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Abstract
Superparamagnetic iron oxide nanoparticles (SPION) could induce macrophage polarization into the pro-
in�ammatory M1-like subtype. The adverse effect is very likely to restrict the diagnostic or therapeutic
applications of SPION in the cardiovascular �eld. To inhibit the pro-in�ammatory effect, a mitochondrial
targeted antioxidant peptide SS-31 modifying SPION (SPION@SS-31) was constructed. The
macrophages (RAW 264.7) were incubated with SPION or SPION@SS-31 at the concentration of 50 µg
Fe3O4/mL for 24 hours. Compared to the SPION group, the SPION@SS-31 group demonstrated
signi�cantly reduced macrophage damage, evidenced by maintained cell viability, a decrease of early
cells apoptosis and reactive oxygen species (ROS) production. Moreover, the pro-in�ammatory factor
TNF-α and M1-like cell surface markers CD86 and CD80 were signi�cantly down-regulated in the
SPION@SS-31 group. Notably, higher levels of anti-in�ammatory factors IL-10 and TGF-β and M2-like cell
surface marker CD163 were detected in the SPION@SS-31 group by enzyme-linked immunosorbent assay
(ELISA) and �ow cytometric analysis. Besides, severe disruption of mitochondrial microstructure was
observed by transmission electron microscope (TEM) in the SPION group, but less in the SPION@SS-31
group. Co-loading mitochondria-targeted antioxidant peptide SS-31 could signi�cantly mitigate the pro-
in�ammatory effect of macrophages induced by SPION, indicating that the modi�cation strategy has the
potential to promote macrophages M2-like polarization in vitro study.

Introduction
Superparamagnetic iron oxide nanoparticles (SPION) have been widely used as magnetic resonance
contrast agents [1], cell tracers [2], and magnetic targeted therapy carriers [3, 4] in the diagnostic or
therapeutic studies of cardiovascular diseases. The most representative SPION, such as ferumoxytol,
have been approved by FDA for clinical applications [5], including vascular and plaque imaging [6],
identi�cation of heart transplantation rejection [7] and evaluation of in�ammatory response following
acute myocardial infarction [8], acute myocarditis [9] and acute stress-induced cardiomyopathy
(Takotsubo cardiomyopathy) [10], indicating that SPION have great potential applications in the
cardiovascular �eld. Correspondingly, the cardiovascular safety of SPION has attracted more and more
attention [11].

Previous studies have con�rmed that SPION can induce macrophages to polarize into pro-in�ammatory
M1 subtype [12], potentiating macrophage-modulating cancer immunotherapies [13]. It is well known that
macrophages are the main in�ammatory cells both in the development of atherosclerosis and in the
in�ammatory reaction after myocardial infarction. The polarity transition of macrophages from M1 to M2
is of great signi�cance for promoting the repair of infarcted myocardium and maintaining the stability of
atherosclerotic plaque [14, 15]. Thus, there is a reasonable concern that SPION could prevent the repair of
infarcted myocardium or provoke plaque instability for it is likely to impede the polarity transition of
macrophages by inducing prolonged pro-in�ammatory effect, when applied for diagnosis or treatment of
coronary atherosclerotic heart disease. It is now well accepted that oxidative stress is the main
mechanism of SPION induced cytotoxicity [16, 17]. Mitochondria are the largest iron metabolism
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organelles and the main sites for ROS production in cells [18]. Thus, we speculated that mitochondria
might be the primary organelles attacked by SPION after engulfed and degraded into free iron.
Mitochondrial targeted antioxidant peptide SS-31 has been proved to be the most effective SS peptide to
protect against ischemia-reperfusion injury through scavenging ROS and inhibiting ROS production [19,
20]. Global multicenter clinical trials have also con�rmed that SS-31 is safe and well-tolerated in patients
with acute ST-segment elevation myocardial infarction [21]. Furthermore, compared with other
mitochondrial targeting antioxidants, such as triphenylphosphine Mito Q, the mitochondrial targeting
ability of SS-31 is not prone to be affected by membrane potential depolarization [22]. We presume that
SS-31 modifying SPION may be a promising strategy to improve the pro-in�ammatory effect of SPION.
Here, to overcome the macrophage toxicity of SPION, we developed SPION modi�ed by SS-31
(SPION@SS-31) and veri�ed whether SS-31 modi�cation could mitigate the pro-in�ammatory effect of
SPION in vitro study.

Material And Methods

Preparation of SPION@SS-31
The schematic diagram of the synthesis of SPION@SS-31 was shown in Fig. 1. In brief, SPION was
synthesized according to the method in previous studies [23, 24]. The collected SPION was washed, �lter
sterilized and suspended into 20 mg/ml using sterile water. After that, SS-31 (5 mg) (All peptide, China)
and PEI 1600 (10 mg) (Adamas-beta, China) were added into 1ml sterile water and stirred for 1 hour to
get the PEI 1600@ SS-31 mixture. Then, the PEI 1600@SS-31 and SPION were mixed, stirred and reacted
for 2 hours. The end product SPION@SS-31 was obtained after washing and removing non-loaded SS-31
by centrifugation using ultra�ltration centrifugal tubes (Millipore, USA). 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 SPION@SS-31. Morphology of SPION@SS-31 was
detected using a JEM 2010 (JEOL, Japan) TEM instrument with 200 kV accelerated voltage. A vibrating
sample magnetometer (VSM, Lake Shore 7400 system, USA) was employed to analyze saturation
magnetization and M-H loop measurements under the magnetic �eld (H) up to 18,000×g. SPION@SS-31
(10 mg) were suspended in the 10kDa dialysis bag and detected the SS-31 concentration at 37℃ at
various time points by Bicinchoninic Acid method on a NanoDrop 1000 spectrophotometer (Thermo
Scienti�c, USA). The SS-31 release curves were obtained by calculating the release percentage and
plotting the cumulative drug release against time.

[Figure 1 near here]

Cell Culture and treatment
The classical macrophages cell line (RAW 264.7) was acquired from the Stem Cell Bank (Chinese
Academy of Sciences, China). The cells were maintained in high glucose Dulbecco's Modi�ed Eagle
Medium (D-MEM) (Hyclone, USA) containing 100 U/mL penicillin, 100 µg/mL streptomycin, 4 mmol/L
glutamine, and 10% fetal bovine serum (Gibco, USA). The cells were cultured at 37°C in a humidi�ed
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atmosphere of 5% CO2. The macrophages were washed in the serum-free medium and then randomly
divided into three groups. Except for the control group, which was not treated with any nanoparticles, the
other two groups of macrophages were incubated with SPION or SPION@ SS-31 at the concentration of
50 µg/ml (normalized to Fe3O4 content) for 24 hours, respectively.

Detection of Macrophage Phagocytosis
Prussian blue staining was performed to con�rm SPION to be internalized by macrophages. Brie�y, after
different treatments, the slides were �xed with 4% paraformaldehyde for 15 min. After three washes with
PBS, the slides were stained using the Prussian blue staining solution kit (Servicebio, China) for 1 hour.
Then stained sides were washed with running water, followed by dehydration through alcohol, xylene
transparent and sealing. Iron staining was observed under the light microscope (Leica DFC500,
Germany).

The representative iron phagocytosis of macrophages incubated with SPION@SS-31 was examined by
scanning electron microscope (SEM). After �xing for 2 hours at room temperature, cover slides were
washed with 0.1M PB (pH 7.4) for 3 times, 15 min each. Then slides were transferred into 1% OsO4 in 0.1
M PB (pH 7.4) for 2 hours at room temperature. After that, cover slides were rewashed and dehydrated
with gradient alcohol for 15 min each time. Finally, ethanol was substituted with a graded isoamyl
acetate series. Samples were dried with Critical Point Dryer (HITACHI MC1000, Japan). Specimens were
attached to metallic stubs using carbon stickers and sputter-coated with gold for 30s, observed and took
images with the scanning electron microscope. (HITACHI SU8100, Japan).

Observation of Cell Morphology
The morphology of macrophages incubated with SPION, SPION@SS-31 and culture medium were
examined by �ow cytometry. Macrophages were harvested after different treatments. Afterward,
macrophages were washed twice with PBS, resuspended, counted, and analyzed using a �ow cytometer
(AriII BD Biosciences, USA). For cell size and structure analysis, �ow cytometric forward scatter (FSC) and
side scatter (SSC) density plots were applied.

The morphology changing of macrophages was veri�ed again examined by SEM. Macrophages were
�xed and prepared for scanning electron microscope as previously described. Pictures of representative
different macrophage morphology were also captured with different magni�cation.

Determination of Cell Viability
Cell viability was performed using Cell Counting Kit-8 (CCK-8) colorimetric assay (APExBIO, USA),
according to the manufacturer's instruction. Absorbance was read at 450 nm. Cell viability (%) = OD
(treated cells)/OD (control cells) × 100.

Measurement of Mitochondrial Morphology
The mitochondrial morphology was observed by TEM. Macrophages were �xed and embedded. After
that, ultrathin sections were cut to 60–80 nm thin on the ultra-microtome (Leica UC7, Germany), �shed
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out onto the 150 meshes copper grids with formvar �lm, dehydrated in a series of gradient ethanol and
embedded in epoxy resin. The samples were then stained with 2% uranyl acetate and 2.6% lead citrate
and observed using a transmission electron microscope (HITACHI HT7800, Japan). The mitochondrial
Flameng score was used to assess the mitochondrial structural damage. The score of the 100
mitochondria per layer was calculated in average. Flameng Score: 0–4 points represent mild to severe
mitochondrial structural damage ordinately [25].

Evaluation of Mitochondrial ROS
Macrophages were implanted in 6-well plates and incubated with different nanoparticles for 24 hours.
MitoSOX (Thermo Fisher, USA) was dissolved in PBS to make a 5 µM working solution. 1 mL of working
solution was applied to cover cells adhering to 6-well plates. Cells were incubated for 10 min at 37°C and
5% CO2 in the dark. After being washed gently three times with PBS, macrophages were observed under
the �uorescence microscope.

Flow Cytometry
The Annexin V-FITC Apoptosis Detection Kit (BD Biosciences, USA) was employed to detect apoptotic
cells. Cell lines were seeded in 6-well plates at about 50% con�uence, then adhered and cultured for 12
hours. Macrophages were treated with the different nanoparticles and culture medium for 24 hours.
Subsequently, macrophages were washed with PBS and resuspended in Annexin-V binding buffer. Then,
macrophages were stained with Annexin-V-FITC and propidium iodide and incubated in the dark before
analysis. Samples were evaluated by �ow cytometry within 30 min.

Production of reactive oxygen species (ROS) assessment was assessed by �ow cytometry in response to
various treatments. Brie�y, macrophages were collected at 24 hours after different treatments, loaded
with 5 µM H2DCFDA (Sigma, USA) in the dark for 30 min at 37°C, washed twice, and evaluated by �ow
cytometry.

Mitochondrial ROS were detected using MitoSOX (Invitrogen, USA). Macrophages were incubated with 5
µM MitoSOX for 10 min, as previously described. Cells were collected, washed, measured by �ow
cytometry. The generation of mitochondrial ROS was expressed as the median �uorescence intensity
(MFI) of MitoSOX.

Expression of CD80, CD86, CD206 and CD163 on macrophages were analyzed by �ow cytometry. Fc
receptors were blocked using Fc-Block™ (BD Biosciences, USA) After two washes with cold PBS, cells
(1×105) were harvested in PBS, resuspended and stained with anti-CD80 (BD Biosciences, USA), anti-
CD86 (Biolegend, USA) surface antibodies. To detect intracellular CD206 and CD163, stained cells were
washed 2 times with staining buffer, �xed and permeabilized with Cyto�x/Cytoperm kit (BD Biosciences,
USA), and then stained with anti-CD206 (BD Biosciences, USA) and anti-CD163 (Biolegend, USA)
antibodies for 30 min at 4°C. Samples were washed, resuspended and performed �ow cytometric
analysis.



Page 7/24

At least 10,000 cells were measured per individual sample. The following gating strategy was applied.
FSC/SSC gating included all visible cell populations. Subsequently, dead cells and cell debris were
excluded. The doublets and clumps being gated out ensued. Fluorescent minus one samples were used
for gating strategy controls. After de�ning gating strategy on control cells all gating was applied
uniformly to all samples. All �ow cytometry was measured on a BD AriII �ow cytometer, and analysis was
implemented using FlowJo (version 10).

Enzyme-Linked Immunosorbent Assay
ELISA was employed to detect the concentrations of TNF-α, TGF-β, IL-6 and IL-10 using ELISA kits (Multi
Sciences, China) complying with the manufacturer’s instructions. Brie�y, recombinant standards or
diluted cell-free supernatants were added into the pre-coated antibody 96-well microplate and incubated
with detection antibody for 1.5 hours. After washing, streptavidin-HRP was added and incubated for 30
min. The substrate was added for 20 min for color development after washing, followed by adding the
stop solution to stop the reaction. The optical density (OD) of each well was determined at 450 nm. The
concentrations of soluble cytokines in the samples were examined by interpolating on a sigmoid four-
parameter logistic regression standard curve.

Statistical Analysis
All experiments were performed in triplicate at a minimum. The data were expressed as mean ± standard
deviations and analyzed by one-way analysis of variance (ANOVA) and the least-signi�cant difference
(LSD) test. Statistical signi�cance was set at p < 0.05. The statistical analysis was performed with SPSS
version 20.0 (SPSS, USA).

Results

Characterization of SPION@SS-31
The representative TEM images revealed that both SPION and SPION@SS-31 have good dispersibility
and uniform spherical shape. A single crystal structure with single crystallinity and lattice stripes was
observed in SPION or SPION@SS-31 (Fig. 2A). The surface charge (Zeta potential) of SPION@SS-31
synthesized in this experiment, exhibited a value of − 26.9 ± − 6.51 mV (Fig. 2B), which represents the
stability of this particle. The hydrodynamic diameter distribution of SPION@SS-31 in PBS has a single
peak and the Z-average particle size was 28.38 ± 0.32 nm (n = 3) (Fig. 2C). The hydrodynamic particle
sizes of the SPION@SS-31 are generally larger than those detected by TEM due to the potential drop
indicating the shrinkage of the hydration layer on the outside of the SPION@SS-31 in PBS and the
reduction of charge-charge interactions after loading SS-31. The magnetization curve of SPION@SS-31
con�rmed the good superparamagnetic character of SPION@SS-31 at room temperature since high
magnetization and lack of hysteresis were observed. The magnetization trajectory was a single curve that
passed through the origin. The saturation magnetization of the SPION@SS-31 is 54.26 emu/g (Fig. 2D),
suggesting that loading SS-31 did not affect the superparamagnetic property of SPION. The time course
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of SS-31 releasing from the SPION@SS-31 showed that SS-31 was rapidly released 70% within the �rst
12 hours, and then entered the slow release phase and lasted until 120 hours. (Fig. 2E).

[Figure 2 near here]

The Internalization of SPION@SS-31 and Macrophages
Morphological Alteration
The internalization of SPION@SS-31 or SPION was determined using Prussian blue staining, SEM and
TEM. After 24 hours of incubation, compared to the control group, Prussian blue staining clearly
demonstrated the iron oxide nanoparticles were engulfed by macrophages. (Fig. 3A). SEM and TEM
images con�rmed the accumulation of SPION@SS-31 in macrophages (Fig. 3B, C). Forward Scatter (FSC)
and Side Scatter (SSC) obviously increase in �ow cytometry plots of macrophages from the SPION group
than those of the control group (Fig. 3D). The FSC is related to the cell size, while the SSC is related to the
cell granularity and complexity. The increased FSC implies enlarged cell size, whereas the increased SSC
might indicate that cells became more irregular, evidenced by pseudopodia and protrusions on the
surface of the cells (Fig. 3E). This phenomenon might imply the enhanced particles phagocytic activities,
increased presence of vesicles in the cells like autophagy and increased cell apoptosis. Interestingly,
macrophages in the SPION@SS-31 group appeared to have only a mild effect. In addition, the number of
cell fragments increase in the SPION group than that of the SPION@SS-31 group (Fig. 3D), which
suggested the SPION caused the cell damage but the adverse effect was relatively slight in the
SPION@SS-31 group.

[Figure 3 near here]

SPION@SS-31 Mitigates Cell Apoptosis Induced by SPION
Cell viability in the SPION group was remarkably lower than that of the control and the SPION@SS-31
groups (both p < 0.05) (Fig. 4A). Compared with the SPION@SS-31 group, �ow cytometry analysis
showed the ratio of early apoptosis cells remarkably increased to almost 17% in the SPION group (both p 
< 0.05) (Fig. 4B, C). Notably, the ratio of early apoptosis cells in the SPION@SS-31 group were reduced to
half of the SPION group (almost 8%). Even though cell viability and early apoptosis ratio were different
between the SPION@SS-31 and the Control groups (both p < 0.05), these data still suggest that the
macrophage toxicity caused by SPION could be signi�cantly mitigated through SS-31 released from
SPION@SS-31.

[Figure 4 near here]

SPION@SS-31 Improves Mitochondrial Damage Induced by
SPION
To detect the level of oxidative stress, �ow cytometry was performed to evaluate ROS production among
the three groups. MFI of H2DCFDA images revealed that ROS production in the SPION group was almost
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6 times more than those in the SPION@SS-31 group (P < 0.05) (Fig. 5A-B). After 24 hours SPION
incubation, TEM images showed severe destruction of mitochondrial structure, including mitochondrial
swelling, vacuolation, and mitochondrial crest rupture. However, similar mitochondrial damage in the
SPION@SS-31 group was relatively mild. The damage score of mitochondrial structure from the
SPION@SS-31 group was only half of the SPION group (P < 0.05) (Fig. 5C-D), suggesting that SPION@SS-
31 could release SS-31 to signi�cantly inhibit mitochondrial damage mediated by SPION. Mitochondrial
ROS detection also exhibited that red �uorescence increased more signi�cantly in the SPION group
compared to the SPION@SS-31 group, in which remarkable red �uorescence dramatically decreased (P < 
0.05, Fig. 5E-F). Interestingly, mitochondrial ROS production was comparable between the SPION@SS-31
and the control groups (p > 0.05, Fig. 5F). These results suggested that SPION signi�cantly induced
oxidative stress of macrophages, but this adverse effect could be rescued by SS-31 released from
SPION@SS-31.

[Figure 5 near here]

SPION@SS-31 Inhibits Polarization of Macrophages to M1-
Like Macrophages Induced by SPION
We further examined the phenotype and secretory function of macrophages after treatment with different
nanoparticles. Compared with the control group, the SPION group demonstrated markedly up-regulated
levels of IL-6 and TNF-α and expression of CD80 and CD86 (P < 0.05, Fig. 6A, B, E, F, I, J), suggesting that
SPION have the potential to induce macrophages to polarize into pro-in�ammatory M1-like subtype.
Surprisingly, the levels of TNF-α secretion and the expression of CD80 and CD86 in the SPION@SS-31
group were signi�cantly lower than those in the SPION group (P < 0.05, Fig. 6A, B, E, F, I). Moreover, the
expression of CD163 was obviously up-regulated in the SPION@SS-31 group compared to the control and
the SPION groups (P < 0.05, Fig. 6C, G), and the expression of CD80 and CD86 showed no signi�cant
change between the control group and the SPION@SS-31 group (P > 0.05, Fig. 6E-F). Correspondingly, the
concentration of IL-10 and TGF-β in the SPION@SS-31 group was markedly higher than those in the
SPION group (P < 0.05, Fig. 6K, L). There was no signi�cant difference in the expression of CD206 among
the three groups (P > 0.05, Fig. 6D, H). Taken together, these data indicated that SPION@SS-31 could not
only signi�cantly inhibit the polarization of macrophages to the M1-like subtype induced by SPION, but
has the potential to promote the polarization of macrophages to anti-in�ammatory M2-like subtype.

[Figure 6 near here]

Discussion
In the previous study, we observed that after intramyocardial transplantation of SPION labeled MSCs,
SPION, as foreign bodies, induced a large number of macrophages in�ltration in peripheral zones of
myocardial infarction, which potentially aggravated the in�ammatory response of infarcted myocardium,
thereby provoking a concern whether SPION could trigger a pro-in�ammatory effect when applied in
cardiovascular �eld [26]. Macrophages at days 1–3 following myocardial infarction are dominated by
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classically activating pro-in�ammatory M1 subtype, which secrete cytokines, chemokines, growth factors,
and matrix metalloproteinase to clear up the cell debris and degrade the extracellular matrix. M1
macrophages polarize into alternative anti-in�ammatory M2 subtype at days 5–7 post-myocardial
infarction. In contrast, M2 macrophages are preparative, which produce anti-in�ammatory, preparative
and proangiogenic factors (examples, IL-10, TGF-β1 and vascular endothelial growth factor) and remove
dead cells to promote neovascularization and scar repair [27, 28]. However, the persistence of M1
macrophages can result in an expansion of infarct size and hinder the resolution of in�ammation and
scar formation [29].

Disturbingly, SPION have been reported to inhibit tumor growth by inducing macrophage polarization to
pro-in�ammatory subtype in tumor tissues [13]. Different morphology of SPION can induce pyroptosis,
in�ammasome activation and IL-1β secretion, especially the plate and octapod SPION demonstrating
signi�cantly higher activity than the sphere and cube SPION [30]. The above results implied the possibility
that the SPION, when employed as therapeutic substance carriers or magnetic resonance contrast agents
in ischemic myocardium, may disturb the shift of macrophages from M1 to M2 by inducing the
prolonged pro-in�ammatory effect, thereby impeding the repair process after myocardial infarction.

Moreover, it has been proved that compared to normo-ferremic ApoE-/- mice, atherosclerosis is
dramatically aggravated in iron-loaded ApoE-/- FPNwt/C326S mice, indicating that iron can promote the
progression of atherosclerosis. Excess iron deposits in the arterial media layer, facilitating vascular
oxidative stress, dysfunction and plaque formation. Atherosclerosis is aggravated by iron-provoked
vascular permeabilization, persistent endothelial activation, increased pro-atherogenic in�ammatory
mediators, lipid pro�le alterations, and reduced nitric oxide availability. Correspondingly, iron chelation
therapy and a low-iron diet signi�cantly alleviated the severity of the disease in ApoE-/-FPNwt/C326S mice
[31]. Recently, SPION have been used as contrast agents to visualize atherosclerotic plaque, for they are
easy to be internalized by macrophages in atherosclerotic plaque [32]. Another concern is that SPION
might induce iron overload at the cellular level after being internalized and degraded by macrophages in
the plaque, aggravating plaque progression or promoting plaque instability through mediating oxidative
stress, pro-in�ammatory effect and endothelial cell dysfunction. Good safety and biocompatibility are the
necessary prerequisites for the clinical transformation of SPION. Therefore, it is urgent to explore
strategies to improve the biosafety of SPION.

SPION have been con�rmed to damage a variety of organelles by inducing ROS generation, including
Golgi stress, destruction of lysosome and mitochondria and over activated endoplasmic reticulum stress
and autophagy [17, 33], especially mitochondria, as the energy factory of cells, is very crucial to maintain
energy metabolism and physiological function. Furthermore, mitochondria are also the largest iron
metabolism organelle and the main place for ROS production in cells. Thus, mitochondria are speculated
to be the main target organelle of SPION [11, 34].

Mitochondrial targeted antioxidant peptides have been con�rmed to play a strong protective role against
ischemic brain injury and kidney ischemia-reperfusion injury [35, 36]. In particular, SS-31 (D-Arg-DMT-Lys-
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Phe-NH2) has been proved to be the most effective protective agent against ischemia-reperfusion injury
in SS peptides [37, 38]. After entering mitochondria, tyrosine residues on SS-31 polypeptide scavenge
ROS by forming inactive tyrosyl groups, signi�cantly inhibit ROS production and reduce lipid peroxidation
and cardiomyocyte death, eventually reducing infarct size [39, 40]. In view of this, SS-31 might bear the
potential to improve the cardiovascular safety of SPION by protecting mitochondria.

We �rst prepared negatively charged SPION as previously described [17], and then successfully
constructed SPION@SS-31 by PEI mediated adsorption (Fig. 1). Our data showed that compared with the
control group, SPION induced loss of viability and increase of early apoptosis, up-regulated the
expression of CD86 and CD80 (M1-like subtype markers) and down-regulated the expression of CD163
(M2-like subtype marker) in macrophages, accompanied by the increased secretion of TNF-α and IL-6 and
the decreased secretion of TGF-β and IL-10, strongly suggesting that SPION can induce the polarization
of macrophages into pro-in�ammatory M1-like subtype in vitro study. Interestingly, compared with the
control group, SPION@SS-31 only induced a slight loss of cell viability and early apoptosis of
macrophages after 24 hours of treatment. Notably, SPION@SS-31-treated cells demonstrated that the
expression of CD163 was up-regulated and the expression of CD86 and CD80 was down-regulated, along
with the decreased secretion of TNF-α and increased secretion of TGF-β and IL-10. Meanwhile, we
observed that the SPION induced a signi�cant increase in the level of ROS and serious damage to the
mitochondria, characterized by mitochondrial swelling, blurring of mitochondrial cristae and vacuolation,
implying that oxidative stress and mitochondrial damage might be the main toxic mechanism of SPION.
The level of cellular ROS and the mitochondrial damage in the SPION@SS-31 group were signi�cantly
lower than those in the SPION group. All these suggested that after internalized by macrophages,
SPION@SS-31 can release the active form of SS-31 to the mitochondrial inner membrane, where it exerts
a mitochondrial targeted antioxidant effect, protecting mitochondria from oxidative stress damage
mediated by Fenton reaction catalyzed by SPION degradation to ferrous ion. Moreover, SPION@SS-31
exhibited a tendency to induce macrophages to polarize to M2-like subtype even though there is no
signi�cant difference in the expression of CD206 between the SPION and the SPION@SS-31 groups. At
the present study we only detected mitochondrial structure and oxidative stress injury. Further detection
of the downstream molecular mechanism of oxidative stress, including proteins related to iron
metabolism, such as ferritin, iron exporter ferroprotein, transferrin, and signaling pathways of pyroptosis
[30, 41] or ferroptosis [42, 43], which have been reported in other studies would be investigated in future
work.

Previous studies have con�rmed that the cytotoxicity of SPION is time and concentration dependent [44–
46]. Here, we only detected the cellular events of a moderate concentration of 50µg/ml Fe3O4 at 24-hour
observation. The time course of SS-31 releasing from the SPION@SS-31 exhibited that SS-31 has the
potential to maintain the effective concentration for at least 96 hours, thereby it is possible to stably play
the mitochondrial targeted antioxidant effect in higher concentration and longer observation.

Our previous study has con�rmed that the M-MSN@NAC can attenuate cytotoxicity of iron oxide
nanoparticles in hypoxia/reoxygenation cardiomyocytes. However, our in vivo experiments showed that
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M-MSN@NAC only mildly improved the negative left ventricular remodeling mediated by iron oxide
nanoparticles in a rat model of myocardial ischemia-reperfusion (data not published). We speculated that
the unsatisfactory result was attributed to the fact that NAC was rapidly released 72% within 2.5 hours,
and only lasted until 48 hours [17], so it is di�cult to play a long-term protective role in animal
experiments; More importantly, we observed that the main target organelle of iron oxide nanoparticles is
mitochondria, whereas NAC has no mitochondrial targeting function, so it failed to prevent mitochondria
against ROS attack. Thus, we determined to employ mitochondrial targeted antioxidant SS-31 to modify
SPION. The observation of 24 hours in vitro has been shown SPION@SS-31 can effectively inhibit the pro-
in�ammatory effect induced by SPION. Next, we will plan to construct a sustained release system of
SPION@SS-31 by polyethylene glycol (PEG) modi�cation, maintaining the long-term effective
concentration of SS-31 in vivo study, in which PEG has been employed in preparing drug sustained-
release delivery system with good biocompatibility [47, 48].

Our study demonstrated for the �rst time that the modi�cation of mitochondrial targeted antioxidant SS-
31 can signi�cantly inhibit the pro-in�ammatory effect mediated by SPION. Considering that the pro-
in�ammatory effect mediated by SPION may impede the repair of infarcted heart or induce plaque
instability, it is particularly important to improve the cardiovascular safety of SPION. The SS-31
modi�cation is expected to be a promising strategy to improve the cardiovascular safety of SPION, which
needs to be further veri�ed by animal experiments.

Conclusion
SPION can promote macrophages polarization to the M1-like subtype by inducing oxidative stress and
mitochondrial damage, while SPION@SS-31 could signi�cantly inhibit macrophage toxicity mediated by
SPION via releasing SS-31 and has the potential to induce macrophages polarization to M2-like subtype.

Abbreviations
SPION
Superparamagnetic iron oxide nanoparticles
ROS
reactive oxygen species
ELISA
enzyme-linked immunosorbent assay
TEM
transmission electron microscope
DLS
Dynamic light scattering
SEM
scanning electron microscope
FSC
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forward scatter
SSC
side scatter
CCK-8
Cell Counting Kit-8
MFI
median �uorescence intensity
ANOVA
one-way analysis of variance
OD
optical density
NAC
N-acetylcysteine
PEG
polyethylene glycol
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Figure 1

Schematic diagram of SPION@SS-31 synthesis
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Figure 2

Characterization of SPION@SS-31. (A) Representative TEM images of SPION and SPION@SS-31. (B) Zeta
potential distribution of SPION@SS-31. (C) Hydrodynamic diameter distribution of SPION@SS-31 in PBS.
(D) Magnetization curve of SPION@SS-31. (E) Pro�le of SS-31 release from the SPION@SS-31 dissolved
in PBS (pH=7.4) at 37°C. Data were collected from three independent experiments. 
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Figure 3

The internalization of SPION@SS-31 and macrophages morphological alteration. (A) Prussian blue
staining images showed the accumulation of iron-containing nanoparticles in macrophages following
incubation with SPION or SPION@SS-31 for 24h. (B) SEM image of the phagocytosis of SPION@SS-31,
red arrows denote the SPION@SS-31. (C) TEM image of the macrophage phagocytosis of SPION@SS-31
(D) Representative �ow cytometry pictures of FSC/SSC parameters showing the size and granularity of



Page 21/24

macrophages following incubation with culture medium, SPION or SPION@SS-31 for 24h, respectively.
(E) SEM image of macrophages following incubation with culture medium, SPION or SPION@SS-31 for
24h, respectively.

Figure 4
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SPION@SS-31 mitigates cell apoptosis induced by SPION. (A) Macrophage viability after 24h incubation
measured by CCK-8. (B) Flow cytometric early apoptosis scale of macrophages exposed to the culture
medium, SPION or SPION@SS-31 for 24h, respectively. (C) Representative pictures of the apoptosis
analysis of different groups. (*p<0.05)

Figure 5
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SPION@SS-31 improves mitochondrial damage induced by SPION. (A) ROS levels were measured by
H2DCF-DA staining using �ow cytometry. Lines from bottom to the top are black: control; orange: SPION
and blue: SPION@SS-31, respectively. (B) Relative mean �uorescence intensity of different groups after
H2DCF-DA staining. (C) Flameng score of mitochondrial damage assessment. (D) Representative TEM
image of ultrastructure and organelles of macrophages exposed to different nanoparticles for 24h. Red
arrows indicated the internalized nanoparticles; Yellow arrows indicated the mitochondria (E)
Representative photomicrographs of mitochondrial ROS in macrophages treated with different
nanoparticles. Red �uorescent intensity indicated ROS production. (F) Quantitative analysis of red
�uorescent intensity in individual group. (*p<0.05).



Page 24/24

Figure 6

SPION@SS-31 inhibits polarization of macrophages to M1-Like macrophages induced by SPION. (A-D)
Cell surface markers CD80, CD86, CD163, and CD206 expression were detected by �ow cytometry. Lines
from bottom to the top are black: control; orange: SPION; and blue: SPION@SS-31, respectively. (E-H) MFI
of cell surface markers described above. (I-L) TNF-α, IL-6, TGF-β, and IL-10 production in the cell culture
supernatant were detected by ELISA. (*p<0.05)


