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Purpose: The primary goal of the present study was to design doxorubicin (DOX)-loaded

superparamagnetic iron oxide (SPIO) nanoparticles (NPs) coated with mesenchymal stem

cell (MSC) membranes and explore their effect on colon cancer in vitro and in vivo.

Methods: DOX-SPIO NPs were coated with MSC membranes using an extruder, and the

morphological characteristics of MSC membrane-camouflaged nanodrug (DOX-SPIO@MSCs)

evaluated by transmission electron microscopy (TEM) and NP-tracking analysis. Drug loading

and pH response were assessed by UV spectrophotometry. Intracellular colocalization was

analyzed using NP-treatedMC38 cells stained with 3,3′-dioctadecyloxacarbocyanine perchlorate

andHoechst 33342. Cellular uptakewas analyzed using an inverted fluorescence microscope and

flow cytometry and cytotoxicity evaluated by cell counting kit-8 assay. Biological compatibility

was assessed by hemolysis analysis, immunoactivation test and leukocyte uptake experiments.

Furthermore, intravenous injection of chemotherapy drugs into MC38 tumor-bearing C57BL/6

mice was used to study anti-tumor effects.

Results: Typical core-shell NP structures were observed by TEM. Particle size remained

stable in fetal bovine serum and phosphate-buffered saline (PBS). Compared with DOX-

SPIO, DOX-SPIO@MSCs improved cellular uptake efficiency, enhanced anti-tumor effects,

and reduced the immune system response. Animal experiments demonstrated that DOX-

SPIO@MSCs enhanced tumor treatment efficacy while reducing systemic side effects.

Conclusion: Our experimental results demonstrate that DOX-SPIO@MSCs are a promising

targeted nanocarrier for application in treatment of colon cancer.
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Introduction
Nanocarriers based on targeted drug delivery systems have been extensively researched

and rapidly developed for application in clinical oncology treatments.1–4 To date,

enhanced permeability and retention effects remain the primary mechanism of uptake

of tumor-specific nanocarriers.5 Most nanoparticles (NPs) are recognized by the

immune system and cleared as foreign substances, thereby limiting their clinical

application.6 Hence, there is an urgent need to develop safer and more productive

approaches. Biomimetic NPs decorated with the bioactive membranes have become

one of the most appealing structures in this context, because the variability of NPs

combined with the complexity and functionality of cell membranes generates high

adaptability to the tumor microenvironment.7,8 For example, Zhang and coauthors

developed cell membrane-coated nanorods by ultrasonic mechanical mixing, and the
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resulting formulation exhibited improved tumor recognition

and exhibited highly efficient endocytosis.9

Mesenchymal stem cells (MSCs) are a class of multi-

potent cells able to self-renew and with potential to differ-

entiate into multiple cell lineages. In addition, MSCs

exhibit unique advantageous characteristics, including

a lack of immunogenicity,10 ability to circulate in the

blood for extended periods,11 and tumor/inflammatory-

specific properties12 in vivo. As a promising source of

cell membranes, MSCs can be isolated from various tis-

sues and increased in quantity in the laboratory.13 Further,

MSC-coated NPs can decrease macrophage uptake, to

reduce clearance by the reticuloendothelial system, and

increase targeted cellular uptake and tumor-selective

accumulation.14 Use of MSC membranes for surface mod-

ification of functional NPs to develop biomimetic drug

delivery platforms has become an area of intense research

focus.15,16

Inspired by the remarkable performance of MSCs in

previous investigations, in this study, we used MSC mem-

brane coating as a strategy to camouflage a nanodrug for

treatment of colon cancer. Doxorubicin (DOX) superpar-

amagnetic iron oxide (SPIO) NPs coated with mesenchy-

mal stem cell (MSC) membranes (DOX-SPIO@MSCs)

NPs exhibited better tumor cellular uptake, invoked

decreased immune responses, and potentiated strong anti-

tumor effects, with minimal adverse effects. Our results

demonstrate that DOX-SPIO@MSCs provide an excellent

nanoplatform for engineering tumor-targeting drug deliv-

ery systems.

Materials and Methods
Materials and Cell Lines
Dextran-coated SPIO (20 kDa), consisting of multiple crys-

talline iron oxide cores arranged into wormlike strings, with

a hydrodynamic diameter of 76.6 ± 1.6 nm (Figure S1), was

donated by Professor Dmitri Simberg, University of

Colorado Anschutz Medical Campus, USA. Phosphate-

buffered saline (PBS), penicillin-streptomycin and α-

Minimum Essential Medium (α-MEM) were all obtained

from HyClone Laboratories (Logan, Utah, USA).

Dulbecco’s Modified Eagle’s Medium (DMEM), 0.25%

Trypsin-EDTA, and fetal bovine serum (FBS) were from

Gibco Life Technologies (Grand Island, NY). DOX was

purchased from JIAKE Chemical (Suzhou, China). Dialysis

bags (molecular weight cut-off, 14 kDa) were from Solarbio

Science & Technology Co Ltd (Beijing, China). Cell

counting kit-8 (CCK-8) was obtained from Dojindo

Molecular Technologies (Kawasaki, Japan). Hoechst

33342, 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO),

and Coomassie Blue solution were purchased fromBeyotime

Biotechnology (Shanghai, China). FITC-labeled rabbit anti-

mouse caspase-3 antibodies were purchased from AMEKO

(Shanghai, China). Mouse monoclonal anti-human comple-

ment C3 polyclonal antibodies were purchased from Quidel

(San Diego, CA, USA). Donkey anti-mouse, IRDye 800CW-

labeled, secondary antibodies were from LI-COR

Biosciences (Lincoln, NE, USA).

MC38 colon cancer cells were purchased from the

Institute of Biochemistry and Cell Biology, Chinese

Academy of Sciences. Human umbilical cord-derived

MSCs were prepared in our laboratory.

Quantitation of Iron Concentration by

Iron Assay
SPIO samples (10 μL) were mixed with IRON Assay Kit

Mix (90 μL) and incubated at room temperature overnight

to dissociate SPIO. Subsequently, the absorbance of the

mixtures at 570 nm was determined. A series of diluted

solutions of ferric chloride were used as standards for

calibration (Figure S2).

Loading of DOX on SPIO
DOX was loaded on SPIO as follows: DOX dissolved in

water (1 mg/mL) was added into a tube containing 100 μL
of SPIO (Fe: 1 mg/mL). The mixture in the tube was

wrapped in foil, to shield it from light, and incubated

with shaking (200 r/min) at 37°C for at least 24 h.29 DOX-

SPIO NPs were separated by centrifugation at 100,000 g,

using an Optima MAX-XP tabletop ultracentrifuge

(Beckman Coulter, USA) for 5 min. The amount of DOX

loaded was calculated as the difference between the

amount of free DOX before and after conjugation. DOX

concentrations were monitored by UV-Vis spectrometry at

498 nm, using a NanoDrop Spectrophotometer (Thermo

Scientific, Shanghai, China). Encapsulation efficiency

(EE) was calculated using the following formula:30

EE %ð Þ¼ Mass of DOX loaded on SPIO

=Initial mass of DOX� 100%

Drug Release in vitro
To measure its drug release profile, 3 mL of DOX-SPIO

solution was dialyzed against 20 mL of medium at pH 7.5
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(phosphate buffer) or pH 5.0 (acetate buffer), with con-

stant shaking (60 rpm) at 37°C. At various time intervals,

1 mL of dialysis buffer solution was removed for measure-

ment and replaced by an equal volume of fresh medium.

The amount of released DOX was determined by detecting

the absorbance value at 498 nm.

Cell Culture
MC38 cells were cultured in DMEM medium with 10%

FBS. MSCs were cultured in α-MEM medium with 10%

FBS and cells used for experiments had undergone less

than 10 passages. All cells were kept in a humid cell

incubator with 5% CO2 atmosphere at 37°C.

Preparation of MSC Membrane-Derived

Vesicles (MSVs)
MSVs were prepared according to a published procedure,17

with slight modifications. After growing to almost 90% con-

fluence, MSCs were detached using trypsin-EDTA, centri-

fuged, and resuspended in double distilled water (DDH2O)

(containing 1 mM phenylmethylsulfonyl fluoride) at 4°C.

After repeated freezing and thawing, the cells were gently

sonicated on ice; the energy provided by sonication can

separate MSCs into nuclei, cytoplasm, and cell membranes.

Following centrifugation at 3200 g, 4°C for 10 min, super-

natants were further centrifuged at 15,000 g for 30 min, to

pellet cell membranes.

To prepare MSVs, we used a Mini-Extruder (Avanti

Polar Lipids, Alabama, USA); prepared membrane frag-

ments were extruded through 400 and 200 nm porous

polycarbonate membranes in turn, 15 times each.

Synthesis of DOX-SPIO@MSCs
A co-extrusion method18 with slight modifications was used

to synthesize DOX-SPIO@MSCs. MSVs (prepared as

described above) were co-extruded with DOX-SPIO through

a 200 nm polycarbonate porous membrane 10 times.

NP-Tracking Analysis
Mean NP hydrodynamic diameter was measured by NP-

tracking analysis using a NanoSight (NS300, Malvern

Panalytical, Malvern, UK), fitted with a 638 nm laser

reflector and an NS300 flow-cell top plate. Samples were

diluted 1:1000 in DDH2O and immediately transferred to

a 1 mL syringe by continuous constant speed pumping. All

measurements were performed at room temperature with

a vertical detection angle.

Sodium Dodecyl Sulfate Polyacrylamide

Gel Electrophoresis (SDS-PAGE) Protein

Analysis
The protein concentrations of cell membranes, DOX-SPIO

@MSCs, and MSCs lysates were quantified by BCA protein

assay. Then, samples with the same amount of total proteins

were mixed well with 5× loading buffer and heated at 95°C

for 5 min to denature the proteins.17 Protein contents were

analyzed by 12.5% SDS-PAGE at 110 V for 3 h. Gels were

stained in Coomassie Blue solution for 2 h, then destained in

DDH2O overnight for imaging.

Prussian Blue Staining
MC38 cells (1 × 105) were seeded into each well of a 12-

well plate. After 12 h incubation, the cell culture medium

was replaced with 1 mL fresh medium containing NPs.

After another 4 h incubation, NPs were removed by wash-

ing the cells with PBS. Cells were then fixed in 4%

paraformaldehyde, incubated with freshly prepared Perls’

reagent (10% (K4Fe(CN)6.3H2O/20% HCl, 1:1, v/v)19 and

subsequently imaged using an inverted microscope.

Colocalization Study of

DOX-SPIO@MSCs
The cell membrane green fluorescent probe, DiO, was used

to label MSVs before coating the DOX-SPIO core. DIO-

labeled DOX-SPIO@MSCs NPs were then added to MC38

cells cultured in a 12-well plate. After 4 h incubation, the

cells were washed and fixed in 4% paraformaldehyde for 30

min. Cell nuclei were stained with Hoechst 33342. Finally,

the localization of DOX and MSVs in MC38 cells was

visualized using an Olympus BX51 inverted fluorescence

microscope (Tokyo, Japan).

Cellular Uptake Study
Flow cytometry (FCM) and fluorescence microscopy

(FLM) were performed to investigate the cellular uptake

behavior of NPs.30 For FCM, MC38 cells were seeded into

6-well plates. After 12 h incubation, cells were incubated

with free form DOX, DOX-SPIO, or DOX-SPIO@MSCs

for 30 min or 240 min, with an equivalent DOX concen-

tration of 50 μg/mL. Thereafter, the cells were digested,

resuspended in PBS, and analyzed using a CytoFLEX

S Flow Cytometer (Beckman Coulter, USA).

For FLM,MC38 cells were seeded into 12-well plates and

cultured overnight. Next, cells were incubated with different

drugs for 240 min, with the same DOX concentration used for
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FCM (50 μg/mL), then washed, fixed, and stained using

Hoechst 33342. Finally, unbound dye was washed away

with PBS and the cells observed using a fluorescence

microscope.

Tumor Cytotoxicity Evaluation
In vitro cytotoxicity was assessed using the CCK-8 cell

viability assay. MC38 cells (5 × 103) were seeded into 96-

well plates and incubated overnight. Then, the medium in

the wells was replaced with 200 μL fresh medium contain-

ing free DOX, DOX-SPIO, or DOX-SPIO@MSCs, at

different DOX concentrations, and the MC38 cells incu-

bated for 48 h. Next, the cells were washed with PBS three

times and incubated with DMEM supplemented with 10%

CCK-8 for a further 2 h. Finally, optical density (OD) at

450 nm was measured using a Multi-mode microplate

reader (TECAN, Switzerland). Cell viability was calcu-

lated using the following equation:3

Cell viability %ð Þ¼ OD test sample=OD control� 100%

Hemolysis
To study hemolysis, fresh sodium citrate anti-coagulated blood

was donated by a healthy female volunteer. With reference to

previous methods,20 1 mL human fresh blood was centrifuged

at 1000 g for 15 min to remove anti-coagulated plasma. The

pellet was washed with cold PBS three times and resuspended

in 5 mL PBS to prepare a red blood cell (RBC) suspension.

PBS solutions (0.8 mL) with different concentrations of SPIO

were mixed with 200 μL RBC suspension; 0.8 mL water was

used as a positive control yielding complete hemolysis and

0.8 mL PBS was added to 200 μL RBC suspension as

a negative control. After incubation in a water bath at 37°C

for 3 h, RBC suspensions were centrifuged at 1000 g for 15

min and the supernatants collected. Finally, absorbance values

(A) of the released hemoglobin in the supernatants (200 μL)
were measured at 570 nm. The percentage of hemolysis was

calculated using the formula:

Hemolysisð%Þ ¼ Asample� Anegative

Apositive� Anegative
� 100

In vitro Uptake of NPs by Human

Leukocytes
An in vitro leukocyte uptake experiment was conducted

according to previous publications.21,22 Briefly, blood cells

(RBCs, leukocytes, and platelets) were washed with 1%

BSA-PBS solution to remove anti-coagulated plasma, then

washed with PBS to remove BSA. NPs (10 μL; Fe, 1 mg/

mL) were incubated with 30 μL human serum at 37°C for

30 min, then added to 100 μL washed blood cells and

incubated with leucocytes for a further 60 min at 500 rpm,

37°C using a Thermomixer (Thermo Scientific, Shanghai,

China). Blood cells were then washed with PBS, to elim-

inate the uningested NPs, and leucocytes with internalized

NPs isolated using a Mini MACS magnetic column

(Miltenyi Biotec, USA). Magnetic white blood cells were

then suspended in 200 μL BSA-PBS for leucocyte

counting.

Analysis of Complement C3 Binding to

Particles and Complement Activation

Studies
NPs (Fe, 1 mg/mL) were incubated with human serum at

a volume ratio of 1:3 at 37°C. After incubation for 30

min, samples were centrifuged at 100,000 g. C5a ELISA

kits (BlueGene Biotech, Shanghai, China) were used to

measure complement activation in serum, according to

the manufacturer’s protocols. For complement C3 binding

analysis, pellets were resuspended in PBS, and 1 μL

aliquots pipetted onto a nitrocellulose membrane (Bio-

Rad, USA). The membrane was blocked with 5% skim

milk in 1% PBS-T (1 × PBS/Tween® 20, v/v) for 1 h at

room temperature, before incubating with the primary

antibodies (1:1000) at 4°C overnight. The membrane

was then washed with PBS-T three times and

finally incubated with IRDye800-conjugated secondary

antibodies (1:15,000) for 2 h at room temperature. The

dot-blot was scanned using an Odyssey infrared imager

(Li-COR Biosciences, Lincoln, NE, USA).

Animals and Tumor Model
C57BL/6 female mice (6−8 weeks old) were purchased

from Yi Si Laboratory Animal Center (Changchun,

China). Animals were housed in a room at 25°C and

50% humidity, with a 12 hr light/dark cycle. All animal

procedures were approved by the Institutional Animal

Care and Use Committee of Jilin University, where the

study was performed. The guidelines of the committee

were followed for the treatment of the animals.

A xenograft tumor model was established by subcuta-

neous injection of MC38 cells (2 × 106) into the shaved

right rear flank of mice. Tumor volume was calculated as

(tumor length) × (tumor width)2/2.9
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In vivo Biodistribution Analysis
When the MC38 xenograft tumor volumes increased to

almost 250 mm3, tumor-bearing mice were intravenously

injected with PBS, free DOX, DOX-SPIO, or DOX-SPIO

@MSCs, at a DOX dosage of 10 mg/kg. Mice were sacri-

ficed at 24 h post-injection and major organs (heart, liver,

spleen, lung, kidney, and tumor) harvested for ex vivo ima-

ging and semi-quantitative biodistribution analysis.23–25

Study of Therapeutics in Tumor-Bearing

Mice
WhenMC38 xenograft tumor volumes reached approximately

150 mm3, C57BL/6 mice were randomly divided into four

groups and intravenously injectedwith PBS, free DOX,DOX-

SPIO, or DOX-SPIO@MSCs. The injection (DOX, 4 mg/kg)

was administered on days 0, 2, 4, and 6 and tumor growth

recorded every 2 days. After 16 days, all MC38 tumor-bearing

mice were sacrificed. Major organs and tumors were collected

and fixed in 4% paraformaldehyde. A series of 4-mm sections

were stained with hematoxylin-eosin (H&E) and additional

tumor sections stained by immunohistochemistry, terminal

deoxynucleotidyl transferase-mediated nick end labeling

(TUNEL), or caspase-3. Finally, stained tissue sections were

observed using an inverted microscope.

Statistical Analysis
All statistical analyses were performed using Origin9 graph-

ing and data analysis software (Originlab Northampton,

Massachusetts, USA). Data are presented as the mean ±

standard deviation, and differences between groups were

assessed using the Student’s t-test. Statistical significance

was set at p < 0.05.

Results and Discussion
Characterization of MSC

Membrane-Camouflaged NPs
The synthesis strategy for DOX-SPIO@MSCs is diagramma-

tically illustrated in Figure 1, and consisted of three steps:

preparing MSVs, loading DOX onto SPIO NPs, and coating

DOX-SPIO with MSVs. TEM imaging clearly showed that

DOX-SPIO@MSCs had an outer membrane shell of approxi-

mately 10 nm thickness and presented a typical core-shell

structure (Figure 2A);26 the diameter of the particles was

around 120 nm.NTA revealed amean hydrodynamic diameter

of 125 ± 1.3 nm and DOX-SPIO@MSCs had a relatively

narrow particle size distribution (90% of NPs had a diameter

< 170 nm) (Figure 2B).

Subsequently, we analyzed the protein contents of

DOX-SPIO@MSCs by SDS-PAGE. Protein separation by

PAGE showed that the protein band for DOX-SPIO@MSCs

was similar to that of cell membranes, while it was slightly

different from that of MSC lysates (Figure 2C). Further,

analysis by SDS-PAGE revealed that the composition of

membrane proteins was mostly retained through the pre-

paration process, suggesting that the MSVs successfully

coated the SPIO and retained most of the biological

SPIO DOX DOX-SPIO 

Drug-loading

Sonicate

MSCs

Extrusion

Vesicles

CO-extrusion

DOX-SPIO@MSCs 

Injection

Figure 1 Schematic of the preparation of DOX-SPIO@MSCs and the tumor-targeting drug delivery in vivo.
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functions of MSC membranes.27 To evaluate the long-term

stability of DOX-SPIO@MSCs, fresh NPs were maintained

in FBS and PBS at room temperature for 14 days, and the

particle size monitored by NTA every day. As shown in

Figure 2D, DOX-SPIO@MSCs exhibited good physiologi-

cal stability, with minimal size changes over prolonged

periods in both solutions. Fluorescence microscope imaging

of MC38 cells incubated with DIO-labeled DOX-SPIO

@MSCs showed that red (DOX) and green (DIO) fluores-

cence were mostly co-localized (Figure 2G), revealing that

DOX-SPIO@MSCs maintained their core-shell structure

integrity after entering into cells.28

A B C

D E F

G

A B C

D E F

G

Figure 2 Characterization of DOX-SPIO@MSCs. (A) TEM image and (B) particle size distribution of DOX-SPIO@MSCs. (C) The SDS-PAGE images of the gel after

Coomassie blue staining. Lane 1: MSCs lysates, Lane 2: membrane vesicles, Lane 3: DOX-SPIO@MSCs. (D) The stability of DOX-SPIO@MSCs in FBS and PBS was evaluated

by monitoring variation in particle size for different time intervals. (E) DOX loading amount and Encapsulation efficiency in 0.1 mg SPIO with different DOX feeding amounts.

(F) The drug release profiles of the DOX-SPIO at different pH values. (G) Fluorescence microscope images of DOX-SPIO@MSCs illustrating colocalization of DOX@SPIO

(DOX channel) and MSVs (DIO channel) after being internalized by MC38 cells. Scale bar=40μm.
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Drug Encapsulation and Sustained Release

of DOX-SPIO
To investigate drug loading kinetics, encapsulated drug

amounts in DOX-SPIO (SPIO:100 μg), with a range of

DOX feeding amounts, were measured. As shown in

Figure 2E, drug loading (red column) was positively cor-

related with drug feeding amount. Overall, encapsulated

amount increased with feeding amount; however, encap-

sulation efficiency (blue column) decreased when the feed-

ing amount exceeded 100 µg.

Drug release behavior was investigated by immersing

DOX-SPIO in solutions with two different pH values

(Figure 2F), which mimicked conditions in the bloodstream

(pH 7.5) and inside lysosomes (PH 5.0). At pH 5.0, a typical

drug release curve was observed; that is, a relatively abrupt

release during the first phase, with a slow and

sustained second phase release. More than 60% of DOX

was rapidly released in the first 36 h, then the release rate

gradually slowed down until 120 h. In contrast, only 20% of

DOX was released from DOX-SPIO during the entire drug

release experiment at pH 7.5. These observations are attribu-

table to lower pH values resulting in more rapid disintegra-

tion of the vesicles and re-protonation of amino groups.29,30

Most loaded drugs are expected to stay in NPs for extended

periods of time after being injected into the blood circulation,

with faster release on uptake into the lysosomes of cancer

cells. pH-response release is characteristic of agents able to

achieve tumor-targeting drug delivery.

Internalization by MC38 Cells
Efficient internalization by tumor cells is crucial for car-

riers of anti-tumor drugs. Prussian blue staining is

a qualitative and visual approach for observing cellular

iron distribution. As shown in Figure 3A, blue stained

NPs were observed in the cytoplasm and gathered around

the nuclei of MC38 cells, indicating that SPIO@MSCs

were more readily taken up than SPIO.

FCM and FLM were performed to investigate the effect

of MSC membrane coating on cellular uptake by MC38

Cells. Figure 3B(a) shows FCM histograms illustrating inter-

nalized DOX fluorescence inMC38 cells after 30 or 240min,

clearly demonstrating that MSVs significantly improve the

cellular uptake efficiency of DOX-SPIO after 240 min incu-

bation. DOXmean fluorescence intensity was then measured

by FCM (Figure 3B(b)). The fluorescence intensity from

MC38 cells incubated with free DOX/DOX-SPIO@MSCs

for 240 min was approximately 4.0 times that of cells

incubated with DOX-SPIO. Fluorescent cell staining was

used to further investigate cellular uptake behavior and

study intracellular DOX distribution, by incubating MC38

cells with DOX-SPIO@MSCs, DOX-SPIO, or free DOX for

240 min. The fluorescence intensity of cells treated with

DOX-SPIO was significantly weaker than that of cells in

the other groups, consistent with the results of FCM (Figure

3C). In addition, DOX in free form predominately accumu-

lated in the nuclei, while the majority of drug loading NPs

remained in the cytoplasm. Free DOX accumulates in the

nucleus because the molecules enter cells via the free diffu-

sion pathway, and are quickly transferred to the nucleus,

where they strongly bind to chromosomal DNA.31,32 In con-

trast, DOX-loaded NPs are taken up via endocytosis and

accumulate in the lysosomes, where the nanocarriers degrade

and drug release occurs.33 Overall, DOX-SPIO cellular

uptake efficiency was significantly improved by surface

modification with MSC membranes.

Cytotoxicity Study
Cytotoxicity against MC38 cells was evaluated using the

CCK-8 assay. As shown in Figure 4A, cell viability decreased

in response to increasing DOX concentration, with free DOX

showing the strongest inhibition. This is due to direct penetra-

tion of the free drug into the nucleus, while the nanodrug is

released slowly. Moreover, DOX-SPIO@MSCs presented

better anti-tumor effects than DOX-SPIO at the same DOX

concentrations, which could be because of higher cellular

uptake of the membrane-coated NPs.

Biological Compatibility
The instability of the NPs in the bloodstream is regarded as

the most serious limitation to their use as an intravenous

drug-delivery platform. Therefore, we conducted hemolysis

analysis to assess the blood compatibility of NPs. The hemo-

lysis of RBCs incubated with different concentrations of

SPIO is shown in Figure 4B. NPs exhibited no significant

hemolytic effects. As shown in Figure S3, cell viability

remained >90% after incubation with SPIO at concentrations

up to 100 μg/mL for 48 h, indicating that SPIO has good

biocompatibility.

NPs are subject to multiple interactions with the

immune system, resulting in premature clearance, immune

system activation, and toxicity. In vitro leukocyte uptake

experiments showed that treatment with SPIO@MSCs

resulted in a low percentage of magnetic white blood

cells, indicating MSC membrane camouflage can reduce

elimination of NPs by leukocytes (Figure 4C). Next, we
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investigated the C3 opsonization of NPs. There was

a significant (50%) decrease in C3 protein binding on

SPIO@MSCs compared with SPIO (Figure 4D).

Human complement is mainly triggered by NPs via the

alternative pathway, which induces initially deposited C3b

associated with factor B to form the AP convertase, C3bBb,

which cleaves additional C3 molecules. Complement activa-

tion further liberates two potent effector molecules, C3a and

C5a, which are important for activation and recruitment of

immune cells.34–36 To study complement activation, we mea-

sured the soluble marker, C5a, and demonstrated that

SPIO@MSCs blocked over 80% of C5a release, relative to

SPIO (Figure 4E). Together, these data suggest that MSC

membrane camouflage partially inhibits complement-

dependent uptake of NPs and release of proinflammatory

factors.

Ex vivo Organ Fluorescence Imaging and

Biodistribution
As shown in Figure 5A, in the free DOX-treated mouse

group, fluorescence mainly accumulated in the major organs,

which may cause severe systemic toxicity. In particular,
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kidney exhibited strong fluorescence intensity, indicating that

DOX was rapidly eliminated from the body in its free form.

Further, spleens from mice in the DOX-SPIO@MSCs group

exhibited weaker DOX fluorescence intensity compared with

those from the DOX-SPIO group (Figure 5B), indicating that

MSC membrane camouflage may avoid premature clearance

A B

C D E

Figure 4 Biological responses in vitro (A) cytotoxicity of free DOX, DOX-SPIO and DOX-SPIO@MSCs against MC38 cells at different DOX concentrations. (B) Hemolysis

study of SPIO with varied concentrations, using PBS as a negative control and water as a positive control. (C) Uptake of NPs by leukocytes from blood of a healthy donor

in vitro. (D) Complement C3 opsonization of NPs. (E) Effect of NPs on complement activation and C5a generation.
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of nanodrugs by organ-residing cells of the mononuclear

phagocyte system, allowing NPs to reach target tissues.14

Furthermore, DOX fluorescence at tumor sites was stronger

in mice treated with DOX-SPIO@MSCs than those receiv-

ing DOX-SPIO, confirming that MSC membrane camou-

flage can enhance tumor targeting.37,38

In vivo Anti-Tumor Effects of

DOX-SPIO@MSCs
Measurement of tumor volumes in tumor-bearing mice

revealed a significant tumor growth inhibition effect of

DOX-SPIO@MSCs after 16 days (Figure 6A). All tumors

in DOX-SPIO@MSCs-treated mice were notably inhib-

ited, with tumor volumes increasing extremely slowly

throughout the 16 days of treatment. In contrast, mice in

the PBS, free DOX, and DOX-SPIO groups showed

increasing tumor volumes. At the end of the experiment,

all tumors were dissected (Figure 6B) and the average

tumor size from the DOX-SPIO@MSCs group was mark-

edly smaller than that from the other three groups.

Further, in vivo toxicity was investigated by histologi-

cal analysis. H&E staining of major organs showed no
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clear pathological variation in tissues from mice in the

DOX-SPIO@MSCs group, implying that DOX-SPIO

@MSCs do not exhibit obvious systematic toxicity

(Figure S4). Moreover, analysis of tumor tissue samples

from the DOX-SPIO@MSCs-treated group revealed pro-

nounced morphological characteristics indicating apoptotic

and necrotic regions, while tumor tissues from control

group animals had normal morphology and nuclear struc-

ture. Furthermore, TUNEL assays showed apoptosis of

a proportion of tumor cells in DOX-SPIO@MSCs-treated

mice (Figure 6C), with consistent results for caspase-3

staining (Figure S5). Overall, MSC membranes effectively

camouflaged NPs, improving tumor targeting, and exhib-

ited mild systemic toxicity.

Conclusion
By coating nanodrugs with MSC membranes, we have

developed a novel medicine delivery platform. DOX-

SPIO@MSCs possess the biological functions of MSC

membranes, allowing them to achieve high intracellular

delivery, prolonging serum half-life, and efficiently target-

ing tumors. Compared with free DOX and DOX-SPIO, the

anti-tumor therapeutic efficiency of DOX-SPIO@MSCs

was markedly enhanced, while use of these NPs reduced

the systemic toxicity of DOX. In summary, these results

demonstrate the great potential of DOX-SPIO@MSCs as

a promising biomimetic NPs platform for cancer treatment

in the future.
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