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Purpose: Myocardial delivery of magnetic iron oxide nanoparticles (MNPs) might produce

iron overload-induced myocardial injury, and the oxidative stress was regarded as the main

mechanism. Therefore, we speculated antioxidant modification might be a reasonable strat-

egy to mitigate the toxicity of MNPs.

Methods and results: Antioxidant N-acetylcysteine (NAC) was loaded into magnetic

mesoporous silica coated Fe3O4 nanoparticles. Neonatal rat hypoxia/reoxygenation (H/R)

cardiomyocytes were incubated with nanoparticles for 24 hrs. NAC can effectively

mitigate iron-induced oxidative injury of cardiomyocytes, evidenced by reduced produc-

tion of MDA, 8-iso-PGF2α, and 8-OHDG and maintained concentrations of SOD, CAT,

GSH-Px, and GSH in ELISA and biochemical tests; downregulated expression of CHOP,

GRP78, p62, and LC3-II proteins in Western Blot, and less cardiomyocytes apoptosis in

flow cytometric analysis.

Conclusions: NAC modifying could suppress the toxic effects of Fe3O4 nanoparticles in H/

R cardiomyocytes model in vitro, indicating a promising strategy to improve the safety of

iron oxide nanoparticles.

Keywords: N-acetylcysteine (NAC), iron oxide nanoparticles, oxidative stress,

cardiomyocytes, hypoxia-reoxygenation

Introduction
Owing to their superparamagnetic and magnetic responsive properties, magnetic

iron oxide nanoparticles (MNPs) have been widely used as magnetic resonance

contrast agents or magnetic targeting carriers in the imaging, diagnosis, cells, and

drug/gene delivery for cardiovascular diseases.

Although MNPs do not significantly reduce viability and proliferation potential of

stem cells,1 it is usually believed that its cytotoxic effects were related to the dose and

duration of iron exposure.2,3 The most extreme example is iron overload cardiomyo-

pathy, in which myocardial iron overload at a long time and high dose ultimately led to

severe even lethal diastolic and systolic heart failure.4,5 Actually, the cytotoxic risk also

existed even in the diagnostic or therapeutic administration of MNPs. The toxicity of

MNPs in promoting coagulation and inducing cardiac oxidative stress has been con-

firmed in mice 24 hrs following intravenous injection.6 Intraperitoneal injection of

Fe2O3 nanoparticles twice a week at doses of 25 and 50 mg/kg at intervals of 7 days

within 30 days led to oxidative cardiomyocytes degeneration and cardiac dysfunction

through apoptosis and necrosis in mice.7 Recently, we found that iron could be
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accumulated in the infarcted myocardium as long as at least 6

months when locally intramyocardial injection of MNPs

labeled stem cells in rats.8 Therefore, it is reasonable to

presume that local myocardial administration of MNPs-

mediated diagnostic or therapeutic agents might cause myo-

cardial iron overload, consequently aggravating negative

remodeling of ischemic myocardium and deterioration of

cardiac function.

The oxidative stress was widely regarded as the main

mechanism of MNPs induced injury.7,9–14 Thus, antioxidant

modification might be a promising strategy to mitigate the

toxicity of MNPs. We hypothesize that MNPs modified with

antioxidant could significantly reduce the toxicity of ischemic

cardiomyocytes caused by iron oxide nanoparticles. Here, we

loaded N-acetylcysteine (NAC), a potent antioxidant,15–17 into

magnetic mesoporous silica nanoparticles (M-MSN), thus to

construct M-MSN@NAC. We further tested whether M-

MSN@NAC could suppress the toxic effects of MNPs or

M-MSNs in a hypoxia/reoxygenation (H/R) cardiomyocytes

model.

Materials and methods
Preparation of M-MSNs andM-MSN@NAC
Cetyltrimethylammonium bromide (CTAB), tetraethyl

orthosilicate (TEOS), and ammonium nitrate (NH4NO3)

were obtained from Fluka. Ethyl acetate, ethanol, cyclo-

hexane, and methanol were purchased from Sinopharm

Chemical Reagent Co., Ltd., China. All these reagents

are analytical reagent grade and used as received without

any further purification. All of the other chemicals were

obtained from Sigma (St. Louis, MO, USA) except where

noted. Millipore water (18.2 MΩ.cm−1) was used in the

preparations of all aqueous solutions.

The schematic diagram of the synthesis ofM-MSN@NAC

was shown in Figure 1A. M-MSNs were synthesized accord-

ing to the reference as follows:18 The magnetic Fe3O4 nano-

particles (MNPs) dispersed in chloroformwere synthesized by

the co-precipitation method with oleic acid surface.19 First,

0.74 mL MNPs solutions (6.0 mg Fe/mL) was added into 5

mL CTAB aqueous solution (0.08 M). After 30 mins of
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Figure 1 Characterization of the M-MSN@NAC. (A) Schematic diagram of synthesis of M-MSN@NAC. (B) Representative TEM image. (C) Hydrodynamic diameter

distribution of M-MSN@NAC in PBS. (D) Zeta potential distribution of M-MSN@NAC. (E) Nitrogen sorption isotherm at 77 K. (F) The corresponding pore size

distribution. (G) Profile of NAC release from the M-MSN@NAC dissolved in PBS (pH=7.4) at 37°C. Data were collected from three independent experiments.

Abbreviations: CTAB, cetyltrimethylammonium bromide; TEOS, tetraethyl orthosilicate; M-MSN, magnetic mesoporous silica nanoparticles; NAC, N-acetylcysteine; M-

MSN@NAC, M-MSN loaded with NAC; TEM, transmission electron microscopy.
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continuous ultrasonication at 50°C, the mixture was stirred at

70°C for another 10 mins to evaporate the solvent for obtain-

ing a transparent black solution. Second, 45 mLwater, 0.5 mL

TEOS, 3 mL ethyl acetate, and 0.3 mL NaOH solution (2 M)

were added to the obtained dispersion, and then the mixture

was stirred at 70°C with refluxing for 3 hrs. Finally, the

nanoparticles were collected by centrifugation and washed

with ethanol/water three times, while the CTAB template

was removed by a highly efficient ion-exchange method.

To load NAC into M-MSNs, 20 mg M-MSNs were sus-

pended into 20 mL chloroform solution of NAC (20 mg/mL).

The mixture was incubated at 25°C for 2 hrs after ultrasonica-

tion for 5 mins, and the non-loaded NAC was removed from

solution by centrifugation. The residual NAC-loaded M-

MSNs (M-MSN@NAC) were collected, and the solution

was measured by UV-Vis method at a wavelength of 562 nm

to calculate the concentrations of NAC.20

Characterization of M-MSN@NAC
Nitrogen adsorption measurement was done at 77 K using

Quadrasorb SI analyzer (Quantachrome Corporation,

USA). The specific surface areas were calculated by the

BET method using adsorption data. The pore size distribu-

tion was determined by analyzing the adsorption branch by

the BJH method. Morphology of M-MSNs was analyzed

using a JEM 2010 (JEOL, Japan) transmission electron

microscopy (TEM) instrument with 200 kV accelerated

voltage. Dynamic light scattering (DLS) measurements

were performed on a Zeta sizer Nano instrument

(Malvern, UK) at 298 K to analyze the hydrodynamic

diameters and Zeta potential of M-MSN@NAC. The con-

centrations of NAC were detected on a NanoDrop 1000

spectrophotometer (Thermo Scientific, USA).

Assays of NAC release from M-

MSN@NAC
To determine the drug release profile from the M-

MSN@NAC, 10 mg M-MSN@NAC were dispersed in 2

mL of phosphate-buffered saline (PBS, pH=7.4), and the

dispersion was transferred into a dialysis bag with a mole-

cular weight cut off of 1000 Da. The dialysis was then

kept in 18 mL PBS at 37°C and shaken at a speed of 150

rpm. At different time intervals, 0.2 mL of the solution

was collected to detect the amount of released NAC by

UV-Vis. To keep constant volume, 0.2 mL of fresh PBS

was added after each sampling. All NAC release results

were averaged with three measurements.

Primary culture of neonatal rat

cardiomyocytes and hypoxia/

reoxygenation (H/R) procedure
The rats aged from 1 to 3 days were purchased from

Shanghai animal administration center, and then primary

rat cardiomyocytes were isolated and cultured as described

previously.21 Cardiomyocytes were cultured for at least 3

days before H/R procedure. The cells were placed in a

hypoxia incubator chamber (STEMCELL Technologies,

Vancouver, BC, Canada) with an anoxic mixture gas

(95% N2 and 5% CO2) for 3 hrs at 37°C followed by

reoxygenation for 3 hrs with fresh culture medium (95%

air and 5% CO2) to simulate ischemic/reperfusion injury

of cardiomyocytes when growing to 70–80% confluence.

Animal experiments were approved by the Animal Care

and Use Committee of Tongji University in compliance

with the “Guide for the Care and Use of Laboratory

Animals” published by the National Academy Press

(NIH Publication No. 85-23, revised 1996).

Different nanoparticles (NPs) treatment
H/R cardiomyocytes were washed in PBS and then ran-

domly divided into five groups. Except for the H/R group,

which was not treated with any nanoparticles, the other four

groups of H/R cardiomyocytes were incubated with 1 mL of

MNPs (Fe3O4 50 μg/mL), M-MSNs (Fe3O4 50 μg/mL and

MSNs 668.34 μg/mL), MSNs (MSNs 668.34 μg/mL), or

M-MSN@NAC (Fe3O4 50 μg/mL, MSNs 668.34 μg/mL

and NAC 115 μg/mL) for 24 hrs following H/R procedure,

respectively. Cardiomyocytes in the control group were not

subjected to hypoxia-reoxygenation procedures and incu-

bated in serum-free DMEM for equivalent durations.

Determination of cytotoxicity
To visualize the internalization of iron oxide nanoparticles,

Prussian blue staining (potassium ferrocyanide and HCl

solution from Jueshen Bio-Technology Co. Ltd., Shanghai,

China) and a JEM 2010 (JEOL, Japan) TEM were

employed to indicate the presence and accumulation of

intracellular iron particles. Cytotoxicity was assessed by

detection of cell viability and lactate dehydrogenase

(LDH) activity in the medium using CCK-8 and LDH

assay kits (Nanjing Jiancheng Bioengineering Institute,

China), respectively. For CCK-8 assay, cells in 96-well

plates were treated according to the experimental proce-

dure and then incubated with 10% CCK-8 reagents and

90% fresh DMEM media for 60 mins at 37°C before the
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assay was performed. Media in 6-well plates were centri-

fugalized to gather supernatant for LDH activity test. All

operations complied with the manufacturer’s instructions.

Detection of mitochondrial membrane

potential (MMP)
MMP was determined using the Mitochondrial

Permeability JC-1 dye (Molecular probe). After H/R car-

diomyocytes were incubated with or without different NPs

for 24 hrs, cells were rinsed with PBS twice, stained with

1 mL culture medium containing 5 mmol/L JC-1 and

Hoechst 33342 (10 μg/ml; Keygen Biotech, Nanjing,

China) for 30 mins at 37°C. Next, cells were resuspended

in 200 mL ice-cooled PBS, and fluorescence images were

instantly obtained using green or red channels and the

intensity ratio of the red/green fluorescence of each cardi-

omyocyte was measured using ImageJ (version 1.45).

Assessment of cell apoptosis
Cell apoptosis was tested using the Annexin V-Propidium

Iodide (PI) apoptosis detection kit (BD Biosciences, San

Diego, USA). Briefly, the collected cells were incubated

with 2 mL Annexin V-FITC and 2 mL PI successively after

exposed to different NPs for 24 hrs according to the manu-

facturer’s instructions. Next, the cells were analyzed by flow

cytometry within 1 hr. The identification of early and late

apoptotic cells, viable or necrotic cells was referred to pre-

vious research methods.15 The data were analyzed using BD

FACS Diva software (Becton Dickinson, USA). Each treat-

ment was performed in triplicate.

Measurement of ROS production and

oxidant/antioxidant capacity
The dihydroethidium (DHE) staining was employed to

detect ROS production after cardiomyocytes exposed to

different nanoparticles for 24 hrs. The molecular probes

DHE are nonfluorescent when not oxidized by intracel-

lular ROS. DHE oxidized in the presence of a super-

oxide radical to fluorescent 2-hydroethidium (EOH),

which is stable within the cell, allowing for precise

measurement of DHE fluorescence without risk of inter-

conversion variability.22

The levels of measurement of malonaldehyde (MDA),

8-iso-prostaglandin F2α (8-iso-PGF2α) and 8-hydroxy-

deoxyguanine (8-OHDG) 24 hrs after treatment were

determined by an enzyme-linked immunosorbent assay

(ELISA) technique with commercially available kit

(Cayman Chemicals, Michigan, USA).

All samples preparation was conducted in an acrylic

glovebox station for anaerobic work (MBRAUN, MB GB

2202, Germany) with the use of nitrogen (Linde Gaz,

Poland) in order to prevent oxidation of sample compo-

nents. The activities of superoxide dismutase (SOD), glu-

tathione peroxidase (GSH-Px), catalase (CAT), and

glutathione (GSH) in H/R cardiomyocytes from different

treatment groups 24 hrs after treatment were determined

with the use of commercial diagnostic kits (Shanghai

Fengxiang Biotechnology Co., Ltd., China).

Detection of the related proteins of

apoptosis, endoplasmic reticulum (ER)

stress, and autophagy by Western

blotting (WB)
Twenty-four hours after exposure, WB was performed by

referring to the method of Towbin et al, 1979 with some

modifications.23 Proteins (50e100 mg) were incubated

with different antibodies, ie, CCAAT/enhancer binding

protein-homologous protein (CHOP), glucose-regulated

protein 78 (GRP78), p62, microtubule-associated protein

light chain 3 (LC3)-I/II, pro-caspase-3, cleaved caspase-3,

Bax and Bcl-2 (Cell Signalling Technologies Boston, MA)

after resolved on 10–12% SDS-PAGE and then electro-

blotted onto nitrocellulose membranes. Immunoblots were

tested using horseradish peroxidase conjugated anti-mouse

or anti-rabbit IgG using chemiluminescence kit and visua-

lized by Versa Doc Imaging System (Biorad, CA, USA).

Densitometric measurements of the bands were performed

with digitalized scientific software program, UN-SCAN-

IT, which was purchased from Silk Scientific Corporation

(Orem, UT, USA). Data were expressed as the relative

density of protein bands normalized to GAPDH.

Statistical analysis
All experiments were performed in triplicate at a mini-

mum. The data were expressed as the means±standard

deviation (SD) and analyzed by one-way analysis of var-

iance (ANOVA) and the least-significant difference (LSD)

test. Statistical significance was set at p<0.05. The statis-

tical analysis was performed with SPSS version 20.0

(SPSS, Chicago, IL, USA).
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Results
Characterization of the M-MSN@NAC
M-MSN@NAC possessed a typical core-shell composite

structure, in which the mesoporous silica shells coated on

the surface of a single Fe3O4 nanocrystal with an average

size of less than 10 nm embedded in the center, presenting

wormhole-like structure (Figure 1A and B). The represen-

tative TEM image revealed that M-MSN@NAC have a

uniform and discrete spherical shape with a diameter of

46.43±10.68 nm (Figure 1B). The hydrodynamic diameter

distribution of M-MSN@NAC in PBS has a single peak

centered at 101.6 nm (Figure 1C). The hydrodynamic sizes

of the synthesized M-MSN@NAC are usually larger than

those detected by TEM due to the existence of a hydration

layer on the outside of the M-NSN@NAC in PBS and to

the shrinkage of the drying M-MSN@NAC during the

TEM detection, in which the hydration layer was formed

by hydroxyl groups on the surface of MSN and water. The

surface charge of M-MSN@NAC synthesized in this

experiment, also known as zeta potential, exhibited a

value of −34.63±−1.19 mV (Figure 1D), which is an

essential factor in determining the stability of this particle.

Even though M-MSN@NAC were suspended in PBS for 7

days, no significant aggregation was observed, indicating

that M-MSN@NAC are less likely to cause microembo-

lism owing to developing electrostatic repulsive force

between M-MSN@NAC when used as magnetic targeting

drug carriers or contrast agents in vivo. According to the

International Union of Pure and Applied Chemistry

(IUPAC) nomenclature, the nitrogen isotherm measure-

ment for M-MSN@NAC demonstrated a type IV isotherm

with the H1 hysteresis loop (Figure 1E). A secondary

condensation step occurred at high relative pressure

regions (P/P>0.9), which was attributed to the interparticle

spaces formed by the accumulation of M-MSN@NAC. A

narrow pore size distribution curve (Figure 1F) with a

sharp peak centered at 3.537 nm supports the observed

pore structure in Figure 1B. The great potential in loading

sufficient amount of NAC was proved by the surface area

and pore volume of M-MSN, which were detected to be

436.779 m2/g and 0.816 cm3/g, respectively. After the M-

MSN@NAC dissolved in PBS (pH=7.4) at 37°C, the time

course of NAC release from the M-MSN@NAC showed

that NAC was rapidly released 72% within 2.5 hrs, and

then NAC release slowly entered plateau phase and lasted

until 48 hrs (Figure 1G).

M-MSN@NAC prevent cell damage by

MNPs or M-MSNs
After 24 hrs of incubation with M-MSN@NAC, Prussian

blue staining showed the internalization of iron oxide nano-

particles (Figure 2A). TEM image confirmed again the accu-

mulation of iron-containing nanoparticles in cardiomyocytes

(Figure 2B). We first observed cytotoxicity by detecting cell

viability and LDH release in H/R cardiomyocytes exposed to

different NPs. Cell viability in the four treatment groups and

H/R group was significantly lower than that of the control

group (all p<0.001) (Figure 2C). Cell viability was indistin-

guishable among the four treated groups and the H/R group

(all p>0.05) (Figure 2C). Compared to H/R cardiomyocytes,

cells exposed to MNPs and M-MSNs exhibited increased

LDH release (both p<0.0001), whereas LDH activities did

not show significant difference between the M-MSN@NAC

group and the H/R group (Figure 2D), indicating that M-

MSN@NAC can prevent cell damage mediated by MNPs or

M-MSNs. Not surprisingly, LDH activities of the four treat-

ment groups and H/R group were significantly higher than

those of the control group (all p<0.001) (Figure 2D).

M-MSN@NAC reverse MMP loss and cell

apoptosis induced by MNPs or M-MSNs
Compared with the control group, the four treatment

groups and H/R group showed significant loss of MMP

(all p<0.001) (Figure 3A and B). Compared to the H/R

group, remarkable loss of MMP in cardiomyocytes was

observed both in the MNP and M-MSN groups (both

p<0.05) (Figure 3A and B). However, the M-

MSN@NAC group demonstrated similar MMP relative

to the H/R group (p>0.05) (Figure3A and 3B).

Compared with theM-MSN@NAC group,WB detection

showed that both the MNP and M-MSN groups had an

increased pro-apoptotic protein expression of Caspase-3

and Bax, and a reduced anti-apoptotic protein expression of

Bcl-2 after exposure (all p<0.05) (Figure 4A–D). Similarly,

no significant difference was found in apoptosis-related pro-

teins between the M-MSN@NAC and H/R groups (p>0.05)

(Figure 4A–D). The four treatment groups and H/R group

exhibited higher expression of pro-apoptotic protein and

lower expression of anti-apoptotic protein than those of the

control group (all p<0.001) (Figure 4A–D).

Flow cytometry analysis showed that cell apoptosis

had no significant difference among the MNP, MSN, M-
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MSN, M-MSN@NAC, and H/R groups (all p>0.05)

(Figure 5A–D). Compared with the MNP and the M-

MSN groups, although M-MSN@NAC group failed to

show significant statistical difference, it still exhibited a

tendency to reduce dead, late apoptosis, and early apopto-

sis cells. Cell apoptosis in the control group was signifi-

cantly lower than those of the four treatment groups and

H/R groups (all p<0.0001) (Figure 5A–D).

Our findings suggested that MNPs and M-MSNs might

have a potential risk to exacerbate apoptosis of H/R car-

diomyocytes through upregulating Caspase-3 and Bax, and

downregulating Bcl-2. M-MSN@NAC could reverse the

harmful effects induced by MNPs or M-MSNs (Figure

4A–D). Taken together, these data suggest that M-

MSN@NAC might bear a potential to reverse cell apop-

tosis induced by iron oxide NPs.

M-MSN@NAC correct the imbalance of

oxidation and anti-oxidation via reducing

ROS generation induced by MNPs or M-

MSNs
To detect oxidative stress of H/R cardiomyocytes, ROS gen-

eration was detected by DHE staining after exposure. DHE

fluorescence imaging revealed that the levels of ROS in the

MNP group and theM-MSN group were 1.95 times and 2.01

times greater than those in the H/R group (both p<0.001)

(Figure 6A and B), respectively. Interestingly, ROS level was

comparable between theM-MSN@NAC and the H/R groups

(p>0.05) (Figure 6A and B), indicating that MNPs and M-

MSNs intensely induce oxidative stress of H/R cardiomyo-

cytes, but this adverse effect can be suppressed by NAC

released from M-MSN@NAC.
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To further evaluate oxidative stress injury in H/R

cardiomyocytes, MDA, 8-OHDG, and 8-iso-PGF2α
were examined by ELISA and the action of GSH and

CAT, GSH-Px, and SOD were assessed with biochem-

ical methods, respectively. ELISA analysis at 24 hrs

after exposure showed that the concentrations of MDA,

8-OHDG, and 8-iso-PGF2α in both the M-MSN group

and the MNP group were significantly higher than those

in the H/R group (all p<0.01) (Figure 6C–E), but there

was no statistical significance between the M-MSN

group and the MNP group (p>0.05) (Figure 6C–E).

Again, there was no significant difference in the con-

centrations of MDA, 8-OHDG, and 8-iso-PGF2α
between the M-MSN@NAC and the H/R groups, con-

sistent with the results of ROS generation (all p>0.05)

(Figure 6C–E).
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Both the MNP group and the M-MSN group demon-

strated dramatically lower levels of GSH, CAT, GSH-Px,

and SOD than those in the H/R group by the biochemical

assay (all p<0.01) (Figure 6F–I). Similarly, comparable

results were found between the M-MSN@NAC and the

H/R groups (all p>0.05) (Figure 6F–I).

Not surprisingly, ROS level of the control group was sig-

nificantly lower than those of the four treatment groups and H/

R group (all p<0.001) (Figure 6A and B). Accordingly, the

control group demonstrated lower markers of oxidative stress

and stronger antioxidant capacity than those of in the four

treatment groups and H/R group (all p<0.05) (Figure 6C–I).

Taken together, these results suggest that MNPs and M-

MSNs exacerbated peroxidation to lipids, proteins, and nucleic

acids by inducing oxidative stress, leading to depletion of

antioxidants and cellular damage in in vitro H/R cardiomyo-

cytes. The imbalance is characterized by a significant increase

of MDA, 8-iso-PGF2 alpha, and 8-OHDG levels and a steep

reduction of GSH, CAT, GSH-Px, and SOD levels.

Surprisingly, the M-MSN@NAC could alleviate oxidative

stress damage induced by iron oxide NPs.

M-MSN@NAC alleviate overactivated ER

stress and autophagy induced by MNPs or

M-MSNs
To examine if MNPs and M-MSNs could induce ER stress

response of H/R cardiomyocytes, the protein expression of
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Figure 6 Effects of NPs exposure on ROS production and oxidant/antioxidant capacity. (A) Representative photomicrographs of intracellular ROS in cardiomyocytes

visualized by fluorescent microscopy. Red fluorescent intensity indicated ROS accumulation. (B) Quantitative analysis of red fluorescent intensity in individual group. Data

were collected from three independent experiments. (*p<0.001 vs Control; #p<0.001 vs H/R; Δp<0.01 vs MNP; ☆p<0.01 vs M-MSN). (C-I) Peroxide and antioxidant
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two key markers of ER stress, CHOP and GRP78 were

assessed by WB after exposure. Compared with the H/R

group, both the MNP andM-MSN groups exhibited markedly

elevated protein expression in CHOP and GRP78 (all

p<0.0001) (Figure 7A–C). Notably, the markers of ER stress

had no significant difference between the M-MSN@NAC

group and the H/R group (p>0.05) (Figure 7A–C).

Compared to the control group, the four treatment groups

and H/R group showed significant increased expression of

marker proteins of ER stress (all p<0.01) (Figure 7A–C).

To investigate whetherMNPs andM-MSNs could activate

autophagy of H/R cardiomyocytes, we examined LC3-I/II and

p62 protein after exposure. Both the MNP group and M-MSN

group exhibited that a higher expression of p62 and a more

conversion from LC3-I to LC3-II than those in the H/R group

by WB detection (all p<0.0001) (Figure 8A–C). Surprisingly

too, the expressions of LC3-II and p62 protein were indistin-

guishable between the M-MSN@NAC and the H/R groups

(p>0.05) (Figure 8A–C). This clearly suggests that ER stress

and autophagy are resulted from ROS production caused by

MNPs or M-MSNs exposure. The data suggest that the exces-

sively activated ER stress and autophagy might be a down-

stream molecular mechanism of oxidative stress injury

mediated by iron oxide NPs. Compared to the control group,

the four treatment groups and H/R group showed significant

increased expression of marker proteins of autophagy (all

p<0.01) (Figure 8A–C).

Discussion
Oxidative stress is regarded as the major mechanism of iron

oxide NPs-induced cell injury. Here, we developed an antiox-

idant magnetic iron oxide NPs namedM-MSN@NAC, which

effectively alleviated oxidative stress damage triggered by iron

oxide through releasing active NAC to suppress the formation

of oxidized cellular products.

The degradation of iron oxide NPs is a key determinant of

their cytotoxicity.24,25 When internalized into cells, the iron

oxide NPs will be degraded in lysosomes and endosomes to

release free iron ions (Fe2+, Fe3+). Then, the iron ions are

available for Haber–Weiss–Fenton reactions to produce a

large amount of ROS, resulting in oxidative stress injury.24

It is well known that phagocytic capacity of cardiac myo-

cytes is limited. Furthermore, unlike in vivo conditions, in

vitro iron oxide NPs have no chance to be engulfed and

degraded by mononuclear macrophages. Then, how can

iron oxide NPs exert toxic effects on H/R cardiomyocytes

in vitro?

Our data showed that H/R cardiomyocytes exhibited a

higher ROS level relative to normal cardiomyocytes, sug-

gesting that H/R per se can induce oxidative stress to
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Figure 7 Effects of NPs exposure on activation of ER stress. (A) The expression of ER stress-associated proteins was detected by WB. (B-C) Quantitative analysis of

CHOP and GRP78 using data from three independent experiments. (*p<0.01 vs Control; #p<0.0001 vs H/R; Δp<0.0001 vs MNP; ☆p<0.0001 vs M-MSN).
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produce ROS, including H2O2, superoxide, hydroxyl radi-

cal, and singlet oxygen,26 which exceeded the capacity of

anti-oxidant of cardiomyocytes, leading to oxidative

damage. Fe3O4 NPs and H2O2 have been proved to be an

efficient heterogeneous Fenton reaction system at a wider

pH range (2–9) for environmental applications.27,28

Therefore, there is a possibility that H2O2 leaking from

injured cardiomyocytes reacts with Fe3O4 NPs by hetero-

geneous Fenton reaction, generating a large number of

toxic hydroxyl radicals which resulted in accelerated oxi-

dative damage. In addition, a small amount of iron oxide

engulfed by myocardial cells could be degraded into Fe2+

and Fe3+ ions in the lysosomes, and the free iron ions

could catalyze the conversion of H2O2 into hydroxyl radi-

cals by homogeneous Fenton reaction. We speculated that

heterogeneous Fenton reaction may be the main mechan-

ism of iron oxide-induced cell injury in our work.

Theoretically, the amino and carboxyl groups of NAC

could form hydrogen bonds with a large amount of Si-OH

on the inner and outer surfaces of M-MSNs. However,

NAC and water formed stronger hydrogen bonds in the

aqueous phase, leading to hardly load NAC into the M-

MSNs. To overcome this limitation, chloroform was chosen

to minimize the competitive interactions between the sol-

vent and either NAC or M-MSNs. The loading amount of

NAC with M-MSNs was 200 µg/mg by the UV-vis method

as described previously,20 indicating that NAC was

successfully loaded into the M-MSNs in the initial solution,

which should ascribe to the non-polar solvent strategy. The

constant proportion of Fe3O4, NAC, and MSN of M-

MSN@NAC is 6%, 13.8%, and 80.2%, respectively.

In a previous study, rat iron overload was established

by intraperitoneal injection of iron-dextran (300 mg/kg

once), leading to oxidative damage of heart and liver.

This oxidative damage was partly attenuated by subcuta-

neous injection of NAC (150 mg/kg once), in which the

ratio of iron dextran to NAC content was 2:1.29

Considering the constant proportion of Fe3O4/NAC in the

M-MSN@NAC is 1:2.3, we established a single dose of

50 μg Fe3O4 for the corresponding dose of M-

MSN@NAC (the total amount of 718.34 μg, including
Fe3O4 50 μg, MSN 668.34 μg, and NAC 115 μg). The
proportion of NAC in M-MSN@NAC is significantly

higher than that in the previous study, ensuring the effec-

tive concentrations of NAC released into the target site.

Moreover, unlike separate or sequential antioxidant

administration,29–31 M-MSN@NAC enable both iron

oxide NPs and antioxidants to simultaneously act on the

same target site, facilitating local high concentrations of

NAC to play a beneficial anti-oxidant role. Our results

demonstrated that M-MSN@NAC could minimize the

toxic effects of iron oxide on H/R cardiomyocytes in a

24-hr exposure, indicating that M-MSN@NAC have a

better biocompatibility than MNPs or M-MSNs.
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Figure 8 Effects of NPs exposure on autophagy induction. (A) The expression of autophagy-associated proteins was detected by WB. (B-C) Quantitative analysis of p62
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In the present study, the anti-oxidative M-MSN@NAC

not only alleviated MNPs or M-MSNs-induced injury of

H/R cardiomyocytes but significantly inhibited ER stress

and hyperactivation of autophagy by reducing the expres-

sion of GRP78, CHOP, p62, and the conversion from LC3-

I to LC3-II. These results indicate that hyperactivation of

ER stress and autophagy may be a downstream pathologi-

cal mechanism of oxidative stress injury induced by acute

iron oxide exposure. Previous studies suggested that multi-

ple mechanisms were involved in Fe3O4 NPs-induced

autophagosome accumulation, in which autophagy was

attributed to the damage of lysosomes, mitochondrial,

ER, and Golgi body.14,32 Necrosis type cell death was

caused by iron oxide NPs-induced ROS and autophagy,

and the classical mTOR pathway was found to promote

cell death in lung cancer cells (A549).15 The autophagy

preceding apoptosis was induced as a result of mitochon-

drial dysfunction and ER stress caused by MNPs in

RAW264.7 cells.14 Thus, the molecular mechanisms of

toxic effects of iron oxide NPs may be involved in more

complicated cell signaling pathways and molecular net-

works which are needed to be further investigated.

Our data revealed that there was no difference in detection

of oxidative stress, ER stress, autophagy as well as cell apop-

tosis between the MNP and M-MSN groups, suggesting that

Fe3O4 NPs with or without MSNs coating had no significant

difference in toxic effects on H/R cardiomyocytes. Similarly,

both the MSN group and the H/R group had no significant

difference in oxidative stress, ER stress, autophagy as well as

cell apoptosis, indicating that MSNs did not significantly

induce extra oxidative stress of H/R cardiomyocytes as a result

of good biocompatibility, consistent with the previous study.33

Therefore, MSNs can be used as an ideal drug carrying struc-

ture for NAC loaded on MNPs.

Our study first showed that M-MSN@NAC could

effectively suppress iron oxide-induced H/R cardiomyo-

cytes damage in a short term, suggesting that the strategy

of MNPs loaded with antioxidants bears a potential to

improve the biocompatibility of MNPs with target organs.

When antioxidant-modified MNPs are used as therapeutic

substance carriers (including drug, gene or cell) or mag-

netic resonance contrast agents in clinical setting, the

safety of MNPs is expected to be significantly improved.

Study limitations
First, the toxicity of different coatings or different types of

iron oxide NPs may be different and need to be investi-

gated in detail. Second, we observed a trend that MNPs or

M-MSNs could increase apoptosis of H/R cardiomyocytes

after 24 hrs exposure, but failed to reach statistical sig-

nificance. Considering that previous study has confirmed

cytotoxicity of iron oxide is concentration- and time-

dependent,3,10 our findings may be related to short obser-

vation (24 hrs) and relative low concentration of iron

oxide NPs (Fe3O4 50 μg). A longer-exposure time and

higher-concentration observation are needed to further

clarify the cytotoxicity of MNPs or M-MSNs and antiox-

idant effects of NAC. Third, when applied to the ischemia

myocardium, long-term retention of iron oxide NPs in

ischemia myocardium could cause chronic iron overload,

leading to more severe oxidative stress injury by exacer-

bating inflammation after myocardial infarction,8 and

degrading more iron oxide through recruited macrophages.

Thus, it is necessary to further investigate the chronic toxic

effects and the underlying mechanisms and to verify

whether M-MSN@NAC can also play a long-term protec-

tive role in vivo.

Conclusions
M-MSN@NAC can significantly mitigate iron oxide NPs-

induced oxidative stress of H/R cardiomyocytes by releasing

NAC to reduce the generation of peroxidation products.

Antioxidant loaded on iron oxide NPs provides novel insight

into the strategy to improve the biocompatibility of MNPs

with target organs.
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