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Abstract: Superparamagnetic iron oxide nanoparticles have been widely used in biomedical 

applications, but understanding of their interactions with the biological immune system is 

relatively limited. This work is focused on dextran-coated iron oxide nanoparticles and their 

induced autophagy in human monocytes. We found that these nanoparticles can be taken up by 

human monocytes, followed by localization within vesicles or free in cytoplasm. Autophagosome 

formation was observed with increased expression of LC3II protein, the specific marker of 

autophagy. The autophagy substrate p62 was degraded in a dose-dependent manner, and 

autophagy was blocked by autophagy (or lysosome) inhibitors alone or along with iron oxide 

nanoparticles, indicating that autophagosome accumulation was mainly due to autophagy 

induction, rather than blockade of autophagy flux. Interestingly, iron oxide nanoparticles 

increased the viability of human monocytes, but the mechanism was not clear. We further found 

that inhibition of autophagy mostly attenuated the survival of cells, with acceleration of the 

inflammation induced by these nanoparticles. Taken together, autophagic activation in human 

monocytes may play a protective role against the cytotoxicity of iron oxide nanoparticles.
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Introduction
Superparamagnetic iron oxide nanoparticles (SPIONs) have gained extensive attention 

in biomedicine because of their excellent magnetic properties and low cytotoxicity.1 

SPIONs are clinically approved as magnetic resonance imaging (MRI) contrast 

agents, and have also been used in hyperthermia drug delivery.2–4 Although SPIONs 

are being tested in many ongoing clinical trials, some controversial results regarding 

their cytotoxicity have been reported.5 Therefore, a more sensitive indicator of 

cytotoxicity of SPIONs will provide insight into them and their interactions with cells.

Autophagy is a ubiquitous and highly conserved metabolic process believed to 

occur in all eukaryotic cells, where aged or injured organelles and cellular excessive 

proteins are sequestered with double-membrane vesicles and digested by the lysosomal 

pathway.6 Nowadays, autophagy has been implicated in numerous important functions 

of cells and diseases, such as cellular homeostasis, cell survival and death, neuron 

degenerative diseases, and cancer.7–9 Nanoparticles (NPs) have been reported as a novel 

class of autophagy inducers.10 So far, findings have presented a paradox: some reported 

that the autophagy induced by NPs could promote cell death, but in other conditions it 

could be a protective role in response to toxicity caused by NPs.1,11,12 To the best of our 

knowledge, there is no report on autophagy caused by SPIONs in human monocyte cells.

NPs can be recognized and taken up by some immune cells. With monocytes as 

mediators of adaptive and innate immunity, they can be either developed into various 
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forms of antigen-presenting cells or involved in tissue 

homeostasis and various diseases, such as viral and bacterial 

infections and atherosclerosis.13 Moreover, monocytes form 

the first line of defense in the body’s immune system and the 

door of NPs into the human body. In this study, we assessed 

the biological behaviors of SPIONs on human monocytes 

after uptake, concentrating especially on autophagy.

Materials and methods
Nanoparticle preparation
In this study, dextran-coated SPIONs (Dex-SPIONs) were 

synthesized following a protocol previously described.14 

Briefly, a mixture of 2.508 g Dex T70 (molecular weight 

70 kD; Life Science Products, Chestertown, MD, US) and 

3.044 g iron(III) chloride hexahydrate (Aladdin, Shanghai, 

China) dissolved in 20 mL of deionized water was put into 

a three-neck flask equipped with a mechanical stirrer. To 

this mixture was added a freshly prepared aqueous solution 

containing 1.27 g of ferrous chloride tetrahydrate (Aladdin) 

dissolved in 2 mL deionized water. While being rapidly 

stirred, 20 mL 7.5% ammonium hydroxide solution was 

slowly dropped into the mixture under argon protection. 

Then, the suspension was heated to 75°C and maintained 

at this temperature for 30 minutes while being stirred con-

stantly. The black suspension was cooled and centrifuged at 

a speed of 1,500 rpm for 15 minutes to separate big particles. 

The ammonium chloride, excess ammonia, and Dex were 

removed by dialysis using citrate buffer. Characterization 

of Dex-SPIONs was performed using transmission electron 

microscopy (TEM; 2100F; JEOL, Tokyo, Japan). Dynamic 

light scattering was used to analyze ζ-potential and hydro-

dynamic size (Zetasizer Nano ZS90; Malvern Instruments, 

Malvern, UK).

Study subjects and isolation of human 
monocytes
Peripheral blood mononuclear cells were prepared from 

human buffy-coat residues (Chengdu Blood Center, 

Chengdu, China) by using gradient centrifugation in vitro, 

and human monocytes (CD14+ cells, originating from healthy 

volunteers and approved by the institutional review board 

of the West China Second University Hospital of Sichuan 

University) were purified using magnetic beads according 

to the manufacturer’s recommendations (Miltenyi Biotec, 

Bergisch Gladbach, Germany). Buffy-coat residues were 

centrifuged to remove serum, and then the remaining cell 

sediment was mixed with phosphate-buffered saline (PBS). 

Diluted buffy-coat residue (25 mL) was layered onto 20 mL 

of Ficoll-Paque Plus, and then centrifugation of the opaque 

interphase of mononuclear cells at 400× g for 30 minutes 

at 16°C was conducted to obtain peripheral blood mononu-

clear cells. By this method, 95%–98% viable pure human 

monocytes (data not shown) were obtained, confirmed by 

flow cytometry (FACSAria II; BD Biosciences, San Jose, 

CA, US) and cytospin preparations.

Human monocytes and culture 
conditions
After isolation, cells were seeded in 24-well cell-culture 

plates in Roswell Park Memorial Institute 1640 culture 

medium (Thermo Fisher Scientific, Waltham, MA, US) 

supplemented with 10% heat-inactivated fetal calf serum 

and antibiotics (1% solution of penicillin 100 μg/mL and 

streptomycin 100 μg/mL; Thermo Fisher Scientific) and 

incubated at 37°C, 5% CO
2
, and 95% relative humidity for 

1  hour (to allow sufficient time for attachment of cells). 

After cell attachment, the cell-culture medium was aspirated 

and the cells washed thoroughly with fresh medium to 

remove unattached cells. The cells were then incubated in 

fresh prewarmed medium containing the desired doses of 

Dex-SPIONs for different time intervals (24 or 48 hours).

In some experiments, pretreatment with inhibitors was 

required. Cells were first incubated with inhibitors contain-

ing ex vivo medium and then exposed to fresh Dex-SPION 

suspensions in medium containing inhibitors. Cells were 

first treated with the autophagy inhibitor wortmannin and 

chloroquine (CQ; Sigma-Aldrich, St Louis, MO, US) for 

2 hours and then treated with Dex-SPIONs.

Transmission electron microscopy
Human monocytes (1.2×106 cells/mL) were incubated with 

Dex-SPIONs (100 μg/mL) for 24 hours. Cells were prepared 

for TEM analysis as previously described.15 Briefly, samples 

were collected and immediately fixed in 3% glutaraldehyde. 

Then, samples were rinsed three times with 0.1 M PBS and 

postfixed with 1% osmic acid for 2 hours. After being rinsed 

three times with 0.1 M PBS and serially dehydrated with 

50%, 70%, 80%, 90%, and 100% alcohol and 100% acetone, 

the samples were embedded in epoxy resin for making the 

blocks of cells. Then, ultrathin sections were stained with lead 

citrate and uranyl acetate and analyzed using routine TEM 

(H600IV; Hitachi, Tokyo, Japan). Micrographs were prepared 

and further processed using Adobe Photoshop software.

Ferrozine assay
Iron concentrations were measured using the ferrozine 

assay.16 After 24 hours’ incubation, cells were carefully 

washed with PBS and resuspended in 100 μL of 0.05 N NaOH. 
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After 2 hours’ incubation, samples were then mixed with 

100 μL 0.01 N HCl and 100 μL of reagent A (4.5% KMnO
4
 

and 1.4 N HCl mixed at equal volumes just before use) and 

incubated at 60°C for 2 hours. The reaction mixture was 

allowed to cool to room temperature before addition of 50 μL 

of reagent B (6.5 mM ferrozine, 13.1 mM neocuproine, 

2 M ascorbic acid, 5 M ammonium acetate). Absorbance 

of samples was read at 550 nm using a microplate reader 

(Bio-Rad Laboratories, Hercules, CA, US) and concentra-

tions calculated using a standard curve prepared with ferrous 

ethylene diammonium sulfate in 0.01 N HCl, ranging from 

0 to 10 μg Fe/mL.

Western blot analysis
Human monocytes were seeded in 24-well plates at a density 

of 1.2×106 cells per well in the presence of Dex-SPIONs 

(10–100 μg/mL) for 24 or 48 hours. Then, the cells were 

lysed in radioimmunoprecipitation-assay buffer containing a 

complete protease-inhibitor cocktail. Protein concentrations 

were determined using a bicinchoninic acid protein-assay kit. 

An equal amount of protein (30 μg) for each sample was 

subjected to sodium dodecyl sulfate polyacrylamide-gel 

electrophoresis (15% or 12% separation gels) and then 

transferred to a polyvinylidene fluoride membrane. The 

membrane was blocked in TBST (Tris-buffered saline, 0.1% 

Tween 20) buffer containing 5% nonfat milk powder, and 

then incubated with anti-LC3 (1:500; Sigma-Aldrich), anti-

GAPDH (Cell Signaling Technology, Danvers, MA, US), 

and anti-p62 (Abcam, Cambridge, UK) overnight at 4°C. 

The membranes were then incubated with an appropriate 

horseradish peroxidase-conjugated secondary antibody 

for 1 hour at room temperature, then washed and reacted 

with SuperSignal chemiluminescent substrate. With Adobe 

Photoshop software, densitometric analysis of Western blot 

was performed.

Immunofluorescence staining
Human monocytes were seeded on confocal dishes, and cells 

were treated with 100 μg/mL Dex-SPIONs for 24 hours. 

CQ (30 μM) was used as a positive control. The cells were 

fixed with 4% paraformaldehyde and treated with 0.1% 

Triton X-100. Then, cells were processed for immunofluo-

rescence with anti-LC3 (1:200) and then secondary antibody 

fluorescein isothiocyanate-conjugated goat antirabbit anti-

body (Thermo Fisher Scientific). Before being analyzed 

by confocal microscopy, cells were incubated with DAPI 

(4′,6′-diamidino-2-phenylindole; 5 μg/mL) for 10 minutes. 

Wavelengths of excitation and emission for DAPI and fluo-

rescein isothiocyanate were 405/498 nm and 488/525 nm, 

respectively. After being washed with PBS, confocal dishes 

were examined using laser confocal microscopy with a 40× 

or 100× oil-immersion objective lens (FV500; Olympus, 

Tokyo, Japan) and processed using Olympus FluoView 

FV1000 software.

CCK-8 assays
Viability of human monocytes was assessed using CCK-8 

(Dojindo, Kumamoto, Japan) following the manufacturer’s 

instructions. Cell viability was expressed as the percentage of 

viable cells in total cells. Monocytes were seeded in 96-well 

plates (1.5×105 cells per well), and incubated in culture 

medium containing different concentrations of Dex-SPIONs 

for 24 or 48 hours. The medium was then discarded and 

washed with PBS three times. Then, the cells of each well 

were treated with CCK-8 following the manual and the 

absorbance was measured at 450 nm using a microplate 

reader (Bio-Rad).

Cytokine assays
At the end of the desired incubation time (24 hours), the 

supernatants were recovered, centrifuged at 10,000× g for 

15 minutes at 4°C, and stored at -80°C till further analysis. 

TNFα, IL1β, and IL6 were evaluated using a commercially 

available human enzyme-linked immunosorbent assay kit 

(RayBiotech, Norcross, GA, US).

Phagocytosis
The phagocytic activity of human monocytes was assessed 

by measuring the ingestion of fluorescently labeled bacteria 

(Alexa Fluor 488–Escherichia coli K12; Thermo Fisher 

Scientific). Prior to the assay, bacteria were opsonized for 

1 hour at 37°C using a specific opsonizing reagent (poly-

clonal rabbit anti-E. coli antibody; Thermo Fisher Scientific). 

Opsonized bacteria were added to monocytes at a ratio of 50:1 

and incubated at 37°C for up to 4 hours. Cells were washed with 

PBS to remove uningested bacteria and analyzed immediately. 

Quantitative analysis of fluorescently labeled bacteria was 

done using a Multiskan Spectrum (Thermo Fisher Scientific) 

at excitation and emission wavelengths of 488 and 519 nm, 

respectively, according to the manufacturer’s protocol.

Statistical analysis
At least three samples were used for each set of experi-

ments. Data are presented as means ± standard deviation of 

independent experiments. Unpaired Student’s t-test was used 

to compare means of two samples, while one-way analysis 

of variance was used for group-mean testing. In all cases, 

P,0.05 was considered significant.
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Results
Physicochemical characterization of  
Dex-SPIONs
In this study, Dex was used as coating material for SPIONs 

because of its good biocompatibility. Dex-SPIONs have been 

used in clinical applications.17 The size of the Dex-SPIONs 

was determined by TEM and dynamic light scattering. As 

shown in Figure 1A, Dex-SPIONs had a uniform morphol-

ogy with some agglomerates, and the diameter was about 

5–10 nm. Further study discovered the mean hydrodynamic 

size was about 60 nm (Figure 1B). Their ζ-potential was 

approximately -11 mV (Figure 1C), indicating their negative 

charge at physiological pH.

Internalization of Dex-SPIONs and 
autophagy in human monocytes
Uptake of NPs by cells is an important aspect for cyto-

toxicity analysis. In Figure 2B, human monocytes treated 

with Dex-SPIONs exhibited some vacuoles with highly 

electron-dense Dex-SPIONs and partly degraded organelles 

compared to the control (Figure 2A). After careful observa-

tion of the TEM images, we found that Dex-SPION-treated 

monocytes presented in the formation of an isolation mem-

brane and a double-membranous phagophore developing 

into an autophagosome (Figure 2C), indicating the onset of 

autophagy. Some of the cellular Dex-SPIONs were observed 

in a double-membrane vesicle, which was emblematic of 

an autophagosome (Figure 2D). Additionally, Dex-SPIONs 

were located in either phagosomes or free in the cytoplasm 

of human monocytes (Figure 2E), and some phagosomes 

were partly filled, whereas others were filled tightly. Inter-

estingly, there were some bulky vacuoles and numerous 

pseudopodia of the cell membrane (Figure 2F), suggesting the 

potential immunoactivation of human monocytes. To under-

stand further the cellular uptake behavior of Dex-SPIONs, 

we observed that incubation of human monocytes with 

increased concentrations of Dex-SPIONs resulted in a linear 

Figure 1 Physicochemical characterization of synthesized Dex-SPIONs.
Notes: (A) TEM images of Dex-SPIONs. Magnification ×800,000; (B) hydrodynamic size of Dex-SPIONs; (C) ζ-potential of Dex-SPIONs in 1 mM KCl solution.
Abbreviations: Dex-SPIONs, dextran-coated superparamagnetic iron oxide nanoparticles; TEM, transmission electron microscopy.
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Figure 2 Cellular uptake of Dex-SPIONs and autophagy in human monocytes.
Notes: Human monocytes were treated with Dex-SPIONs (100 μg/mL) or not for 24 hours and processed for TEM analysis. (A) Untreated cells showing typical 
distribution of organelles. Magnification ×8,000. (B) Human monocytes treated with Dex-SPIONs showing multiple cytoplasmic vacuoles (black arrows). Detailed analysis 
of monocytes exposed to Dex-SPIONs revealed clear presence of the vacuoles. Magnification ×10,000. (C) An isolation membrane (white arrow) and a double-
membranous phagophore developing into an autophagosome (black arrows). (D) Autophagosomes containing some organelles and electron-dense Dex-SPIONs (black 
arrows). (E) Dex-SPIONs were either in phagosomes (black arrows) or free in the cytoplasm (white arrows). (F) Some large vacuoles (black arrows) and multiple 
pseudopodia (white arrows) of the plasma membrane. (G) Concentration-dependent uptake of Dex-SPIONs, as measured by ferrozine assay. Magnification ×15,000. (n=3, 
**P0.01) (H) Human monocytes were treated with Dex-SPIONs at 20 μg/mL or 100 μg/mL for 24 hours and then detected by flow cytometry.
Abbreviations: Dex-SPIONs, dextran-coated superparamagnetic iron oxide nanoparticles; TEM, transmission electron microscopy; FSC, forward scatter; SSC, side scatter.
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augmentation of intracellular iron content (Figure 2G). 

Human monocytes treated with Dex-SPIONs (100 μg/mL) 

for 24 hours contained approximately 5 pg iron/cell, whereas 

control cells only contained 0.07 pg iron/cell. Moreover, the 

results of flow-cytometry side scatter also demonstrated that 

Dex-SPIONs were apparently engulfed by human monocytes 

(Figure 2H). These results ultimately demonstrated an inter-

action between Dex-SPIONs and human monocytes that led 

to autophagy and immunoactivation in human monocytes.

Dex-SPIONs induced autophagosome 
accumulation in human monocytes
In Figure 2C and D, ultrastructural analysis shows that 

autophagic vacuoles containing Dex-SPIONs and double-

membranous phagophores developed into autophagosomes. 

To verify further whether Dex-SPIONs were involved in 

autophagosome formation, we examined a key event in the 

formation of LC3II, a diagnostic marker of autophagy.18 

Cytosolic LC3 (LC3I) is converted to the membrane-bound 

form (LC3II) during the process of autophagy, which gathers 

on the autophagosome membrane. Therefore, immunob-

lotting detection of the conversion of LC3I to LC3II and 

microscopic observation of formation of LC3 puncta are 

usually used to monitor autophagosome formation.19,20 

In the present study, immunoblotting suggested that LC3II 

was increased in a concentration- and time-dependent 

manner in cells treated with Dex-SPIONs (Figure 3A 

and B). To visualize whether raised LC3II was gathered on 

the autophagosome membrane. CQ was used as a positive 

control which acts as an inhibitor of autophagosome fusion 

through interfering lysosomes acidification.21 The results 

from immunofluorescence showed that human monocytes 

treated with Dex-SPIONs revealed a punctate LC3 pattern 

and quantification of cells with punctate LC3 showed an 

approximate fivefold increase after Dex-SPION treatment 

(Figure 3C). In addition, Dex itself did not induce autophagy 

of human monocytes (Figure 3D). These results demon-

strated significant autophagosome accumulation in human 

monocytes after Dex-SPION uptake.

Autophagy induced by Dex-SPIONs was 
blocked by inhibitors of autophagy or 
lysosomes
Autophagosome accumulation may be a result of autophagy 

induction or a blockade of autophagic flux. “Autophagic flux” 

assays can contribute to discrimination of the two possibilities,22  

exploring the actual autophagy mechanism of Dex-SPIONs 

in human monocytes. Firstly, we investigated the expression 

of autophagic substrate p62 in Dex-SPION-treated cells. 

P62 is selectively entered into autophagosomes and ade-

quately degraded by autophagy.23 As shown in Figure 4A, 

the p62 level was decreased in a concentration-dependent 

manner, indicating possible induction of autophagy. To 

further confirm Dex-SPION-induced autophagy, monocytes 

were treated with Dex-SPIONs alone or along with the 

autophagy inhibitor wortmannin24 or CQ. If the expression 

of LC3II further advances in the presence of a lysosomal 

inhibitor, it suggests an increase in autophagic flux. If the 

LC3II amount were to remain unaltered, it is possible that 

the autophagosome accumulation is owing to the blockade of 

autophagy flux.18 As shown in Figure 4B–D, cells cotreated 

with Dex-SPIONs showed higher increase in LC3II transfor-

mation than cells treated with CQ alone, and the change in 

LC3II by Dex-SPIONs vanished after wortmannin exposure. 

Upon these observations, we considered that autophago-

some accumulation by Dex-SPIONs was via autophagy 

induction, but not blockade of autophagic flux. In addition, 

PI3K signaling is a pivotal player in regulating autophagy 

occurrence, and suppression of PI3K activity will weaken 

autophagy.25 In our study, immunoblotting results displayed 

that the enhancement of LC3II by Dex-SPIONs was reduced 

by wortmannin. Similarly, confocal microscopy revealed 

that Dex-SPIONs obviously advanced LC3 punctate struc-

ture, but was able to be blocked by wortmannin. Therefore, 

we surmised that the PI3K signaling might be involved in 

Dex-SPION-induced autophagy.

Inhibition of autophagy attenuated 
Dex-SPION-increased survival of human 
monocytes
In order to survey the acute toxicity of Dex-SPIONs to 

human monocytes, which were incubated with Dex-SPIONs 

(10–100 μg/mL), cell viability was analyzed by CCK-8 

assays after 24 and 48 hours. In general, monocytes revealed 

a decrease in numbers over 20 hours. As such, we normalized 

the results to the control cells (considered to be 100%). After 

24 hours, there were no apparent signs of cytotoxicity observed 

by light microscopy (Figure 5A). Similarly, we found that 

Dex-SPIONs did not affect the viability of human monocytes 

compared to the control (Figure 5B). Interestingly, mono-

cytes showed a significant increase in percentage of viable 

cells after a 48-hour exposure to Dex-SPIONs (Figure 5C). 

It is not known if the Dex-SPION-induced autophagy is 

important for the survival of human monocytes. We exam-

ined the viability of human monocytes with and without 

wortmannin after 48 hours. Viability of Dex-SPION-treated  
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cells was significantly reduced after wortmannin treatment 

(Figure 5D). At the same time, immunoblotting results 

revealed markedly decreased levels of LC3II. These results 

suggested that autophagy contributed to the improved cell-

survival response to Dex-SPIONs.

Dex-SPIONs induced inflammation of 
human monocytes
In Figure 2F, we observed some bulky vacuoles and numer-

ous pseudopodia in the treated cell membrane, suggest-

ing the potential immunoactivation of human monocytes.  

Figure 3 Dex-SPIONs induced autophagosome accumulation in human monocytes.
Notes: *P,0.05; **P,0.01; n=3. (A) Western blot analysis of LC3 in human monocytes after treatment with various concentrations (10–100 μg/mL) of Dex-SPIONs for 
24 hours. (B) Western blot detected LC3 in human monocytes after treatment with Dex-SPIONs (100 μg/mL) at the times indicated. (C) Human monocytes treated or not 
with Dex-SPIONs (100 μg/mL) for 24 hours, stained with anti-LC3, DAPI (blue), and Alexa Fluor 568 goat antimouse IgG (red), then processed for confocal microscopy. 
CQ (30 μM) was used as a positive control. Quantitation of the percentage of cells with LC3+ puncta (white arrows). Scale bars 20 μm. Magnification ×60. (D) Western blot 
analysis of LC3 in human monocytes after treatment with various concentrations of dextran for 24 hours.
Abbreviations: Dex-SPIONs, dextran-coated superparamagnetic iron oxide nanoparticles; DAPI, 4′,6-diamidino-2-phenylindole; CQ, chloroquine.
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Figure 4 P62 was reduced by autophagy in Dex-SPION-treated human monocytes, and the autophagy was abrogated by autophagy inhibitors.
Notes: *P,0.05; **P,0.01; n=3. (A) Western blot analysis of p62 in human monocytes treated with various concentrations of Dex-SPIONs for 24 hours. (B) Western blot 
analysis of LC3 in human monocytes incubated with 100 μg/mL Dex-SPIONs for 24 hours. Wortmannin (50 nM) or CQ was added to the cells for 2 hours prior to Dex-
SPION exposure. (C) Confocal microscopy analyzed the LC3 puncta of monocytes. Wortmannin or CQ was added to the cells for 2 hours prior to Dex-SPIONs (100 μg/mL)  
exposure. Scale bars 10 μm. Magnification ×100. (D) Quantitation of percentage of cells with LC3+ puncta (white arrows).
Abbreviations: Dex-SPIONs, dextran coated superparamagnetic iron oxide nanoparticles; CQ, chloroquine.
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To examine further whether Dex-SPIONs activated human 

monocytes, proinflammatory factors were monitored as 

indicators of an inflammatory response after cells were 

treated with Dex-SPIONs for 24 hours. The level of TNFα 

was markedly elevated in Dex-SPION (50, 100 μg/mL)-

treated cells compared to the control group (Figure 6A). In 

addition, a similar pattern was observed for IL1β production 

(Figure 6B). IL6 also showed a similar trend (Figure 6C). 

Our results showed that Dex-SPIONs caused inflammation 

of human monocytes through increasing the levels of proin-

flammatory cytokines.

Suppression of autophagy led to increased 
inflammation of human monocytes
To explore further the role of autophagy in Dex-SPION-

induced human monocyte activation, we investigated whether 

suppression of autophagy had an impact on Dex-SPION-caused 

inflammation. We pretreated cells with wortmannin, a well 

known pharmacological inhibitor of the autophagic pathway.26 

Our results showed that the group treated with wortmannin 

had elevated levels of TNFα, IL1β, and IL6 compared to 

the untreated group (Figure 7A–C). Similarly, the autophagy 

induced by Dex-SPIONs was also abrogated by wortmannin 

(Figure 7D). These data indicated that autophagy might 

be involved in the production of proinflammatory factors, 

and develop a protection role in resisting the inflammation 

induced by Dex-SPIONs in human monocytes.

Effects of Dex-SPIONs on human 
monocyte phagocytosis
The ability of phagocytosis of human monocytes was studied 

after the uptake of Dex-SPIONs. The effect of Dex-SPIONs 

Figure 5 Short-term cytotoxicity of Dex-SPIONs to human monocytes.
Notes: *P,0.05; **P,0.01; n=3. (A) Human monocytes were observed by phase-contrast microscopy after 24 hours. Scale bars 50 μm. Magnification ×20. (B, C) Viability 
of human monocytes treated with Dex-SPIONs (10–100 μg/mL) for 24 or 48 hours. (D) Cell viability was analyzed by CCK-8 and LC3 measured at 48 hours. Wortmannin 
(50 nM) was added to the cells for 2 hours prior to Dex-SPION treatment.
Abbreviations: CCK-8, cell counting kit; Dex-SPIONs, dextran coated superparamagnetic iron oxide nanoparticles.
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Figure 6 Dex-SPIONs induced inflammation of human monocytes.
Notes: **P,0.01; n=3. Cells were treated with or without Dex-SPIONs (10–100 μg/mL) for 24 hours. (A) TNFα levels; (B) IL1β levels; (C) IL6 levels.
Abbreviation: Dex-SPIONs, dextran coated superparamagnetic iron oxide nanoparticles.

α

β

Figure 7 Inhibition of autophagy enhanced inflammation of human monocytes.
Notes: **P,0.01; n=3. Cells were treated with Dex-SPIONs (100 μg/mL) for 24 hours. Wortmannin (50 nM) was added to the cells for 2 hours prior to Dex-SPION 
treatment. (A) TNFα levels; (B) IL1β levels; (C) IL6 levels. (D) LC3 measured at 24 hours.
Abbreviation: Dex-SPIONs, dextran coated superparamagnetic iron oxide nanoparticles.

α β

Powered by TCPDF (www.tcpdf.org)

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


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4003

Iron oxide NPs induce autophagy in human monocytes

on phagocytosis of cells was inspected by Multiskan 

Spectrum monitoring of the ingestion of fluorescent E. coli 

bacteria opsonized with an anti-E. coli antibody. As shown 

in Figure 8, we found that incubation of Dex-SPIONs at 

10–100 μg/mL for 24 hours did not significantly affect 

phagocytosis of human monocytes.

Discussion
SPIONs have broad biomedical applications, and their bio-

safety is of great interest. Most current studies discuss the 

potential toxicity of SPIONs in nonhuman cells or immor-

talized cell lines. In this study, we evaluated the safety of 

Dex-SPIONs in human monocytes.

The accumulation of IONs and release of free iron from 

SPIONs might impair iron homeostasis in cells, resulting in 

inflammation, DNA damage, or other cytotoxic effects.27,28 

The cytotoxicity of SPIONs is debatable. For instance, no 

cytotoxicity was observed when a murine macrophage cell 

line was treated with carboxydextran-coated SPIONs or 

uncoated SPIONs.29 It has been reported that Dex-stabilized 

SPIONs (Ferumoxides; Endorem, Sulzbach, Germany) might 

virtually change endothelial integrity and function.30 This 

might depend on NP size, modifications, or cell types studied. 

Coating is vital to stabilize SPIONs, because it can decrease 

the toxicity of SPIONs by preventing agglomeration and 

leakage of free iron ions. Dex has excellent biocompatibility, 

and has been used in clinics for a long time, but modifica-

tion of cell–cell interaction and cell viability has also been 

observed.31 However, our data found no impact on viability 

and autophagy of cells by Dex. These results indicated that 

these NPs had good biocompatibility.

Moreover, we found that Dex-SPIONs entered human 

monocytes in a dose-dependent manner and did not affect 

phagocytosis behavior, similar to the findings by Müller 

et  al.32 In that study, they showed that ferumoxtran-10, a 

dextran-coated SPION, had no influence on phagocytosis to 

human monocyte macrophages for 4 hours at various concen-

trations (100–1,000 μg/mL) and even 4 days at 400 μg/mL. 

Cytokines, particularly proinflammatory cytokines, are useful 

tools in evaluating NP immunotoxicity.33 In the present study, 

we detected that proinflammatory cytokines (TNFα, IL1β, or 

IL6) increased after Dex-SPION exposure (Figure 6). It was 

possible that Dex-SPIONs induced immunotoxicity in human 

monocytes by accelerating the inflammation. At present, 

autophagy has been reported as the pivotal mechanism of 

NP toxicity.34 It is surmised that NP-induced autophagy 

may be an accommodative cellular response, assisting in the 

degradation and clearance of NPs.35

Several studies have reported that autophagy can be 

induced by IONs in different cell lines,36,37 but no information 

is available on autophagy induced by Dex-SPIONs in human 

primary cells. Ultrastructural detection has been considered 

the golden standard of autophagy. In Figure 2C and D, we 

show an autophagic reaction by TEM, and the enhanced 

LC3II expression and punctate structure further verified 

autophagosome accumulation in treated cells (Figure 3). 

It is well accepted that autophagosome accumulation can 

be induced by either induction of autophagy or blockade of 

autophagy flux. Nevertheless, the possibility of the latter has 

rarely been investigated. In our study, we found that Dex-

SPIONs induced autophagy but did not block autophagy 

flux. As the autophagic substrate, p62 is selectively 

degraded by autophagy.23 Recent studies have indicated 

that cells can select NPs for autophagy by ubiquitination 

directly or indirect colocalization with ubiquitinated protein 

aggregates.38–40

First, we found that Dex-SPIONs located in autopha-

gosomes with some organelles, and then p62 degraded in 

a dose-dependent manner (Figure 4A). It is possible that 

Dex-SPIONs undergo ubiquitination or colocalize with 

polyubiquitin complexes, and then are targeted to autopha-

gosomes by p62. We surmised that PI3K signaling might 

be involved in Dex-SPION-mediated autophagy. Recently, 

Duan et  al reported that silica NPs induced autophagic 

activity by the VEGFR2–PI3K–Akt–mTOR mediated 

autophagy pathway in endothelial cells, which plays a key 

role in maintaining vascular and endothelium homeostasis.41 

It is well documented that many NPs can induce autophagy 

dysfunction and this may contribute to the toxicity of NPs.34 

Figure 8 Effect of Dex-SPIONs on phagocytosis of human monocytes.
Notes: Human monocytes were treated with Dex-SPIONs (10–100 μg/mL) for 
24 hours. Immediately, the MFI of cells was measured by Multiskan Spectrum (n=3).
Abbreviations: Dex-SPIONs, dextran coated superparamagnetic iron oxide 
nanoparticles; MFI, mean fluorescence intensity.
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However, the interaction between autophagy (rather than 

autophagy dysfunction induced by NPs) and cell function is 

rarely addressed, such as in inflammation. It is noteworthy 

that there is cross talk between cytokines and autophagy 

in regard to the inflammatory response.42 Cytokines can 

induce autophagic activity, and autophagy can also adjust 

the production of inflammatory cytokines.42 In our study, we 

proposed that autophagy can adjust the production of proin-

flammatory factors and play a protection role in resisting the 

inflammation induced by Dex-SPIONs. However, whether 

the Dex-SPION-induced autophagy was primarily caused 

by these cytokines needs further investigation. In addition, 

autophagy is considered to have dual effects on cell viability. 

Initially, it was considered protective against cell death and 

during nutrient deficiency, but later studies revealed that a 

boost in autophagy might cause cell death.8,43 In respect to 

the autophagy induced by NPs, most of which can promote 

cell death.44,45 This phenomenon has resulted in the viewpoint 

that the autophagy induced by NPs is essentially detrimental 

to cells, because NPs are likely to be incorporated into the 

autophagosomes during autophagy but cannot be degraded 

through the lysosomal pathway, which may disturb the 

normal autophagic process.

In this study, however, we found that autophagy played 

a prosurvival instead of a cell-death role. The uptake of iron 

content by human monocytes was relatively low (5 pg/cell), 

and previous studies have demonstrated that Dex-SPIONs are 

metabolized in the lysosomes and then became a part of the 

body normal blood pool.46 Interestingly, we found that Dex-

SPIONs increased the viability of monocytes after a longer 

period. Circulation monocytes are difficult to survive without 

differentiation in vitro, as they can have apoptosis and cell 

dealth.47 Autophagy is necessary for the process of differentia-

tion of monocytes and macrophages, and is key for their survival 

and differentiation.48 The mechanism by which Dex-SPIONs 

increased the survival of monocytes is not clear, but one possible 

explanation may be inducing autophagy to promote differentia-

tion of monocytes and then preventing apoptosis.

Our study suggested that there exists cross talk in these dif-

ferent effects induced by Dex-SPIONs in human monocytes. 

Contrary to cell dysfunction, autophagic activation may be a 

pivotal player against NP toxicity in human monocytes. Over-

all, this study offers a different perspective in understanding 

SPION safety and NP-induced cell behaviors.

Conclusion
In this study, we evaluated the effects of Dex-SPIONs 

on human monocyte cells. Our data demonstrated that 

Dex-SPIONs induced autophagy but did not block autophagy 

flux in human monocytes. During NP–cell interactions, 

increased expression of LC3II and degradation of p62 protein 

was observed, with elevated proinflammatory cytokines. 

Moreover, inhibition of autophagy almost attenuated the 

survival of cells, whereas it accelerated the inflammation 

induced by Dex-SPIONs. These results indicate that the 

induction of autophagy by these NPs has an important role in 

the survival and function of human monocyte cells.
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