GO (60 mg/kg every 

24 h for 5 days) via intra-abdominal injection, which presented very low or nearly no 

toxicity of GO for male reproduction.34 Chemically pure, few-layered GO and reduced GO 

did not induce significant cytotoxicity or genotoxicity in lung epithelial FE1 cells at 

relatively high doses (5-200 μg/mL).35 In contrast, there are many reports show that SPIO-

NPs cause mitochondrial dysfunction, ROS production and mitochondria-related cell death.
22,36,37 Although the detailed mechanisms warrant further investigations, one possible 

reason for the cellular dysfunctions caused by SPIO-NPs could be that as iron-containing 

NPs, SPIO-NPs release ions after they are swallowed by lysosomes. The newly formed ions 

may affect the intracellular oxide-reduction reactions and homeostasis of ROS inside cells 

mainly through the Fenton reaction.37 These results suggest that mitophagy would be easily 

induced by activated NPs that target and disrupt mitochondria, rather than by inert NPs.
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Mitophagy is one type of selective autophagy.10 It maintains the function and quality of 

mitochondria by selectively swallowing and removing excessive and injured mitochondria.10 

PINK1-dependent mitophagy is mostly investigated because of its important role in many 

diseases.13–16 Under normal status, PINK1 protein is located on the MOM and maintained at 

low level. PINK1 releases into cytoplasm, and is ultimately degraded by ubiquitin-

proteasome pathway.26 Upon intracellular or extracellular stress, the expression of PINK1 is 

increased, and the excessive mitochondrial PINK1 recruits PARKIN from cytoplasm to 

mitochondria via phosphorylating Ser65 at PARKIN ubiquitin-like domain. As a 

mitochondrial E3 ligase, PARKIN is recruited and ubiquitinates proteins on the MOM and 

finally leads to mitochondrial elimination via mitophagy.27 In our study, PINK1, PARKIN, 

and p-PARKIN at Ser65 were up-regulated by SPIO-NPs in hepatic cells. Once MOM 

proteins are ubiquitinated by PARKIN, the ubiquitins are recruited to the damaged 

mitochondria that fuse to lysosomes with the help of LC3-II.27 Moreover, the increase of 

mitochondrial proportions of LC3-II and P62 was observed, indicating that the cells went 

through mitophagy caused by SPIO-NPs. Combined with PINK1 immunofluorescence-

based HCA, our study confirmed that SPIO-NPs induced PINK1-dependent mitophagy in 

hepatic cells.

It has been reported that mitoROS triggers mitophagy to eliminate the damaged 

mitochondria and to alleviate the inflammatory response.38,39 One study has shown that 

mitoROS induced the expression PINK1, and the up-regulated PINK1 played a defensive 

role against oxidative stress by decreasing mitoROS production.40 The overproduction of 

mitoROS also can destroy the mitochondrial membrane, which is responsible for the loss of 

MMP.28 Our previous study has shown that SPIO-NPs induced mitoROS and impaired the 

mitochondrial electron transport chain in hepatocellular carcinoma cells.36 When MMP is 

lost, the ATP production of mitochondria will decline.28,36 In this study, SPIO-NPs caused 

the elevation of mitoROS, the loss of MMP, decrease of ATP production, and increase of 

mitochondrial Ca2+, all of which could potentially induce PINK1-dependent mitophagy 

triggered by SPIO-NPs.

It has been reported that PINK1-dependent mitophagy probably protects liver from alcohol-

induced oxidative stress, injury, and steatosis.41 PARKIN knockout mice also display severe 

mitochondrial damage and dysfunction in hepatic cells.42 Previous studies have shown that 

PINK1 and PARKIN overexpression alleviated mitochondrial injury and restored the ATP 

production in fruit flies with mutant huntingtin protein.43 Consistently, our results showed 

that inhibition of PINK1-dependent mitophagy aggravated the cytotoxicity of SPIO-NPs as 

well as a well-known mitophagy inducer in hepatic cells. Taken together, PINK1-dependent 

mito-phagy might be a protective mechanism against SPIO-NPs-induced hepatotoxicity.

In conclusion, PINK1 immunofluorescence-based HCA was performed to detect mitophagy 

induced by some NPs, such as CeO2-NPs, ZnO-NPs and SPIO-NPs. SPIO-NPs or GO-QDs 

were chosen as positive or negative inducer of mitophagy, respectively, which was further 

validated by conventional methods. Specifically, SPIO-NPs, but not GO, caused the loss of 

MMP, decrease in ATP production, and increase in mitochondrial ROS and Ca2+, resulting 

in PINK1-dependent mitophagy (Figure 6, C). Moreover, through knockdown technique, 

PINK1-dependent mitophagy has been demonstrated to play a protective role in SPIO-NPs-
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induced hepatotoxicity. More importantly, we proved that NPs’ bioeffects could be evaluated 

with PINK1 immunofluorescence-based HCA, which was more sensitive than cell viability 

assay and mitochondrial function-related detections. Therefore, we propose mitophagy to be 

a sensitive biomarker for biocompatibility evaluation of NPs. Also, PINK1 

immunofluorescence-based HCA has been proven to be an early, sensitive, and reliable 

screening method to incorporate into current nanosafety assessment system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Au gold

[Ca2+]i intracellular Ca2+

CdTe cadmium telluride

CeO2 cerium dioxide

DAPI 4’,6-diamidino-2-phenylindole

DLS dynamic light scattering

GO graphene oxide

HCA high-content analysis

mitoROS mitochondrial reactive oxide species

MMP mitochondrial membrane potential

MOM mitochondrial outer membrane

MRI magnetic resonance imaging

NMs nanomaterials

NPs nanoparticles

PBS phosphate buffered solution
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PINK1 PTEN-induced putative kinase 1

PLA proximity ligation assay

QDs quantum dots

ROS reactive oxide species

SiO2 silicon dioxide

siRNA small interfering RNA

SPIO superparamagnetic iron oxide

TEM transmission electron microscopy

ZnO zinc oxide
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Figure 1. 
Screening of PINK1-related mitophagy using HCA in L02 cells treated with different NMs 

(CeO2-NPs, ZnO-NPs, SPIO-NPs, Au-QDs, CdTe-QDs, GO-QDs, and SiO2-NPs). (A-C) 
L02 cells were treated with these NPs at 7.5, 15, and 30 μg/mL for 12 h and then labeled 

with Mitotracker (red) and stained with anti-PINK1 primary antibody with corresponding 

Alexa Fluor 488-labeled secondary antibody (green). The nuclei were stained with DAPI, 

and then imaged and analyzed using Opera Phenix HCA confocal microscopy. 

Representative HCA images (A) and the average fluorescence intensity of mitochondria (B) 
and PINK1 protein (C) are shown. Scale bar is 20 μm. Data are expressed as mean ± SD. 

Each treatment had at least three replicates. * P<0.05, compared to control. (D) Cell viability 

of L02 cells when treated with different concentrations of CeO2-NPs, ZnO-NPs, SPIO-NPs, 

Au-QDs, CdTe-QDs, GO-QDs, and SiO2-NPs at 7.5, 15, 30, 60, and 120 μg/mL for 12 h. 

The results are expressed as means ± SD (n=4). * P<0.05, compared to control.
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Figure 2. 
HCA for mitochondria and PINK1 immunofluorescence under SPIO-NPs or GO-QDs 

treatment. L02 cells were treated with 15 μg/mL SPIO-NPs or GO-QDs for 3, 6, 12, and 24 

h and then labeled with Mitotracker (red) and anti-PINK1 primary antibody with its 

corresponding Alexa Fluor 488-labeled secondary antibody (green). The nuclei were stained 

with DAPI, and then imaged and analyzed using Opera Phenix HCA confocal microscopy. 

Representative HCA images (A) and the average fluorescence intensity of mitochondria (B) 
and PINK1 protein (C) are shown. Scale bar is 20 μm. Data are expressed as mean ± SD. 

Each treatment had at least three replicates. * P<0.05, compared to control.
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Figure 3. 
SPIO-NPs, but not GO-QDs, trigger PINK1-dependent mitophagy in hepatic cells. L02 cells 

were exposed to SPIO-NPs or GO-QDs at 15 μg/mL for 12 h. (A) The expression level of 

mitophagy-related proteins including PINK1, PARKIN, p-PARKIN, P62, and LC3-II in 

mitochondria and cytoplasm was detected; COXIV or β-actin was used as loading control 

for mitochondrial or cytoplasmic fraction. (B) SPIO-NPs-induced PINK1-dependent 

mitophagy was imaged. Upper panel, the cells were incubated with the primary antibody for 

anti-PINK1 or anti-PARKIN followed by staining with Alexa Fluor 488-labeled (green) or 

405-labeled (blue) secondary antibody, respectively. Mitochondria were labeled with 

Mitotracker (red). Lower panel, representative confocal microscopy images of LC3 (green, 

stained with primary antibody for anti-LC3 and Alexa Fluor 488-labeled secondary 

antibody); lysosomes were stained with Lysotracker (red); and mitochondria were stained 

with anti-TOM antibody and Alexa Fluor 405-labeled secondary antibody (blue). TOM 

protein is amarker of MOM. (C) PLA images of PINK1-PARKIN and PINK1-p-PARKIN 

proximity and interaction; the nuclei were stained with DAPI. Scale bars are 20 μm. (D) The 

average numbers of PINK1-PARKIN (upper) and PINK1-p-PARKIN (lower) PLA red foci 

were counted. Data are expressed as mean ± SD, n=4. * P<0.05, compared to control.

He et al. Page 16

Nanomedicine. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
SPIO-NPs, rather than GO-QDs, cause mitophagy of hepatic cells as observed by TEM. 

After SPIO-NPs (7.5, 15, and 30 μg/mL) or GO-QDs (15 μg/mL) treatment for 12 h, L02 

cells were fixed, cut, and imaged with TEM. The red arrows indicate that the damaged 

mitochondrion fuses into lysosome to form mitolysosome in SPIO-NPs-treated cells. Scale 

bars are 2, 1, 0.5 μm, and 200 nm, respectively.
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Figure 5. 
The levels of mitoROS, MMP, mitochondrial Ca2+, and intracellular ATP in hepatic cells 

treated with SPIO-NPs or GO-QDs. The L02 cells were treated with SPIO-NPs or GO-QDs 

at 7.5, 15, 30, and 60 μg/mL for 12 h. The cells were labeled with (A) MitoSOX probe for 

mitoROS, (B) JC-1 probe for MMP, (C) Rhod-2 AM probe for mitochondrial Ca2+, and then 

imaged and analyzed using Opera Phenix HCA confocal microscopy. The fluorescence 

intensity was used to indicate the level of each parameter within cells. MitoSOX probe was 

excited at 510 nm and emitted at 580 nm. JC-1 probe for MMP as excited at 488 nm and the 

monomer of JC-1 was detected at 520 nm (green fluorescence) and the aggregated JC-1 was 

detected at 590 nm (red fluorescence). Mitochondrial depolarization is indicated by an 

increase in the green/red fluorescence ratio. Rhod-2 AM probe was excited at 561 nm and 

emitted at 593 nm. In each well, more than 24 imaging fields were captured at the same 

exposure time. Data are expressed as mean ± SD. Each treatment had at least three 

replicates. * P<0.05, compared to control. (D) The ATP production was measured as 

luminescence value using a microplate luminometer upon SPIO-NPs or GO-QDs treatment. 

Data are expressed as mean ± SD of at least four replicates. * P<0.05, compared to control.
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Figure 6. 
Knockdown of PARK2 aggregates SPIO-NPs-induced mitophagy and cytotoxicity of L02 

cells. (A) Knockdown of PARK2, with transfection 50 nM siRNA for 12 h, decreased the 

up-regulation of the PINK1 and LC3-II induced by SPIO-NPs using Western blot. GAPDH 

was used as loading control. (B) Knockdown of PARK2 exacerbated the decrease of cell 

viability caused by SPIO-NPs using MTS assay. siNC stands for the siRNA negative control. 

All data are expressed as mean ± SD of four replicates. * P<0.05, compared to siNC; # 

P<0.05, compared to the SPIO-NPs-treated group. (C) The scheme of this study. SPIO-NPs, 

but not GO-QDs, trigger ROS overproduction and mitochondrial disrupt in hepatic cells, 

leading to the increase in PINK1 stability. PINK1 then recruits and phosphorylates PARKIN 

at Ser65. The p-PARKIN ubiquitinates the proteins at mitochondrial outer membrane and 

recruits the ubiquitins (Ub) to the damaged mitochondria that fuse into lysosomes with the 

help of LC3-II and P62, and finally making mitochondria go through mitophagy.
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