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An ideal bone metastasis animal model is critical and fundamental for mechanistic research and following
development of new drug and treatment. Caudal artery (CA) injection allows bone metastasis in the hindlimb,
while in-depth targeted and quantitative studies of bone metastasis require a new model to overcome its limi-
tations. Here, we developed a targeted, quantitative, and highly consistent method for the modeling of bone
metastasis with cell-based magnetic micro-living-motor (MLM) system created by effectively combining Fe3O4-
PDA-Au with biosafety. The MLM system can achieve efficient migration, target site colonization and control
tumorigenesis in bone precisely with the application of a magnetic field. In vivo, day 3 post cell injection, tumor
bone metastasis signals were observed locally in the injected femur among 82.76% mice of the MLM group as
compared to the 56.82% in the CA group, and the signal intensity was 45.1 and 95.9 times stronger than that in
the left and right lower limbs of the CA group, respectively. Post-injection day 28, metastasis in vital organs was
reduced by approximately 90% in the MLM group compared to the CA group. Our innovative use of the MLM
system in the field of tumor modeling opens a new avenue for exploring the mechanisms of tumor bone
metastasis, recurrence and drug resistance.

1. Introduction

Bone metastasis is a common complication in advanced cancer pa-
tients, and bone is the third most common site of cancer metastasis. The
occurrence of bone metastases always indicates poor prognosis. Non-
small cell lung cancer is the third most susceptible tumor to bone
metastasis, with 30-40% of patients developing bone metastasis during
the course of the disease [1,2]. In addition to the damage to the body
caused by tumor cells, tumor bone metastasis can also lead to a series of
adverse events called skeletal-related events (SREs), including pain,
pathologic fractures, spinal cord compression, malignant hypercalcemia
and disability, resulting in a rapid decline in patient survival and quality
of life [3].

Although remarkable achievements have been made in the early
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diagnosis and treatment of lung cancer, there is a lack of effective
treatments for patients with bone metastasis. The main treatment for
such patients is still primary tumor treatment and palliative therapy [4].
Tumor bone metastasis is a complex biological process involving mul-
tiple steps and factors [5]. The unclear mechanism is the most important
factor restricting the development of effective treatments for tumor bone
metastasis. Currently, there are several in vivo animal models available
for studying bone metastasis. Intracardiac (IC) injection is the standard
technique for studying the circulation extravasation and colonization of
tumor cells. However, the technique is difficult to perform, and mice are
prone to immediate mortality and metastasis of vital organs [6]. Tail
vein injection (IV) is simple to perform, but tumor cells are more likely
to remain in the lungs, while the incidence of bone metastasis is low
[7-9]. In situ injection (e.g., within the fat pad of the breast) may
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improve all stages of the cascade from primary tumor growth to distant
metastasis, but metastasis after in situ injection is cell line-dependent and
varies considerably in the frequency and location of secondary tumor
growth [10,11]. In situ injection in the femur or tibia allows some tumor
cells to remain localized in the bone, but a larger proportion of cells also
enter the lungs [12,13]. Farhoodi et al. [14] used murine-derived breast
cancer cells injected via the caudal artery (CA) to create a bone metas-
tasis model that could be consistently detected after 2 weeks. Kuchimaru
et al. [15] injected multiple human tumor cells (1 x 10%) through the CA
injection, and bone metastasis could be detected later. Tumor cells
injected in the CA are forced to move upstream against the arterial blood
flow for a short period before entering the femoral artery through the
common iliac artery, eventually depositing and forming tumors in the
hind limb bone but are not limited to bone tissue. Farhoodi et al. [14]
showed that the metastasis rate of vital organs was 4.301% in the first
week and 21.74% in the second week after caudal artery injection. The
above modeling approaches demonstrate common limitations. First, the
location of bone metastasis is not fixed, and there is a high risk of vital
organ metastasis, which makes the stability and consistency between
models poor, further affecting the reliability of subsequent experiments
such as drug or immunotherapy. Second, human-derived cell lines or
other cell lines with relatively slow metastatic development have low
tumorigenic rates and long tumorigenic times using CA, which reduce
the efficiency of follow-up studies and result in a short window for
effective treatment.

The key to these problems lies in the low concentration of tumor cells
at the target site, which might be overcome by developing a strategy to
manipulate tumor cells to remain and grow precisely at the corre-
sponding site by reducing the dissemination of tumor cell in other or-
gans, which will limit immune clearance and promote robust
colonization. Currently, micro/nanomotors and magnetic control stra-
tegies provide a solution to this challenge. Methods for manipulating the
active delivery of micro/nanomotors show great potential in biomedi-
cine. A variety of micromotor platforms have been developed thus far,
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including micromotors driven by external stimuli and biohybrid
micromotors that combine cells, bacteria or algae with micro/nano-
carriers [16-20]. They can be used for targeted drug/gene delivery,
microsurgery, biopsy, tissue repair targeted tumor treatment, etc.
[21-25]. Among them, cell-based biohybrid micromotors can be driven
by magnetic [26-29], optical [30], acoustic [31,32], and electric fields
[33] to move toward the target location based on a specified path,
enabling targeted control.

Among various types of micromotors, magnetic fields and magnetic
nanoparticles are commonly used in medical applications because of
their clinical safety and tissue permeability [34]. Iron oxide nano-
particles such as maghemite (Fe;O3) and magnetite (FesO4) have been
approved by the U.S. Food and Drug Administration (FDA) for diagnosis
and treatment [35,36]. In addition, magnetically driven cells have
garnered attention owing to their enhanced retention at the target site
under magnetic field actuation. Wang et al. [37] showed that external
magnetism increased the retention of super paramagnetic iron oxide
nanoparticle (SPION)-labeled adipose-derived stem cells in the urethral
sphincter and promoted the recovery of sphincter structure and function
in a rat model of stress urinary incontinence. Similarly, Farshid Qiyami
Hour et al. [38] demonstrated that the magnetic targeted cell delivery
technique can effectively retain SPIONS-labeled human Wharton’s jelly
derived mesenchymal stem cells (MSCs) in the hippocampus of alz-
heimer’s disease (AD) rats. Previous work by our team [13] has
demonstrated that magnetically empowered luciferase-MSCs can move
along the bone marrow cavity toward the magnet in the femur. There-
fore, we developed a simple but effective strategy to achieve precise
tumor formation in bone metastasis models using the magnetic
micro-living-motor (MLM) system combined with an intra-bone marrow
microinjector containing a syringe and a needle core invented by our
team (patent no. 201620090904.2), mainly involving two steps (Fig. 1).
First, the magnetic nanomotors magnetize the tumor cells to convert
them into MLM, and then a precise magnetic field is used to navigate the
MLM to promote targeted cellular colonization and proliferation in the

Tumor colonization
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Fig. 1. Schematic diagram of the MLM system to construct a precision bone metastasis murine model. (A). Schematic diagram of magnetic nanomotors labeled A549-
GL cells and MLM-A549-GL targeted femur colonization under the action of an applied magnetic field. (B). X-ray of successful intra-bone marrow injection. (C). The
method of intra-bone marrow injection using a bone marrow microinjector containing a syringe and a needle core invented by our team (patent no.

201620090904.2).
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bone marrow cavity, thus enabling precise modeling in bone.

The CA injection method is the latest method for constructing bone
metastasis models that develop bone metastases predominantly in the
hind limbs. In this study, we compared the tumor formation speed, bone
metastasis rate, consistency and stability of the magnetic MLM system
with CA by constructing a lung cancer bone metastasis model, as well as
further evaluation its role in drug screening, mechanistic research, etc.

2. Materials and methods
2.1. Cell lines

The human alveolar adenocarcinoma cell line A549 was obtained
from ATCC and modified with lentivirus carrying enhanced green
fluorescence protein (eGFP) and the luciferase gene, namely, A549-GL
cells. Cells were cultured in RPMI-1640 medium (Gibco, Invitrogen,
Paisley, UK) containing 10% fetal bovine serum (FBS, Thermo Fisher
Scientific) and 1% penicillin-streptomycin solution (Thermo Fisher
Scientific) and incubated at 37°C and 5% CO».

2.2. Synthesis and characterization of magnetic nanomotors

The magnetic Fe3O4 core was synthesized via the coprecipitation
reaction of iron(Ill) chloride and hydrated iron(II) chloride under
alkaline conditions[39], followed by coating with a layer of dopamine
(DA) and Au nanoparticles by self-polymerization to produce the
Fe3O4-polydopamine-Au (Fe304-PDA-Au) composite [40]. In detail,
9.45 g FeCl3-6 Hy0 and 6.94 g FeCly-4 HoO was dissolved in 160 mL of
distill water and heated to 80 °C under nitrogen atmosphere. Next, add
20 mL of 25% ammonia slowly to the mixture while stirring at 400
revolutions per minute. Continue stirring for 10 h. The resulting pre-
cipitate was washed and separated using a magnet and distilled water
until a pH of 7.0 was reached. Finally, the precipitate was washed with
anhydrous ethanol four times and then vacuum dried at 70°C to obtain
Fe304.

To prepare FezO4-PDA-Au, Specifically, 20 mg of tetrachloroauric
acid, 10 mg of dopamine hydrochloride, and 200 mg of Fes04 were
dispersed in 20 mL of 10 mM Tris-HCl buffer (pH 8.0, adjusted with 1 M
HCI solution). The resulting mixture was then transferred to a 50 mL
centrifuge tube and incubated on an overhead shaker (IKA® TRAYSTER,
Staufen, Germany) at 50 rpm for 10 h at room temperature. Finally, the
Fe304-PDA-Au was separated and washed in the same way as the Fe3Oy.

The size, shape and distribution of Fe3O4-PDA-Au were detected by
scanning electronic microscopy (SEM, S-3000 N, HITACHI, Japan),
transmission electron microscopy (TEM, Tecnai G2 spirit BioTwin, FEIL,
USA) and energy dispersion X-ray spectroscopy (EDS). The hydrody-
namic dimensions and zeta potential of the magnetic nanoparticles were
determined using dynamic light scattering (DLS, Malvern Nano ZS, UK)
with PBS as the dispersant.

2.3. Magnetizing A549-GL cells

A549-GL cells were cocultured with the magnetic nanomotors Fe304-
PDA-Au, and the unbound Fe3O4-PDA-Au was washed away with
phosphate-buffered saline (PBS). The cells were digested with 0.25%
trypsin and then sorted with an Easy Sep Magnet (STEMCELL Technol-
ogies Singapore, Pte Ltd, Singapore) to obtain magnetized cells (here-
after designated MLM-A549-GL). A549-GL cells (10° cells/test, n=3)
were incubated with different concentrations of Fe304-PDA-Au (20, 40,
80, 160 pg/mL) for different durations (3, 6, 9, 12, 24 h) to explore the
optimal conditions for magnetized cells, and the selection rate was
calculated based on the following formula: Selection rate = (Fe3O4-PDA-
Au positive cell count after selection/total cell count before selection)
x100%. The interactions of cells with magnetic nanomotors were
analyzed by both iron staining and TEM. For iron staining, MLM-A549-
GL and A549-GL cell suspensions (2x10° cells/100 pL) were applied to
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slides, fixed with 4% paraformaldehyde and then stained with a Prussian
blue staining kit (Solarbio Science & Technology Co., Ltd. Beijing,
China) according to the manufacturer’s instructions and observed under
an orthomosaic microscope (BX63, OLYMPUS, Japan). For TEM, MLM-
A549-GL cells were resuspended in 2.5% glutaraldehyde (Sigma-Aldrich
Trading Co. Ltd, Shanghai, China) solution for 4 h and washed 3 times in
PBS. The cells were fixed in 1% osmium tetroxide (SPI Supplies Division
Structure Probe, Inc., USA) for 2 h and washed 3 times in PBS. The
samples were dehydrated once (15 min) using a gradient of 50%, 70%,
80%, and 90% alcohol and twice (15 min) each in anhydrous ethanol
and 100% acetone (Guangzhou Chemical Reagent, Guangzhou, China).
Samples were soaked in a mixture of acetone and embedding solution,
embedded in embedding agents and placed in embedding plates at 37°C
for 24 h and 60°C for 48 h. The samples were cut into ultrathin sections
of approximately 100 nm thickness using an ultrathin sectioning ma-
chine (EMUC7, Leica, Germany). Uranyl acetate and lead citrate
(Shanghai Macklin Biochemical Technology Co., Ltd, Shanghai, China)
were stained for 20 min and 12 min, respectively, and then observed by
TEM (Tecnai G2 spirit BioTwin, FEL, USA).

2.4. Biological characteristics of MLM-A549-GL cells

Cell Counting Kit-8 (CCK-8, KeyGEN, Jiangsu, China) was used to
detect whether magnetic nanomotor labeling affects cell viability. A549-
GL cells were seeded in 96-well plates (104/well, n=3) with 200 pL of
complete medium per well. After 6 h of culture, magnetic nanomotors
were added at concentrations of 20, 40, 80, and 160 pg/mL, and no
magnetic nanomotors were added as the control group. After 3h, 6 h, 12
h, 24 h or 2-7 d of culture, 10 pL of CCK-8 reagent was added to each
well and incubated for 2 h at 37°C. Cell viability was analyzed by optical
density at 450 nm using an enzyme-labeled instrument (MB580, Hui-
song, China) using the following formula: Cell viability (%) = OD
(experimental) /OD (control) x 100%.

Flow cytometry was used to detect whether magnetic nanomotor
labeling affects the apoptosis of cells. Magnetic nanomotors were
cocultured with A549-GL cells at different concentrations (20, 40, 80,
and 160 pg/mL) for 12 h, and those without magnetic nanomotors were
used as the control group (1x10° cells/test, n=3). Apoptosis was
detected by flow cytometry (FACS Calibur, Becton Dickinson Inc., New
Jersey, USA) according to the product instructions (Annexin V-Alexa
Fluor 647/PI Apoptosis Detection Kit, Cat. 40304ES50, Yeasen, China).

2.5. Migration characteristics of MLM-A549-GL cells under a magnetic
field in vitro

The targeted migration of MLM-A549-GL cells under an external
magnetic field was observed in vitro. The MLM-A549-GL or A549-GL cell
suspension (3x10%/20 pL) was injected into a counting plate (Python-
Bio, Guangzhou, China). The specifications of each well of the counting
plate were 0.9x0.7x0.19 mm, sealed on three sides, and one side with
cells. A small square magnetic field (5x1.5x1 mm, 260 mT) was applied
or not outside the plate and did not contact the cell suspension. The
movement of the cells was observed and recorded by a microscope (Axio
Zoom. V16, ZEISS, Germany).

2.6. Targeted colonization of MLM-A549-GL cells under a magnetic field
in vitro

Tumor formation was simulated in vitro under the effect of an applied
magnetic field. MLM-A549-GL or A549-GL cells (2x 10* cells/2 mL)
were inoculated in 24-well plates with a square magnetic field
(5%1.5x1 mm, 260 mT) fixed at the bottom of each plate, and the
magnetic field was withdrawn after 12 h of incubation (37°C, 5% CO»).
The growth distribution of the cells was observed under an inverted
fluorescence microscope (IX73, OLYMPUS, Japan) and the colonization
rate was calculated according to the following formula: Colonization
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rate = [(A549-GL cell count) - (non-aggregated MLM-A549-GL cell
count)] / A549-GL cell count x100%.

2.7. Construction of bone metastasis models

BALB/c-nu mice (female, 4-6 w) were obtained from SIPEIFU (Bei-
jing) Biotechnology Co., Ltd. All mice used were maintained in a specific
pathogen-free (SPF) barrier system at the Laboratory Animal Centre of
Nanfang Hospital, Southern Medical University [Facility Use Certificate
No: SYXK (GD) 2023-0056]. All experimental procedures were
approved by the Laboratory Animal Use Management Committee. For
the in vivo experiment, 90 BALB/c-nu mice were randomly divided into
the MLM group (injection into the femoral bone marrow via an intra-
bone marrow microinjection syringe designed by our team with local
magnetism, Fig. 1B, C, n=30) and the CA group (injection into the
caudal artery without local magnetism, n=60).

For CA injection, MLM-A549-GL cells (1x 10° cells) suspended in
200 pL PBS were injected into the CA of mice for a short time with an
insulin needle (29 G, 0.33x12.7 mm, Becton Dickinson Inc., New Jer-
sey, USA) [15], and sterile cotton balls were pressed at the location of
the entry point of the needle.

For MLM injection, all mice were anesthetized with sodium pento-
barbital (0.2-0.3 mL 0.3% w/v in PBS per mouse), the puncture site was
adequately sterilized, and the procedure was performed under aseptic
conditions. Femoral puncture was performed under X-ray guidance
(Ami HTX, Spectral Instruments Imaging, USA, X-ray source=10-40
keV, X-ray field of view=25x15 cm) using a bone marrow microinjector
containing a syringe and a needle core invented by the authors’ team ,
and a precise magnetic field (5x1.5x1 mm, 260 mT) was applied to the
femoral fixation site. The needle core was withdrawn, and MLM-A549-
GL cells (1x10° cells) suspended in 20 pL PBS were slowly injected
into the bone marrow cavity. Sterile cotton swabs were pressed to stop
bleeding after removal of the injection needle, and the magnetic field
was removed after 24 h.

2.8. In vivo bioluminescence imaging

Mice were injected intraperitoneally with 100 pL D-luciferin potas-
sium salt (10 mg/mL, PerkinElmer, USA) and imaged for biolumines-
cence (BL) signals using a small animal live imaging system (Ami HTX,
Spectral Instruments Imaging, USA) at 5-10 minutes postinjection
(exposure time=60s, field of view=25x17 cm, f/STOP=1.2). Over-
laying bright-field images and BL images was used to analyze the loca-
tion of tumor signals. The BL images were analyzed by Aura software
specialized for Ami HTX.

2.9. Bioluminescence imaging of isolated bone and organs

Mice were injected intraperitoneally with 100 pL of D-luciferin po-
tassium salt (10 mg/mL, PerkinElmer, USA), and the organs and hind
limb were rapidly separated within 5-10 min. Signal acquisition was
performed using a small animal in vivo imaging system (Ami HTX,
Spectral Instruments Imaging, USA), and analysis of tumor signal loca-
tion was performed by overlaying bright-field images and BL images.

2.10. Micro-MRI

Mice were anesthetized with isoflurane (oxygen delivered at 0.5 L/
min with 3% isoflurane for induction and 1.5% isoflurane for mainte-
nance), MRI imaging was performed on a 7 Tesla ultrahigh field MRI
scanner (Pharma Scan 70/16, US, echo time (TE)=35 ms, repetition
time (TR)=2500ms, slice thickness (SL)=0.7 mm, image
size=256x256 mm, field of view (FOV)=20x20 mm), and data were
analyzed with RadiAnt DICOM Viewer 2022.1.1.
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2.11. Micro-PET/CT imaging

Tumor growth was observed in mice using positron emission to-
mography (PET; IRIS PET/CT, Inviscan, Strasbourg, France) 14 d after
cell injection (+14 d). Mice were fasted for 12 h and injected with 3.62
+ 0.55 MBq (125 pL) 18 FDG via the IV. To prevent tracer uptake by
the leg muscles, anesthesia was maintained via intraperitoneal sodium
pentobarbital (0.2-0.3 mL 0.3% w/v in PBS solution per mouse), and
body temperature was maintained with a 37°C heating pad. After
40 min, the mice were placed in the central field of the scanner for a
10 min static emission PET scan. The mice were kept under anesthesia
with isoflurane during the shooting period. PET/CT images were visu-
alized and analyzed using RadiAnt DICOM Viewer 2022.1.1.

2.12. Micro-CT imaging

For micro-CT imaging, the mice were sacrificed by cervical disloca-
tion at +28 d, and the femur was isolated. The signal acquisition of bone
tissue was performed by micro-CT (Micro CT81 SCANCO MEDICAL AG,
Switzerland) and analyzed by MIMICS.

2.13. Histological analysis

The tumor-bearing femur was taken for histological analysis after the
mice were sacrificed. The isolated femurs were fixed in 4% para-
formaldehyde (DF0135, LEAGENE, China) for 24 h and then decalcified
in EDTA decalcifying solution (G1105, Servicebio, China) for 4 weeks.
After paraffin embedding, they were stained with a hematoxylin-eosin
staining kit (G1120-10, Solarbio, China) after being cut into 5-pm-
thick coronal longitudinal sections. HE-stained images were taken with
an orthomosaic microscope (BX63, OLYMPUS, Japan).

2.14. Statistical analysis

Statistical analysis was performed using SPSS Statistics 25.0 software
version. For two-group comparisons, continuous data obeying a normal
distribution with equal variance were used in the two-side student’s t-
test; if the above conditions were not met the Independent-Samples
Mann-Whitney U Test was used. For multiple group comparisons, One-
Way ANOVA and Tukey’s test multiple comparisons were used for
continuous data obeying a normal distribution with equal variance,
otherwise, Kruskal-Wallis H and multiple comparisons were used.
Pearson Chi-Square was used for categorical data. All data are expressed
as the mean + SD or quartiles. The threshold for significance for all
experiments was set at *p < 0.05, and smaller p values are represented
as **p < 0.01 and ***p < 0.001.

3. Results and discussion
3.1. Synthesis and characterization of magnetic nanomotors

Fe304-PDA-Au magnetic nanomotors were successfully prepared by
coprecipitation methods. The morphology and element analysis of
Fe304-PDA-Au were characterized using SEM and EDS. The Fe304-PDA-
Au exhibits a uniform spherical morphology and aggregate in the
magnetic field of the SEM due to their superparamagnetism (Supple-
mentary Figure 1 A). However, in the absence of a magnetic field, they
can be well dispersed in the culture medium. EDS mapping and spectrum
display the distribution of Fe, Au, C, N and O elements in Fe304-PDA-Au
(Supplementary Figure 1). The TEM results showed that the nano-
structure was composed of an Fe304 magnetic core and a composite shell
consisting of PDA and Au nanoparticles (Fig. 2A). The peak hydrody-
namic diameter distribution measured by DLS was 142.4 nm (Fig. 2B),
with an average particle size of 202.7 nm, which is close to the diameter
observed by SEM (206.54 + 58.81 nm). The particle size distribution
was narrow, and the polydispersity index was 0.346. Zeta potential
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Fig. 2. Characterization of magnetic nanomotors. (A). TEM images of Magnetic nanomotors. (B). DLS analysis magnetic nanomotors size distribution. (C). Z-po-
tential by DLS analysis. (D). Representative TEM images of MLM-A549-GL cells, the red arrows indicate magnetic nanomotors attached to the cell surface or
internalized into the cell. (E). Iron staining of MLM-A549-GL cells. (F). Iron staining of A549-GL cells.

analysis showed that Fe304-PDA-Au had a high density of negative
charges with an absolute value of —32.8 mV (Fig. 2C), which could
improve its dispersion stability in solution through strong electrostatic
interactions.

3.2. Preparation of MLM-A549-GL cells

A549-GL cells were magnetized with magnetic nanomotors, and TEM
images showed that magnetic nanomotors were internalized into the
cytoplasm or adsorbed on the surface of the cell membrane, magnetic
nanomotor phagosomes were visible, and the cell membrane and or-
ganelles were structurally intact (Fig. 2D). Iron staining showed that
magnetic nanomotors were distributed in the cytoplasm of MLM-A549-
GL cells (Fig. 2E, F). To explore the optimal magnetization conditions of
A549-GL cells, we analyzed the effects of different concentrations of
magnetic nanomotors (0, 20, 40, 80, and 160 pg/mL) and different
magnetization times (3, 6, 9, 12, and 24 h) on the magnetization effi-
ciency of cells. MLM-A549-GL cells were obtained by magnetic sorting.
Trypan blue staining showed that the proportion of rejected living cells
was 99.49% =+ 0.18 (n=3). According to the formula, the magnetization
selection rate increased with increasing magnetization time (Fig. 3A,
P<0.001), and there was no significant difference at 12h and 24 h.
(Fig. 3A, P>0.05). We chose 12 h as the time for magnetization of A549-
GL cells. The magnetization selection rate of A549-GL cells also
increased with increasing concentrations of magnetic nanomotors
(Fig. 3B). However, it showed cytotoxicity when the concentration
reached 160 pg/mL (Fig. 3C, P<0.05), so A549-GL cells were cocultured
with magnetic nanomotors at a concentration of 80 pg/mL for 12 h to
magnetize the cells.

3.3. Biological characteristics of MLM-A549-GL cells

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8) after
coculturing A549-GL cells (2><104 cells/test, n=3) with magnetic
nanomotors at different concentrations (0, 20, 40, 80, 160 pg/mL) for 3,
6, 12, and 24 h. The cell viability did not show statistically significant
differences across different time points and concentrations of magnetic
nanomotors ranging from O to 80 pg/mL (Fig. 3C, P>0.05). Further,
A549-GL cells (1 x 10* cells/test, n=3) were co-cultured with 80 pg/mL

magnetic nanomotors for 2-7d. The effect of magnetic nanomotors on
long term cell viability was evaluated using CCK-8, and the difference
was not statistically significant (Supplementary Figure 2, P>0.05).
Moreover, apoptosis was examined using an Alexa Fluor 647/PI
apoptosis detection kit after coculturing A549-GL cells with magnetic
nanomotors at different concentrations (0, 20, 40, 80, 160 pg/mL,
1x10° cells/test, n=3) for 12 h. The results showed that the cell survival
rates were 95.9% + 0.53, 95.13% =+ 0.90, 97.00% =+ 1.56, 97.33% =+
0.38, and 97.00% =+ 0.17, respectively. The difference was not statisti-
cally significant (Fig. 3D, E P>0.05). The above results showed that
Fe304-PDA-Au magnetic nanomotors have good biocompatibility.

3.4. Targeted manipulation of MLM-A549-GL cells under a magnetic field
in vitro

We monitored the targeted migration characteristics of MLM-A549-
GL cells in a finite fluid in a counting plate (Fig. 3F). Time-lapse
photography under a stereomicroscope showed that A549-GL cells are
unaffected by the magnetic field in liquid and undergo slow Brownian
motion (Supplementary Movie 1), and MLM-A549-GL cells can only
move slowly in Brownian motion in the absence of a magnetic field but
can undergo accelerated motion toward the position of the strongest
magnetic force under the influence of a magnetic field, with an average
velocity of 1817.91 + 643.70 pm/s (Fig. 3G and Supplementary Movie
2).

Supplementary material related to this article can be found online at
doi:10.1016/j.colsurfb.2024.113877.

3.5. Targeted colonization of MLM-A549-GL cells under a magnetic field
in vitro

We simulated tumor formation under an external magnetic field in
vitro to observe MLM-A549-GL cell characteristics of targeted coloni-
zation at specific locations. After 12 h of exposure to the external
magnetic field, MLM-A549-GL cells achieved site-directed growth under
a fluorescence inverted microscope with a distribution pattern consis-
tent with the magnetic field, and their colonization rate was 79.54
+1.38%, whereas A549-GL cells grew uniformly and diffusely (Fig. 3H)
on the bottom of the well plate.
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Fig. 3. Viability, apoptosis, magnetization conditions, migration and colonization of MLM-A549-GL cells. (A). Magnetic nanomotors magnetization efficiency of
A549-GL cells is correlated with magnetization time. 1x10%/test, n=3, (One-Way ANOVA and Tukey’s test multiple comparisons), Error bars indicate SD. ***P <
0.001, NS means no statistical difference. (B). Magnetic nanomotors magnetization efficiency in A549-GL cells in various concentration. 1x10%/test, n=3, (One-Way
ANOVA and Tukey’s test multiple comparisons). Error bars indicate SD. *P < 0.05, **P < 0.01, ***P < 0.001. (C). Cell viability of A549-GL cells co-cultured with
magnetic nanomotors at different concentrations and times. 2x10%cells/test, n=3, (two side student’s t-test), Error bars indicate SD. *P<0.05. (D). Quantitative data
on living cells in apoptosis analysis (%). (E). Flow cytometric analysis of apoptosis in MLM-A549-GL cells magnetized with different concentrations of magnetic
nanomotors for 12 h. 1x10%/test, n=3, (two side student’s t-test). Error bars indicate SD. (F). Schematic diagram of in vitro migration experiment. MLM-A549-GL
cells were filled in the cell counting plate under the posture microscope, and the magnetic field was applied locally. (G). MLM-A549-GL cells moves rapidly in
the direction of the magnetic field. White arrows indicate the MLM-GL-A549 cells (Scale bar: 2000pm). (H). Distribution of A549-GL cells and MLM-A549-GL cells

under magnetic field. The colonization shape of MLM-A549-GL cells is consistent with the shape of the magnetic field.

3.6. Precision magnetism induced MLM-A549-GL cells to colonize the
femur

Our prevalidation experiments [13] showed that the BL signals of the
intra-femoral bone marrow injection (IB) and IV methods were mostly
located in the lungs 30 min after cell injection and could not specifically
colonize the bone (Supplementary Figure 3). Therefore, in this study, we
focused on using the magnetic MLM system to improve intramedullary
infusion to promote cell colonization in bone. For the in vivo experi-
ment, 29 (96.67%) in the MLM group and 44 (73.33%) in the CA group
were successfully injected, with significant differences (P=0.008). The
high success rate of MLM group injection is due to the simplicity and
stability of the method. With the help of our team’s patented tools, it
took only a few minutes to create a model. The traditional bone marrow
injection method for creating a model has a higher failure rate due to the
blocking of the needle by bone tissue during bone penetration and re-
quires a second injection. In addition, direct injection of cells through an
insulin needle may cause extravasation of cells outside the targeted area
and result in inconsistency in the doses of cells injected in different mice
[12,41]. Here, we used a self-designed bone marrow microinjector
containing a syringe and a needle core, which can avoid problems such
as needle clogging and cell extravasation. With the assistance of an
external magnetic field, the method can deliver tumor cells directly and
precisely to their preferred implantation site with minimal cell loss,
allowing for the establishment of a tumor model and effectively
increasing the success, precision and repeatability of intraosseous cell
injection.

At 30 min after cell injection, BL signals were detected. In the MLM
group, the signals were specifically concentrated in the femur of the
injection side, while the signals in the CA group were mainly distributed
in the lower body and part of the lungs of the mice (Fig. 4A). Further-
more, in the MLM group, the femur BL signal intensity was relatively
uniform among different individuals, and there was a very small amount
of signal in the lungs, which was significantly lower than that in the CA
group (Fig. 4B, P<0.05). We also tried CA injection combined with a
femoral localized magnetic field (CAM), but unfortunately, there were
still more BL signals in the lungs (Supplementary Figure 4). Previous
work by our team [13] has demonstrated that in the MLM group, if the
local magnetic field is removed from the femur within 1 h, the magne-
tized cells will re-enter the circulation and be mainly distributed in the
lungs in approximately 5 min. These results demonstrated that the
magnetic MLM system specifically enhances cell accumulation in the
femoral bone marrow cavity.

In the CA group, BL signal aggregation was observed in the bilateral
or unilateral knee joint of the mice at +3 d but quite weak and unstable.
BL intensity gradually increased from +3 d to +28 d, there was no
significant difference between bilateral femurs (P>0.05), and the BL
intensity was inconsistent among individuals with bone metastases.
However, in the MLM group, isolated, consistent, and gradually
increasing BL signals were observed in the injected femur from +3 d to
+28 d (Fig. 4A), with +3 d intensities that were 45 and 95 times higher
than those in the left and right lower limbs of the CA group, respectively
(Fig. 4C, P<0.001). No clear BL signal was observed in the contralateral
femur. The comparison of bilateral femur BL strength between the two
groups at different times is shown in Supplementary Table 1.

3.7. General conditions and bone metastasis rate

We performed a control analysis between the MLM group and the CA
group and compared the development of bone metastasis in mice in the
two groups by observing the changes in BL intensity over time (30 min,
+3, +7, +14, +21, +28 d) after injection of MLM-A549-GL cells
(Fig. 4A). BL imaging showed that the bone metastasis rates of the MLM
group (n=29) and CA group (n=44) were 82.76% and 56.82% at +3
d (P=0.021), 82.76% and 45.50% at +7 d (P=0.001), and 82.76% and
50.00% at +14 d (P=0.005), respectively. The bone metastasis rate of
the CA group decreased first and then increased within 14 d, while the
bone metastasis rate of the MLM group remained stable, and all were in
situ (Fig. 4D). Thus, the magnetic MLM system could significantly
improve the bone metastasis rate of lung cancer cells, which may
improve the success rate of constructing models using cell lines that are
less likely to form tumors or with patient-derived cells.

At the same time, the general conditions of the two groups were
compared. Ten mice were randomly selected, and their body weight
(Fig. 4E) was measured weekly starting from the day of injection. The
mice in the MLM group (n=10) were in a normal behavioral state, and
there was no significant difference in body weight between the two
groups in the first two weeks (P>0.05). After +21 d, the body weight of
mice in both groups decreased, while the average body weight of mice in
the MLM group was significantly higher than that in the CA group at
+21 d (P=0.025) and +28 d (P=0.009).

3.8. In vivo tissue distribution of MLM-A549-GL cells

BL imaging of the isolated hind limb showed that the femur on the
injection side of the MLM group exhibited a strong BL intensity at +14 d,
and no clear signal was detected in the contralateral femur; on day +28,
the femur BL intensity increased, and the contralateral femur was visible
within a specific BL color range (Supplementary Figure 5). While in the
CA group, BL signals were visible in both femurs at +14 d and +28
d (Fig. 5A). Invitro organ BL imaging showed that at +14 d, weak signals
could only be detected in the lungs of the MLM group, whereas clear
signals were observed in the liver and lungs of the CA group (Fig. 5B); on
day +28, the MLM group showed a 99.85%, 98.67%, 89.51% and
98.79% reduction in liver, lungs, kidney and spleen, respectively,
compared with the CA group. Weak signals were observed only in the
brain, liver and lungs in the MLM group, while cancer cells spread to all
tissues in the CA group (Fig. 5B), including the brain (P=0.248), liver
(P<0.05), lungs (P<0.05), both kidneys (P<0.05) and spleen (P<0.05,
Fig. 5C), and an infiltrated ovarian tumor was observed in a mouse of CA
group, with tumors up to 1.1 cmx1 cm (Supplementary Figure 6).

Early tumor formation was detected by micro-MRI and micro-PET/
CT at +14 d, and tumor cell distribution was assessed by micro-MRI,
micro-CT and histology at +28 d. Micro-MRI results of +14
d (Fig. 6A) showed that in the MLM group, there was visible tumor tissue
outside the bone, with clear low signals near the metaphysis endpoint,
likely due to the presence of Fe304 nanoparticles that show low signal
intensity on T2 images [21]. No clear tumor tissue was found in the
contralateral femurs. In the CA group, tumor growth was observed in the
femur bilaterally with a high signal, but no clear tumor tissue was
observed outside the bone. "®F! FDG imaging performed at +14
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Fig. 4. The MLM system improves tumor femur bone metastasis rate. (A). Representative BL images at indicated days after MLM (n=10) and CA (n=10) injection of
MLM-GL-A549 cells. (B). Ratio of lung BL intensity to whole-body BL intensity 30 min after MLM (n=10) and CA (n=10) injection of MLM-GL-A549 cells, (Inde-
pendent-Samples Mann-Whitney U Test). Error bars indicate quartiles. *P < 0.05. (C). BL intensity in region of interest (ROI) at indicated days after MLM (n=10) and
CA (n=10) injection of MLM-GL-A549 cells. Red boxes in the images of 30 min indicate ROI, and bilateral femur of CA group compared with MLM-R statistics are
labeled in the figure. (Kruskal-Wallis H and multiple comparisons). Error bars indicate quartiles. *P< 0.05, **P < 0.01, ***P < 0.001, ns means no statistical
difference. (D). Bone metastasis rates at 3 d, 7 d and 14 d after MLM-A549-GL cells injection by MLM (n=29) and CA (n=44). *P < 0.05, **P < 0.01 (Pearson Chi-
Square). (E). Body weight changes on specified days after MLM-A549-GL cells injection by MLM (n=10) and CA (n=10). (two side student’s t-test). Error bars indicate
SD. *P< 0.05, **P < 0.01.
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Fig. 5. The MLM system enables precise femur tumor formation. (A). Representative BL images of both lower limbs at 14 d and 28 d after MLM-A549-GL cells
injection by MLM and CA. (B). Representative in vitro BL images of organs harvested from mice at 14 d and 28 d after MLM-A549-GL cells injection by MLM and CA. B
brain, Lg lung, H heart, S spleen, Lv liver, K kidney. (C). BL intensity of each organ at 28 d after MLM-A549-GL cells injection by MLM (n=4) and CA (n=4),
(Independent-Samples Mann-Whitney U Test). Error bars indicate quartiles. *P < 0.05.

d (Fig. 6C) showed that uptake of '® ¥ FDG in the femur on the injection
side of the MLM group was stronger than that in the bilateral femur of
the CA group. Micro-MRI results showed that the tumor tissue in both
groups increased in size at +28 d. In the MLM group, a weak high signal
was seen in the contralateral femur, and no clear tumor tissue was seen
outside the bone. In the CA group, tumor tissue was seen outside the
femur, tibia and knee joint bilaterally, which was consistent with the BL
results. In vitro femoral micro-CT results (Fig. 6B) confirmed that there
was significant bone destruction on the injected side of the femur in the
MLM group at +28 d.

To adapt to the bone marrow microenvironment, circulating tumor

cells are temporarily dormant in the bone marrow [42]. Lawso et al. [43,
44] found that dormant myeloma cells directly adjacent to the endosteal
bone surface were occupied by osteoblasts expressing type I collagen,
while proliferating myeloma cells tended to occupy positions away from
the bone surface. Interestingly, HE staining of pathological sections of
femur results (Supplementary Figure 7) showed that the tumor grew in
aggregates close to the bone surface on the injection side of the MLM
group at +14 d, which may be due to the initial local colonization of
MLM-A549-GL cells under the effect of the magnetic field. This will
provide a research model to explore the key mechanisms of dormancy in
osteoclasts, osteoblasts and tumor cells in virous tumors, as well as the
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Fig. 6. Detection of hindlimb bone metastases in mice using MRI, Micro-CT and "8 ¥ FDG PET/CT. (A). Representative coronal T2-weighted MR images of the mouse
femur at 14 d and 28 d after MLM-A549-GL cells injection by MLM and CA. White arrows indicate the location of bone metastases. (B). Representative micro-CT 3D
reconstructions of the femur in normal mice and at 28 d after MLM-A549-GL cells injection by MLM. (C). Representative hindlimb "®™ FDG PET/CT images of
normal mice and 14 d after MLM-A549-GL cells injection by MLM and CA. Red circles indicate the location of bone metastases.

interaction between cells and molecules in the bone marrow microen-
vironment and to develop of therapeutic approaches to prevent tumor
bone metastasis. On day +28, tumors in the isolated femurs of the MLM
group grew diffusely in the bone marrow cavity of the lower 2/3
segment of the femoral body on the injection side (Supplementary
Figure 8). HE staining results also confirmed this, and a demarcation
between normal bone tissue and tumor tissue was observed. Tumor cells
were also observed in the contralateral femur, suggesting that the tumor
progressed to the contralateral femur at a later stage. In the CA group,
diffuse tumor cells were found in the bone marrow cavity of both
femora.

This study presents a new mouse model of lung cancer bone metas-
tasis with several advantages. Firstly, the establishment of bone metas-
tases is fast and stable. The MLM system improved the local aggregation
of cells in the femur, resulting in the appearance of precisely fixed tumor
signals within 3 d after cell injection and these signals keep increasing
over time. In contrast, the CA method only helped a small proportion of
tumor cells reaching lower limbs through blood circulation. At 43 d, the

10

tumor signal appeared randomly in one limb or both (sometimes
neither) of lower limbs, and the intensity was significantly lower than
that in the MLM group. Successful early modeling will effectively extend
the therapeutic window of model mice, allowing for earlier intervention
of the model, which is highly advantageous for new drug development
and helps to explore the mechanisms of tumor development. Secondly,
higher bone metastasis rate. As previously described, the bone metas-
tasis rate in the CA group varied dynamically over 14 days
(45.5-56.82%), whereas the rate in the MLM group remained stable at
82.76%. Thirdly, high consistency of bone metastasis. It is difficult to
predict the exact location of bone metastasis and infiltration of vital
organs in such modeling methods as CA, IC, IV, and IB injection, a wide
variation in the frequency, signal intensity and location of tumor
metastasis. In this study, tumor signals were observed in vital organs and
at the femur, tibia, and knee joints in the CA group. While the MLM
system enhanced the consistency of tumor modeling, in which tumor
signals were limited to the femur with a consistent distribution, as well
as significantly lower signals in vital organs at +14 d. In a word, the
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MLM system increased the repeatability and reliability of tumor bone
metastasis. It can be utilized for constructing other tumor types and
patient-derived xenografts (PDX) models in the future.

4. Conclusion

Here, we show the biosafety and effect of A549-GL cells based MLM.
It is the first report of tumor modeling with the MLM system to construct
a precise tumor bone metastasis model. The manipulation of cells by the
magnetic MLM system improves the precision of tumorigenic sites and
bone metastasis rates, results in better consistency and repeatability of
the model. This model has much longer study window for drug screening
and treatment, as well as further mechanism study, due to its early and
stable modeling and fewer infiltration of vital organs.
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