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Abstract
Background: Fe3O4 nanoparticles are widely used in the diagnosis and treatment of diseases, but the toxicity
should not be ignored. It has been reported that PDA modi�cation can reduce the toxicity of Fe3O4 and increase the
biocompatibility. However, a better modi�cation method is still worth studying. We have developed a new method
to coat Fe3O4@PDA nanoparticles with mesenchymal stem cells membrane (MSCM) and evaluated the lung
toxicity of the modi�ed particles to mice.

Result: We found that MSCM modi�cation signi�cantly reduced the lung injury induced by Fe3O4 nanoparticles in
mice. Compared with Fe3O4@PDA nanoparticles, co-modi�cation with MSCM and PDA modi�cation signi�cantly
reduced autophagy and apoptosis of mouse lung tissue, and reduced the activation of autophagy pathway AMPK-
ULK1 axis. Thus, co-modi�cation with MSCM and PDA prevents Fe3O4-induced pulmonary toxicity in mice by
inhibiting the AMPK-ULK1 derived autophagy.

Conclusion: MSCM coated Fe3O4@PDA nanoparticles were demonstrated to prevent lung damage from autophagy
and reduce the toxicity of iron oxide nanomaterials. The co-modi�cation of PDA and MSCM can improve the
biocompatibility and facilitate their further bioapplication.

Background
Nano-sized Fe3O4has many specialproperties, such as superparamagnetism,which enables it to be used as
magnetic resonance imaging contrast agents[1], targeted drug delivery systems[2]and hyperthermic
agents[3].However, the negative effects of nano-sized Fe3O4 in practical application should not be ignored. Some
studies have shown that metal oxides,including Fe2O3,Fe3O4 and ZnO can induce autophagy in vivo[4, 5]. In
addition, it has been reported that in the process of drug treatment with nanoparticles, nanoparticles not only
induce autophagy of speci�c lesions, but also induce autophagy of normal cells, leading to poisoning of healthy
cells[6].

As the most abundant organ of blood �ow, pulmonary macrophages absorb nanoparticles through endocytosis
and cause lung damage[7–9].Nano titanium exposure induces dose- and size-dependent cytotoxicity on human
epithelial lung cells[10].Nano NiO can lead to lung injury in rats which may be related with nitrative stress reaction
based on pulmonary in�ammation[11].Little is known about the role of Fe3O4 in pulmonary toxicity, northe
mechanisms of Fe3O4-induced autophagy.

Before being used in medicine, the nanoparticles must be modi�ed with some molecular layers to produce
biocompatibility. Dopamine is one of the main pigments of melanin, which is rich in neurotransmitter in human
body. This neurotransmitter can self-aggregate to form polydopamine (PDA) under speci�c conditions. Because of
the high biocompatibility and biodegradability, PDA has been widely used in the camou�age of nanoparticles and
various biomedical applications[12].PDA-coated magnetic nanostructureshave good thermal stability,
photothermal conversion e�ciencies, pH responsiveness,biocompatibility and low genotoxicity[13–15].Some
studies have shown that the use of PDA modi�cation can signi�cantly improve the biocompatibility of Fe3O4, but it
still shows a certain degree of cytotoxicity. Therefore, the development of new modi�cation methods is an urgent
need for the clinical application of Fe3O4.
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The natural stem cell membrane camou�aged nanoparticles were used as new drug delivery carriers[16]. The new
drug delivery carrier �rst separated the mesenchymal stem cell membrane, and then obtained the nanoparticles
camou�aged by the physical extrusion method. By passing the "passport" to these nanomaterials, the immune
system avoids external rejection of particles, thereby avoiding the occurrence of immune responses[17]. The
nanoparticles camou�aged by stem cell membrane have the advantages of uniform particle size, good stability
and biocompatibility.

Herein, wehave developed a new surface modi�cation method of Fe3O4, that is, the surface of Fe3O4 is modi�ed by
mesenchymal stem cell membrane (MSCM) after it is coated with PDA. Compared with Fe3O4@PDAparticles, this
modi�ed method has better biocompatibility and less lung damage. In addition, we also explored the mechanism
of lung injury induced by Fe3O4. MSCMmodi�cation apparently avoided most of the autophagy induced by Fe3O4,
and the autophagy related AMPK-ULK1 pathway activation was obviously lower.

Materials And Methods
Preparation of Fe3O4 and Fe3O4@PDA

Fe3O4 nanoparticles stabilized by oleic acid were prepared by thermal decomposition method. In short, 2mM of
iron acetylacetonate, 5mM of 1,2-hexadecanediol, 6mM of oleic acid and 6mM of oleyl ammonia were mixed in
20mL of dibenzyl ether and mixed under nitrogen for 15min, and then heated to 200 ℃. After 30 min of reaction, it
was vortexed at 265 ℃ for another 30 min and cooled to room temperature. The oleic acid-stabilized Fe3O4

nanoparticles were separated by a magnet, then washed with n-hexane and ethanol back precipitation three times,
and then dispersed in toluene. Then disperse Fe3O4 nanoparticles and super particles in Tris buffer solution
(10mM, pH8.5), add PDA hydrochloride monomer and stir for 3h, and then wash the centrifugal washing to remove
excess self-polymerized dopamine in the solution to obtain Fe3O4@PDA superparamagnetic nanoparticles.

Preparation of Cells and MSCM-Fe3O4@PDA

MSCs were purchased from American Type Culture Collection (Manassas, VA, USA).  They were cultured in DMEM
α supplemented with 10% FBS in a humidi�ed atmosphere of 5% CO2 at 37°C. The suspended cells were washed 3
times with PBS and centrifuged. Then, the cell pellet was suspended in a mixture of 225 mM d-mannitol, 20 mM
Tris-HCl (pH 7.5), 75 mM sucrose and 0.2 mM EGTA for 24 hours to allow them to completely dissolve. The cells
were then disrupted using a Dounce homogenizer at 4 °C. After centrifuging at 3500 g for 5 min at 4 °C, the
supernatant was kept and centrifuged at 20,000 g for 30 min at 4 °C. The supernatant was discarded and the
membrane of MSCs was collected as an off-white precipitate for subsequent experiments.The MSCM were fully
dispersed in PBS, and cell membrane vesicles were prepared using Avanti micro extruder. MSCM vesicles and
Fe3O4@PDA core were mixed at a weight ratio of polymer to membrane protein of 2: 1 and coextruded through a
PDA membrane with a pore size of 200 nm for 10 times to obtain MSCM-Fe3O4@PDA.

Animal experiment

As shown in Figure.1, 48 ICR mice weighing 18-22 g were purchased from SPF Biotechnology (Beijing, China) and
were randomized into four groups: saline, Fe3O4, Fe3O4@PDA and MSCM-Fe3O4@PDA exposure groups. Drug was

injected into mice via tail vein. The dosage of Fe3+ was 45 mg/kg.kw/d (1/10 LD50).After four weeks, the mice
were euthanized. According to the previously described method, the lungs were taken out and lavaged using 500
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μL PBS for three times to obtain a total of 1500 μL of bronchoalveolar lavage �uid (BALF).Then half of the lungs
of each group were stored at -80 degrees to extract protein and mRNA, and the rest were �xed with 4% formalin and
stored at room temperature for staining.

H&E staining

Para�n sectionswere dewaxed to water, dyed with Harris hematoxylin for 3-8 min and washed with water.Then the
sectionswere immersed 1% Hydrochloric acid alcohol for several seconds and washed with water.Next, the
sections were dyed in eosin solution for 1-3 min, then dehydrated gradiently and sealed with gum. The sections
were observed under microscope and the images were collected.

Western blotting

The mice lung tissues were lysed with ice-cold RIPA lysis buffer containing phosphatase-protease inhibitor
cocktails (Beyotime Biotechnology, Shanghai, China). The concentration of protein was measured by BCA Protein
Assay Kit (Beyotime Biotechnology, Shanghai, China). Equal amounts of protein lysates were subjected to SDS gel
electrophoresis, immunoblotted with primary antibodies, and then the matched secondary antibodies. Western blot
results were quanti�ed by using the Image J software. Antibodies:Bax Rabbit Polyclonal antibody (Proteintech, CN,
50599-2-Ig); Bcl-2 Rabbit Polyclonal antibody (Proteintech, CN, 12789-1-AP); Cleaved Caspase-3 Rabbit Polyclonal
antibody (Cell Signaling Technology, US, 9664); Cleaved Caspase-9 Mouse Polyclonal antibody (Cell Signaling
Technology, US, 9509); Beclin1 Rabbit Polyclonal antibody (Proteintech, CN, 11306-1-AP); P62 Rabbit Polyclonal
antibody (Proteintech, CN,18420-1-AP); LC3 Rabbit Polyclonal antibody (Proteintech, CN,14600-1-AP); LC3-II Rabbit
Polyclonal antibody (Cell Signaling Technology, US, 3868); p-AMPK Rabbit Polyclonal antibody (Cell Signaling
Technology, US, 4186); AMPK Rabbit Polyclonal antibody (Proteintech, CN, 10929-2-AP);p-ULK1 Rabbit Polyclonal
antibody (Cell Signaling Technology, US,37762); ULK1 Rabbit Polyclonal antibody (Proteintech, CN, 20986-1-AP).

RNA isolation and qRT-PCR

Total RNA was extracted from tissues using TRIzol (Invitrogen) following the manufacturer’s instructions. 1mg of
total RNA was subjected to reverse transcription using the One-Step cDNA Synene, Beijing, China) was used for RT-
qPCR. The PCR primer sequences are shown as Table 1.

Table 1 Primers Used for qPCR
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Target gene Direction Sequence

Bcl-2 Forward CAGAGGGGCTACGAGTGGGATG

Reverse TGGGTTGCTCTCAGGCTGGAAG

Bax Forward TGCTGACGTGGACACGGACTC

Reverse AGCAAAGTAGAAGAGGGCAACCAC

AMPK Forward ACACGGGAGGGTTGAAGAGG

Reverse AGAATCTGCTGGAAGAGCCG

ULK1 Forward TCCCTACACACCTTCTCCCC

Reverse TCTGGTACGGGTACTCTGGG

β-actin Forward CACCCGCGAGTACAACCTTC

Reverse CCCATACCCACCATCACACC

Immunocytochemistry

Tissue slides were depara�nized and rehydrated, then incubated with primary antibodies overnight at 4 °C. Next,
the sections were incubated with matched secondary antibody for 30 minutes at room temperature, stained with
DAB, and counterstained with hematoxylin.

Statistical analysis

All statistical analyses were carried out using the SPSS 19.0 statistical software package (SPSS Inc., Chicago, IL,
USA). The data were presented as the mean ± standard deviation (SD) at least three independent experiments. For
the analysis of IHCpictures, 5 visual �elds were randomly selected to take photos, and the average score was
calculated.Data were analyzed using one-way analysis of variance for comparison between groups.p<0.05 was
statistically signi�cant.

Results
Characterization ofFe3O4, Fe3O4@PDA and MSCM-Fe3O4@PDA

Through TEM observation, Fe3O4, Fe3O4@PDA and MSCM-Fe3O4@PDA all showed uniform spherical structure,
while MSCM-Fe3O4@PDA camou�aged with MSCM showed spherical core-shell structure, which indicated that
MSCM had successfully camou�aged on the surface of Fe3O4@PDA (Figure.2A).Compared with Fe3O4@PDA, the
average hydrodynamic diameter of MSCM-Fe3O4@PDA increased from 70.6±0.8nm to 85.4±1.4nm, which was
basically consistent with the results of TEM. The increase in diameter may be due to the thickness of MSCM
produced by lipid bilayer (Figure.2B).

The protein bands of Na+-K+-ATPase and CXCR4 were clearly observed on the surface of MSCM-Fe3O4@PDA, the
lysate of MSCs and the membrane of MSCs (Figure.2C). In addition, GAPDH bands were clearly observed in the
cracking solution of MSCs, but almost no in the MSCM-Fe3O4@PDA nanoparticles and MSCs membrane, which
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indicated the purity of MSCM, and con�rmed that the surface of Fe3O4@PDA was successfully camou�aged by
MSCM.

Co-modi�cation with MSCM and PDA prevents Fe3O4-induced lung injury in mice

The total amount of protein and neutrophils in BALF can re�ect the lung damage of mice. As shown in Table 2, we
found that compared with Fe3O4group, the amount of total protein and neutrophils in BALF of Fe3O4@PDAgroup
and MSCM-Fe3O4@PDAgroup decreased signi�cantly. Compared with Fe3O4@PDA group, the amount of total
protein and neutrophil number of MSCM-Fe3O4@PDA were more reduced.We then measured the level of
in�ammatory factors in BALF. The ELISA assay showed that the expression of IL-6 and IL-8 in mice exposed to
Fe3O4 increased signi�cantly, while the level of in�ammatory factors induced in Fe3O4@PDA group, and further
decreased inMSCM-Fe3O4@PDA group. The results showed that the co-modi�cation of MSCM and PDA increased
the biocompatibility of Fe3O4 nanoparticles and reduced lung injury in mice.

Table 2 Detection of in�ammatory factors in BALF of mice (mean±sd)

Factors Total protein
concentration

Number of
neutrophils

IL-6

(pg/mL)

IL-8

(pg/mL)

TNF-α (pg/mL)

Saline 98.33±8.50 4536.67 ± 152.88 1.72 ±0.17 1.70±0.29 4.08±0.43

Fe3O4 497.00±9.54a 23153.67 ± 530.10a 72.82 ± 7.64a 55.16±3.81a 106.76±6.64a

Fe3O4@PDA 437.67±8.33ab 15758.00±1642.74ab 52.54 ±5.09ab 35.52±4.73ab 83.94±2.80ab

MSCM-
Fe3O4@PDA

392.67±20.53abc 11287.33±781.47abc 19.18±4.50abc 19.55±0.79abc 34.39±10.91abc

F value 576.68 203.00 117.89 165.20 151.97

p value <0.001 <0.001 <0.001 <0.001 <0.001

(a: Signi�cant compared with the Saline group; b: Signi�cant compared with the Fe3O4 group; c:Signi�cant
compared with the Fe3O4@PDA group)

Co-modi�cation with MSCM and PDA prevents Fe3O4-induced apoptosis of lung tissue

HE staining was used to detect the pathological morphology of the lungs of mice (Figure.3A). The results showed
that Fe3O4 induced signi�cant pathological changes in the alveoli of mice, including thickening of alveoli,
hemorrhage and edema of alveoli, and in�ltration of in�ammatory cells. No pathological changes were observed in
the lungs of mice exposed to MSCM-Fe3O4@PDA. We then used TUNEL staining to detect the apoptosis of lung
cells in mice. The results showed that Fe3O4 signi�cantly induced the apoptosis of mouse lung cells, PDA
modi�cation reduced the apoptosis rate, and MSCM modi�cation further reduced the apoptosis of mouse lung
cells (Figure.3B, Figure.3C).Western blotting (Figure.3D) and PCR (Figure.3E) showed that MSCM modi�cation
signi�cantly inhibited the increase of Bax induced by Fe3O4. For Bcl-2, MSCM-Fe3O4@PDA signi�cantly increased
its expression, compared with Fe3O4@PDA group.
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We next performed IHC staning to detect the expression of apoptosis related proteins in mouse lung tissue
(Figure.4A).The results showed that Fe3O4 signi�cantly increased the expression of Bax (Figure.4B), Caspase-3
(Figure.4D) and Caspase-9 (Figure.4E), and decreased the expression of Bcl-2 (Figure.4C), which was consistent
with our Western blot results. Compared with the Fe3O4@PDA group, MSCM-Fe3O4@PDA group further reduced the
increase of Bax and the decrease of Bcl-2. Those results show that co-modi�cation with MSC and PDA prevents
Fe3O4-induced apoptosis of lung tissue.

Co-modi�cation with MSCM and PDA prevents Fe3O4-induced autophagy of lung tissue

It has been reported that nanoparticles lead to apoptosis by inducing autophagy. We then detected autophagy
makers in the lung tissue of mice. It was found that Fe3O4 signi�cantly increased the number of autophagic
vesicles in mouse lung cells, while PDA decreased the number of autophagic vesicles, and MSCM further reduced
the increase of autophagic vesicles (Figure.5A).Beclin1 is the key regulatory protein of autophagy. As shown in
Figure.5B, we found that the expression of Beclin1 protein in the lungs of mice exposed to Fe3O4 increased
signi�cantly.Compared with the Fe3O4@PDA group, the expression of Beclin1 protein in the lungs of mice in the
MSCM-Fe3O4@PDA group decreased more obviously.P62 is an intracellular protein induced by stress and acts on
selective autophagy.We found that the expression of p62 protein in lung of mice exposed to Fe3O4 decreased
signi�cantly, while the original level of p62 protein could be restored by MSCM modi�cation.LC3 is a marker of
autophagy. When autophagy is formed, cytoplasmic LC3 (LC3-I) will hydrolyze a small peptide and change into
membrane type (LC3-II). The ratio of LC3-II/I can estimate the level of autophagy. We detected the LC3-II/I ratio of
lung in four groups of mice by Western blotting. The results showed that MSCM-Fe3O4@PDA signi�cantly inhibited
the increase of LC3-II/I ratio induced by Fe3O4.IHC staining (Figure.6A) of Beclin1 (Figure.6B), p62 (Figure.6C) and
LC3-II(Figure.6D) protein in mouse lung was consistent with Western blot. These results indicate that co-
modi�cation with MSCM and PDA prevents Fe3O4-induced autophagy of lung tissue.

Co-modi�cation with MSCM and PDA prevents Fe3O4-induced activation of AMPK-ULK1 axis

Ulk1 complex can be used as a bridge between upstream energy sensing protein AMPK and downstream
autophagy formation. Ulk1 is highly phosphorylated by AMPK, and then Beclin1 is activated, which is necessary
for autophagy initiation.We then examined whether co-modi�cation with MSCM and PDA attenuated Fe3O4

induced autophagy by interfering with the AMPK-ULK1 axis, a key regulatory pathway of autophagy. The results of
Western blotting (Figure.7A) showed that there was no signi�cant difference in the total protein levels of AMPK
and ULK1 in the lung tissues among groups. However, Fe3O4 exposure signi�cantly increased the phosphorylation
level of AMPK and ULK1 protein in mice lungs, while PDA and MSCM modi�cation signi�cantly restored the
phosphorylation level of AMPK and ULK1 protein. Compared with the Fe3O4@PDA group, the level of p-ULK1
protein in the lung of the MSCM-Fe3O4@PDA group was further reduced. ThePCR results (Figure.7B) showed that
the expression of AMPK and ULK1 mRNA was no signi�cant affected among groups. The above results show
thatco-modi�cation with MSCM and PDA prevents Fe3O4-induced activation of AMPK-ULK1 axis.

Discussion
Iron oxide nanoparticles have gained extensive attention in biomedicine because of their excellent magnetic
properties[18, 19].Tagged molecule can now be directed to a desired location with help of an external magnet[20].
Only precaution one has to take is to select a magnetic material having low toxicity and its ability for binding a
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biomolecules[21].Unfortunately, unmodi�ed metal nanoparticles are often reported to have toxic effects, including
hepatotoxicity[22, 23], nephrotoxicity[24, 25] and myocardial toxicity[26, 27]. In this study, we focused on the lung
toxicity induced by Fe3O4 and how to use new modi�cation methods to reduce the negative effects of Fe3O4.

The damage of nanoparticles to organs is usually caused by cell apoptosis.Apoptosis is mainly caused by the
activation of caspase, a cysteine protease, by signal stimulation in vitro or intracellular[28]. Autophagy, like
apoptosis, is an important physiological response of cells[29]. Under normal physiological conditions, autophagy
remains at a low basic level, but it can be induced by some speci�c cell stress states[30].Autophagy may have
different effects on cells. Under speci�c circumstances, autophagy can maintain cell survival, which is called
protective autophagy[31], and sometimes autophagy can cause secondary apoptosis[32].We injected Fe3O4 into
the tail vein of mice and took out the lungs of mice four weeks later for observation. We found that Fe3O4 led to the
destruction of mice lungs and the increase of apoptosis of lung cells. This is consistent with Stern’s report[33]that
demonstrated elevated levels of autophagic vacuoles upon exposure of cells to certain nanomaterials and the
interaction between nanomaterials and the autophagy pathway is disruptive, resulting in obvious morphological
changes and �nally cell death.

In order to further push the limits of nanoparticle performance and function, a paradigm shift to a bionic design
strategy has recently emerged[34]. A new class of biomimetic nanoparticle has been reported that combines the
advantages of natural, cell membrane-derived vesicles with more traditional synthetic nanoparticulate
platforms[35, 36]. This new coating technology of grafting the cell membrane onto the surface of nanoparticles
has pushed the nanomedicine to a new stage of development. The camou�aged nanoparticles can better adapt to
the complex physiological environment[37]. Through homologous recognition, they can not only avoid the
elimination of the immune system, but also greatly enhance the targeting characteristics, which has great
application potential.

These particles generally employ a core-shell design, with a layer of cell membrane coated around a preformed
nanoparticle core. Initially, membrane-coated nanoparticles were fabricated using a combination of red blood cell
membrane and poly(lactic-co-glycolic acid), a biodegradable polymer, via a co-extrusion approach[38]In this
experiment, we used the umbilical cord derived MSCM as a vesicle to wrap PDA modi�ed Fe3O4 particles.Given the
demonstrated low immunogenicity and strong targeting of stem cell membrane[39], we hypothesized that this new
modi�cation technology can greatly reduce the organ toxicity of Fe3O4 particles in vivo.

It is worth noting that mice injected with Fe3O4 particles coated with MSCM showed signi�cantly lower lung injury,
lower apoptosis and autophagy levels, which indicated that the co-modi�cation of MSCM and PDA could
signi�cantly improve the biocompatibility of Fe3O4 particles modi�ed by PDA alone.

Recently, it has been established that there is a direct link between AMPK, which is an energy sensor and is
activated by glucose starvation[40], and ULK1 in triggering autophagy.Based on their doses and physico-chemical
characteristics, nanoparticles have the capability of producing reactive oxygen species (ROS) or otherwise
initiating signaling pathways that in addition to regulating autophagy, can eventually modulate different cell fates,
including necrosis, necroptosis, apoptosis[41]. The intrinsic pathway of apoptosis is initiated by mitochondrial
membrane permeabilization, various types of oxidative stress including hypoxia, DNA damage, and growth-factor
deprivation[42]. Mitochondrial ROS production is a tightly regulated redox signal that transmits information from
the organelle to the cell[43].It has been proposed that ROS can directly regulate AMPK activity independently of
changes in adenine nucleotides[44, 45]. Our results show that MSCM can signi�cantly reduce the activation of
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AMPK-ULK1 induced by Fe3O4 particles, which suggests that the protective effect of MSCM on mice lung may be
achieved by reducing the level of oxidative stress, which should be discussed in the further experiments.Although
PDA modi�cation has attenuated the lung toxicity of Fe3O4 particles, we found that Fe3O4 particles encapsulated
in stem cell membrane induce lower lung injury, autophagy and apoptosis than Fe3O4 particles modi�ed by PDA
alone.Thus, MSCM-coated Fe3O4@PDAmight be safely used for drug delivery and disease diagnosis.

Conclusion
In this study, we developed a new surface modi�cation method of Fe3O4 particles, that is, MSCM was used to wrap
Fe3O4@PDAparticles, and proved its good biocompatibility through animal experiments.Co-modi�cation with
MSCM and PDA prevents Fe3O4-induced Pulmonary toxicity in mice by inhibiting the AMPK-ULK1 derived
autophagy, which makes MSCM-coated Fe3O4@PDAparticles have strong clinical application potential.

Abbreviations
MSCM, Mesenchymal stem cell membrane; PDA, polydopamine; PBS, phosphate buffer solution; BALF,
bronchoalveolar lavage �uid; ELISA, enzyme linked immunosorbent assay; H&E, hematoxylin-eosin; IHC,
immunohistochemistry; TEM, transmission electron microscopy; SD, standard deviation;ROS, reactive oxygen
species; AMPK, AMP-activated protein kinase; ULK1, unc-51 like autophagy activating kinase 1.
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Figure 1

As shown in Figure.1, 48 ICR mice weighing 18-22 g were purchased from SPF Biotechnology (Beijing, China) and
were randomized into four groups: saline, Fe3O4, Fe3O4@PDA and MSCM-Fe3O4@PDA exposure groups. Drug
was injected into mice via tail vein. The dosage of Fe3+ was 45 mg/kg.kw/d (1/10 LD50).After four weeks, the
mice were euthanized. According to the previously described method, the lungs were taken out and lavaged using
500 μL PBS for three times to obtain a total of 1500 μL of bronchoalveolar lavage �uid (BALF).Then half of the
lungs of each group were stored at -80 degrees to extract protein and mRNA, and the rest were �xed with 4%
formalin and stored at room temperature for staining.
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Figure 2

Through TEM observation, Fe3O4, Fe3O4@PDA and MSCM-Fe3O4@PDA all showed uniform spherical structure,
while MSCM-Fe3O4@PDA camou�aged with MSCM showed spherical core-shell structure, which indicated that
MSCM had successfully camou�aged on the surface of Fe3O4@PDA (Figure.2A).Compared with Fe3O4@PDA, the
average hydrodynamic diameter of MSCM-Fe3O4@PDA increased from 70.6±0.8nm to 85.4±1.4nm, which was
basically consistent with the results of TEM. The increase in diameter may be due to the thickness of MSCM
produced by lipid bilayer (Figure.2B). The protein bands of Na+-K+-ATPase and CXCR4 were clearly observed on
the surface of MSCM-Fe3O4@PDA, the lysate of MSCs and the membrane of MSCs (Figure.2C). In addition,
GAPDH bands were clearly observed in the cracking solution of MSCs, but almost no in the MSCM-Fe3O4@PDA
nanoparticles and MSCs membrane, which indicated the purity of MSCM, and con�rmed that the surface of
Fe3O4@PDA was successfully camou�aged by MSCM.
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Figure 3

HE staining was used to detect the pathological morphology of the lungs of mice (Figure.3A). The results showed
that Fe3O4 induced signi�cant pathological changes in the alveoli of mice, including thickening of alveoli,
hemorrhage and edema of alveoli, and in�ltration of in�ammatory cells. No pathological changes were observed in
the lungs of mice exposed to MSCM-Fe3O4@PDA. We then used TUNEL staining to detect the apoptosis of lung
cells in mice. The results showed that Fe3O4 signi�cantly induced the apoptosis of mouse lung cells, PDA
modi�cation reduced the apoptosis rate, and MSCM modi�cation further reduced the apoptosis of mouse lung
cells (Figure.3B, Figure.3C).Western blotting (Figure.3D) and PCR (Figure.3E) showed that MSCM modi�cation
signi�cantly inhibited the increase of Bax induced by Fe3O4. For Bcl-2, MSCM-Fe3O4@PDA signi�cantly increased
its expression, compared with Fe3O4@PDA group.
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Figure 4

We next performed IHC staning to detect the expression of apoptosis related proteins in mouse lung tissue
(Figure.4A).The results showed that Fe3O4 signi�cantly increased the expression of Bax (Figure.4B), Caspase-3
(Figure.4D) and Caspase-9 (Figure.4E), and decreased the expression of Bcl-2 (Figure.4C), which was consistent
with our Western blot results. Compared with the Fe3O4@PDA group, MSCM-Fe3O4@PDA group further reduced
the increase of Bax and the decrease of Bcl-2. Those results show that co-modi�cation with MSC and PDA
prevents Fe3O4-induced apoptosis of lung tissue.
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Figure 5

It has been reported that nanoparticles lead to apoptosis by inducing autophagy. We then detected autophagy
makers in the lung tissue of mice. It was found that Fe3O4 signi�cantly increased the number of autophagic
vesicles in mouse lung cells, while PDA decreased the number of autophagic vesicles, and MSCM further reduced
the increase of autophagic vesicles (Figure.5A).Beclin1 is the key regulatory protein of autophagy. As shown in
Figure.5B, we found that the expression of Beclin1 protein in the lungs of mice exposed to Fe3O4 increased
signi�cantly.
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Figure 6

The results showed that MSCM-Fe3O4@PDA signi�cantly inhibited the increase of LC3-II/I ratio induced by
Fe3O4.IHC staining (Figure.6A) of Beclin1 (Figure.6B), p62 (Figure.6C) and LC3-II(Figure.6D) protein in mouse lung
was consistent with Western blot. These results indicate that co-modi�cation with MSCM and PDA prevents
Fe3O4-induced autophagy of lung tissue.



Page 19/19

Figure 7

Ulk1 complex can be used as a bridge between upstream energy sensing protein AMPK and downstream
autophagy formation. Ulk1 is highly phosphorylated by AMPK, and then Beclin1 is activated, which is necessary
for autophagy initiation.We then examined whether co-modi�cation with MSCM and PDA attenuated Fe3O4
induced autophagy by interfering with the AMPK-ULK1 axis, a key regulatory pathway of autophagy. The results of
Western blotting (Figure.7A) showed that there was no signi�cant difference in the total protein levels of AMPK
and ULK1 in the lung tissues among groups. However, Fe3O4 exposure signi�cantly increased the phosphorylation
level of AMPK and ULK1 protein in mice lungs, while PDA and MSCM modi�cation signi�cantly restored the
phosphorylation level of AMPK and ULK1 protein. Compared with the Fe3O4@PDA group, the level of p-ULK1
protein in the lung of the MSCM-Fe3O4@PDA group was further reduced. ThePCR results (Figure.7B) showed that
the expression of AMPK and ULK1 mRNA was no signi�cant affected among groups. The above results show
thatco-modi�cation with MSCM and PDA prevents Fe3O4-induced activation of AMPK-ULK1 axis.


