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Abstract: Bacterial magnetosomes, because of their nano-scale size, have a large surface-to-
volume ratio and are able to carry large quantities of bioactive substances such as enzymes,
antibodies, and genes. Gangliosides, a family of sialic acid-containing glycosphingolipids,
function as distinctive cell surface markers and as specific determinants in cellular recogni-
tion and cell-to-cell communication. Exogenously added gangliosides are often used to study
biological functions, transport mechanisms, and metabolism of their endogenous counterparts.
Absorption of gangliosides into cells is typically limited by their tendency to aggregate into
micelles in aqueous media. We describe here a simple strategy to remove proteins from the
magnetosome membrane by sodium dodecyl sulfate treatment, and efficiently immobilize a
ganglioside (GM, or GM,) on the magnetosome by mild ultrasonic treatment. The maximum
of 11.7x1.2 ug GM, and 11.6+1.5 pg GM, was loaded onto 1 mg magnetosome, respectively.
Complexes of ganglioside-magnetosomes stored at 4°C for certain days presented the consis-
tent stability. The use of GM,-magnetosome complex resulted in the greatest enhancement of
ganglioside incorporation by cells. GM,-magnetosome complex significantly inhibited EGF-
induced phosphorylation of the epidermal growth factor receptor. Both of these effects were
further enhanced by the presence of a magnetic field.
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Introduction
Magnetic Fe,O, nanoparticles, termed magnetosomes, are synthesized by Magneto-
spirillum magneticum and related bacteria.! Magnetosome chains are enclosed by a
lipid bilayer membrane with high content of transmembrane proteins.? Because of their
high magnetization, monodispersity, and range of size (~35-120 nm), magnetosomes
have many potential applications in biomedical diagnostics and nanoscience fields,
notably the delivery of targeted drugs and genes and detection of pathogens.>* Their
degradability and biocompatibility with a variety of cell types and structures make
magnetosomes useful in many in vitro and in vivo applications.>®
Glycosphingolipids, characteristic components of mammalian cell membranes, are
involved in cell growth, adhesion, migration, and many other processes.”® Gangliosides,
a family of glycosphingolipids that contain one or more sialic acids, are distinctive
surface markers and often function as specific determinants in cellular recognition
and cell-to-cell communication. Ganglioside GM, affects receptor-associated tyrosine
kinases of many cellular factors, including epidermal growth factor receptor (EGFR),
platelet-derived growth factor, fibroblast growth factor, neuronal growth factor, and
insulin.”"" Ganglioside GM,, a major component of total ganglioside mixtures from
mammalian brains, has been applied for therapy of a variety of neurological disorders."?
Exogenously applied GM, promotes neurite outgrowth following neural injury in
several animal models.*'* Nanocapsulized, chemically modified gangliosides have
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Figure | Technique (schematic) for synthesis of ganglioside-magnetosome complex.

Abbreviation: GSLs, Glycosphingolipids.

been developed and incorporated into various polymers or
liposomes to improve delivery efficiency, increase blood
circulation time, or stimulate immune responses.'>!7 The
primary obstacle to the administration of gangliosides to
cells is their tendency to aggregate into micelles in aqueous
media. In studies by Orlando et al'® and Ghidoni et al*®, only
1%-3% of administered GM, actually entered brain cells in
mouse and rat models.'®!°

We developed a novel strategy using bacterial magneto-
somes to enhance cellular uptake of gangliosides. Magne-
tosomes were isolated and purified from Magnetospirillum
gryphiswaldense,® proteins and lipopolysaccharides were
removed from their membranes by sodium dodecyl sulfate
(SDS) treatment, and specific gangliosides were grafted
onto the modified magnetosome by mild ultrasonic treat-
ment (Figure 1).

Materials and methods

Cell lines and culture

Human epidermoid carcinoma cell line A431 and human
mammary epithelial cell line MCF-10A were obtained from
Cell Bank of the Chinese Academy of Sciences (Shanghai,
People’s Republic of China). A431 and MCF-10A cells were
cultured in Dulbecco’s Modified Eagle’s Medium containing
10% fetal bovine serum (FBS), 100 IU/mL penicillin, and
100 ug/mL streptomycin at 37°C in a 5% CO, atmosphere.
Human highly malignant, invasive bladder cancer cell line
YTS-1 was a kind gift from Dr Sen-itiroh Hakomori (The
Biomembrane Institute, Seattle, WA, USA). YTS-1 cells
were cultured in RPMI 1640 medium supplemented with 10%
FBS (Hyclone, Logan, UT, USA) and 1% penicillin/strep-
tomycin at 37°C in a 5% CO, atmosphere. As only cell lines
were used in this study, no ethics approval was required.
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Bacterial strain, gangliosides
Magnetospirillum gryphiswaldense strain MSR-1
(DSM6361) was a kind gift from Prof Ying Li (China
Agricultural University, Beijing, People’s Republic of
China). Gangliosides GM, and GM, were from Matreya LLC
(Pleasant Gap, PA, USA).

Preparation of magnetosomes

MSR-1 cells were cultured as described previously? and
collected by centrifugation at 8,000x g for 10 minutes at
room temperature (RT). An aliquot (~1 g wet weight) was
resuspended in 10 mL of 10 mM phosphate-buffered saline
(PBS; pH 7.4) and disrupted by two passes through a French
press (ATS Engineering Inc., Brampton, ON, Canada) at
1,000 psi. Magnetosomes were collected using neodymium-
iron-boron (Nd-Fe-B) magnets and washed 8—10x with PBS
in a mild ultrasonic bath (50 W; TY92-II; Xinyi, Ningbo,
People’s Republic of China). Purified magnetosomes were
lyophilized for 20 hours and stored at —20°C.

Preparation of ganglioside-magnetosomes
A 1 mg magnetosome sample was boiled with 1% SDS for
5 minutes to remove membrane proteins. The modified mag-
netosomes were isolated using a Nd-Fe-B magnet, washed
3x with 1 mL of 10 mM PBS (pH 7.4), and resuspended in
I mL of 20 pg/mL GM, solution in 10 mM PBS. The mixture
was washed in an ultrasonic bath (100 W) for 10 minutes
at 4°C and then incubated for 2 hours at RT. Resulting
GM,-magnetosomes were washed with 10 mM PBS. GM,
concentration before and after reaction with magnetosomes
was determined by high-performance thin layer chro-
matography (HPTLC). GM -magnetosomes and control
phosphatidylethanolamine-magnetosomes were prepared in a
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similar manner. Ganglioside-magnetosome complex was stored
at 4°C, and sterilized by UV irradiation prior to experiments.

High-performance thin layer

chromatography

Lipids were extracted from magnetosomes as described
previously.?! In brief, a 2 mg magnetosome sample was
suspended in 950 mL chloroform-methanol solution
(chloroform/methanol/distilled water 1:2:0.8), incubated
for 2 hours, and lipid and non-lipid fractions were separated
using a Nd-Fe-B magnet. The same volume of chloroform-
methanol solution was used to extract equivalent amounts
SDS-treated magnetosomes, GM -magnetosomes, and GM,-
magnetosomes. Purified lipid fractions were subjected to
HPTLC (silica gel 60 plates; Merck, Whitehouse Station,
NJ, USA) with chloroform/methanol/water (65:35:4, v/v/v)
as developing solvent, and visualized using iodine.

Transmission electron microscopy
Magnetosome samples were applied to carbon-coated 150-
mesh copper grids (Nisshin EM Co., Tokyo, Japan) and dried
at RT. Transmission electron microscopy (TEM) samples
were prepared by drying a drop of solution in a dark room
on amorphous carbon-coated nickel grids. Magnetosome size
and morphology were observed by TEM (model H700-H;
Hitachi, Tokyo, Japan).

Fourier-transform infrared spectroscopy
Samples were dispersed in distilled water. Dry particles were
mixed with ground KBr crystals, and samples were pressed
as pellets. Spectra were acquired using a Nicolet Nexus670
iS10 Fourier-transform infrared spectroscopy (Thermo Fisher
Scientific, San Jose, CA, USA).

Protein capture by GM,-magnetosomes
GM,-magnetosomes (1 mg) were mixed with 1 mL A431
cell protein lysate (1 mg/mL), incubated overnight at 4°C,
and washed 3x with Tris-buffered saline (+) (130 mM
NaCl/10 mM Tris-HCI (pH 8.0) containing 0.9 mM CaCl,,
0.5 mM MgSO,, and 0.1 mM MnCl,). Protein bound to GM-
magnetosomes was solubilized by boiling in 50 uL. SDS/
polyacrylamide gel electrophoresis (PAGE) sample buffer
for 5 minutes, and analyzed by Western blotting.

Western blotting

GM,-magnetosomes were incubated with A431 cell lysate
as above, mixed with boiling 1% SDS solution, and proteins
interacting with the magnetosomes were extracted. Each

extracted protein sample (30 mL) was mixed with SDS
sample buffer (final concentration: 62.5 mM Tris-HCI,
pH 6.8, 5% 2-mercaptoethanol, 2% SDS, 5% sucrose, 0.002%
bromophenol blue), denatured, and subjected SDS-PAGE
on 7.5% (w/v) polyacrylamide gel. Protein was transferred
onto a polyvinylidene fluoride membrane and blotted with
anti-EGFR antibody (dilution 1:1,000; Cell Signaling
Technology, Beverly, MA, USA) and goat anti-rabbit anti-
body (dilution 1:5,000; Cell Signaling Technology). Signals
were detected with a ChemiDoc XRS + system (Bio-Rad,
Hercules, CA, USA).

Effect of GM, on EGF-induced tyrosine

phosphorylation of EGFR

A431 cells (1x10° per well) were cultured in 12-well plates
in Dulbecco’s Modified Eagle’s Medium containing 10%
FBS at 37°C until ~80% confluence. Cells were starved for
12 hours, incubated with GM, or GM,-magnetosomes with/
without magnetic field for 2 hours, stimulated with EGF for
5 minutes, washed in ice-cold PBS, and lysed in 100 pL
lysis buffer. Protein in the supernatant (equal amount for
each sample) was subjected to SDS-PAGE (7% gel) and
Western blotting with primary anti-phosphorylated EGFR
(pEGFR; dilution 1:1,000; Cell Signaling Technology) or
anti-EGFR (dilution 1:1,000) antibody and horseradish
peroxidase-conjugated anti-rabbit secondary antibody.
Immunoreactive proteins were visualized using an ECL
Kit (PA112-02; Tiangen, Beijing, People’s Republic of
China).

Confocal laser scanning microscopy

YTS-1 cells (1x10* per well in 24-well plates) were
cultured on sterilized coverslips (diameter 12 mm;
Fisherbrand, San Jose, CA, USA) in RPMI 1640 until ~70%
confluence, then cultured for 24 hours with PBS, GM, plus
magnetosomes (10 pg/mL), GM -magnetosome complex
(10 pg/mL), or GM -magnetosome complex (10 pg/mL)
under magnetic field, fixed with 4% fresh paraformalde-
hyde for 20 minutes, washed 3x with PBS, blocked with
5% bovine serum albumin in PBS (w/v) at RT for 2 hours,
incubated with 0.4 pg/mL Fluorescein isothiocyanate
(FITC)-labeled cholera toxin B subunit (CTB; specifically
recognizes GM ; Sigma-Aldrich Co., St Louis, MO, USA),
rinsed with PBS to remove excess dye, and stained with
DAPI (5 ug/mL) in PBS for 30 minutes. Coverslips were
mounted with Glycergel (DakoCytomation, Carpinteria,
CA, USA) and observed by laser confocal fluorescence
microscopy (model Eclipse Ti-U; Nikon, Tokyo, Japan).
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Flow cytometry

YTS-1 cells (1x10° per well) were cultured in 12-well
plates in RPMI 1640 until ~70% confluence, then cultured
for 24 hours in fresh medium supplemented with PBS,
GM, (1 ug/mL) plus magnetosomes (10 ug/mL), GM,-
magnetosome complex (concentration of total complex
added to medium =10 pg/mL; amount of GM, per 1 mg
magnetosome =0.104 ug), or GM -magnetosome complex
under magnetic field, digested with trypsin, washed with
PBS, blocked with 5% bovine serum albumin/PBS for
1 hour, stained with FITC-labeled CTB for 1 hour at RT,
and analyzed by flow cytometry (model Accuri C6; Becton
Dickinson, Franklin Lakes, NJ, USA).

Statistical analysis

The data were analyzed by #-test using Prism 5 program.
Differences in results were considered significant when
P-value was =0.05.

Results
Characterization of ganglioside-

magnetosome complexes
Removal of the proteins from the magnetosome membrane
by SDS treatment is the first step to generate the ganglioside-
magnetosome complexes. The released protein from
magnetosome after SDS treatment was examined by the bicin-
choninic acid method (Figure 2A). The highest concentration of
released protein in the supernatant was reached in 5 minutes after
SDS treatment. The membranes of SDS-treated and -untreated
magnetosomes were then characterized by Fourier-transform
infrared spectroscopy. SDS-treated magnetosomes showed
lower signals of amide I at 1,656 cm™ (from C=O0 stretching
vibration), amide II at 1,537 cm™ (from N-H bending vibra-
tion and C—N stretching vibration), and NH bending vibration
at 3,282 cm™ (Figure 2B).% These findings indicate that most
proteins on the magnetosomes were removed successfully.
Protein removal by SDS treatment created more space
on the magnetosome lipid membrane. The lipids were par-
tially disrupted by SDS treatment (Figure 2Ci, lanes 1, 2).
Incubation of gangliosides with magnetosomes in an ultra-
sonic bath resulted in insertion of ceramides (the hydrophobic
portion of gangliosides) into the lipidic core of the membrane.
Gangliosides inserted into the membrane were clearly detect-
able by HPTLC (Figure 2Ci, lanes 3, 4). After storage at
4°C for 2, 4, 6, or 8 days, gangliosides on the ganglioside-
magnetosome complexes were extracted and clearly shown
on a thin layer chromatography plate by HPTLC analysis
(Figure 2Cii and Ciii). TEM micrographs revealed that the

membranes were made thinner or partially eliminated by the
SDS treatment, but were restored by incubation with GM, or
GM, (Figure 2D). The zeta potential of GM1-magnetosome
complexes and GM3-magnetosome complexes were —17.84
and —14.84, respectively, and that obtained from magne-
tosomes was —42.18 (Table S1). Typical particle sizes of
magnetosomes are ~30 nm, whilst the size of ganglioside-
magnetosome reached at 150-200 nm (Figure S1). These
findings suggest that gangliosides were stably inserted into
the outer membrane layer through lipid—lipid interaction.

We next investigated the binding capacity of gangliosides
on magnetosomes. The binding capacity of coupled GM,
or GM, on magnetosomes was maximal at 30 minutes
incubation in an ultrasonic bath, whereas incubation for
longer periods induced GM, or GM, degradation (Table S2),
consistent with a previous report.”* Maximal loading capacity
of gangliosides was 11.7£1.2 ug per | mg magnetosome for
GM,, and 11.6£1.5 g per 1 mg magnetosome for GM,. The
same ganglioside load was observed in both 50 and 100 pg
gangliosides, indicating that the magnetosome loading
capacity was saturated. We therefore used 50 ng gangliosides
and 1 mg magnetosomes for reparation of ganglioside-
magnetosome complexes in subsequent experiments. The
magnetosomes and ganglioside-magnetosome complex
were sterilized by ultrafiltration for following toxicity assay.
Magnetosomes and the sterilized ganglioside-magnetosome
complex showed no obvious toxic effect on cell growth
(Figure S2A-C), consistent with previous studies.*

Uptake of GM -magnetosome complex
by YTS-1 cells

Our working hypothesis was that the uptake of ganglioside
into cells is promoted by the use of ganglioside—magnetosome
complex to enhance ganglioside solubility and distribution.
With bladder cancer cell line YTS-1 (low GM, expressor)*
as a model, we measured the cell surface expression of GM,
based on binding to CTB.* The incubation of YTS-1 cells with
GM  -magnetosome complex significantly enhanced the fluo-
rescence signal of FITC-labeled CTB for GM, (Figure 3B),
observed under laser confocal fluorescence microscopy.
Cellular uptake of GM -magnetosome complex was much
higher under magnetic field (Figure 3A, B). The lower level
of FITC signal for GM, in YTS-1 cells was determined by
flow cytometric analysis, whereas cellular uptake of GM,
contributed by GM -magnetosome complex was significantly
increased. And the magnetic field was able to further promote
the uptake of GM -magnetosome complex (Figure 3C).
Notably, the fluorescence signal showed that a portion of GM
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Figure 2 Characteristics of ganglioside-magnetosome complex.

Notes: (A) The protein released from magnetosome with SDS treatment for 30 seconds, |, 3, 5, 7 and 10 minutes was determined by BCA assay. (B) FT-IR spectra of
magnetosomes before and after SDS treatment. (Ci) Equivalent amounts of control magnetosomes (lane I), SDS-treated magnetosomes (lane 2), GM,-magnetosomes
(lane 3), and GM,-magnetosomes (lane 4) were extracted, subjected to HPTLC, and visualized as described in M&M/“high-performance thin layer chromatography”.
Equivalent amounts of GM -magnetosomes (Cii) or GM,-magnetosomes (Ciii) stored at 4°C for 2 (shown as 2d), 4 (4d), 6 (6d), and 8 (8d) days were extracted, subjected
to HPTLC, and visualized as described in M&M/“high-performance thin layer chromatography”. (D) TEM imaging of four types of magnetosomes as in (B). Upper row:
200,000x magnification. Scale bar =50 nm. Lower row: close-ups of images in upper row.

Abbreviations: BCA, bicinchoninic acid; FT-IR, Fourier-transform infrared spectroscopy; HPTLC, high-performance thin layer chromatography; M&M, materials and
methods; SDS, sodium dodecyl sulfate; TEM, transmission electron microscopy.

International Journal of Nanomedicine 2015:10 submit your manuscript 6923

Dove


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

Guan et al Dove

SR

B PBS GM,

GM, + magnetosome GM,-magnetosome GM,-magnetosome
+ magnet complex complex + magnet

GM, + magnetosome

C 2500
2,000
1,500 A . CONEO|
0 / — PBS
ch GM, + magnetosome
I.|>J \ GM,-magnetosome complex
1,000 / \ GM,-magnetosome complex + magnet
f
500
0
10° 102 108 104 10° 108

FITC

Figure 3 Uptake of GM -magnetosome complex by YTS-I cells.

Notes: YTS-I cells were treated with PBS, GM, plus magnetosomes, GM -magnetosome complex, or GM -magnetosome complex under magnetic field (A), as described in
M&M. Expression of GM, on the cell surface was determined by confocal laser scanning microscopy (B) and flow cytometric analysis (C).

Abbreviations: FITC, fluorescein isothiocyanate; PBS, phosphate-buffered saline; M&M, materials and methods.
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was internalized inside the cells, it was resulted from that GM,
were ingested into YTS-1 cells together with magnetosomes,
but not finalizing the transportation of GM, to the outer of the
plasma membranes. These findings indicate that the uptake of
GM, -magnetosome complex by YTS-1 cells was enhanced by
biocompatibility of the magnetosome membrane, and further
enhanced by the presence of a magnetic field.

Inhibition of pEGFR by GM,-

magnetosome complex

Exogenous addition of gangliosides is a technique often
used to elucidate the function of specific gangliosides as
second messenger molecules or receptor modulators in
cultured cells.”?**” For example, exogenous GM, blocks

A

A431 cell
proteins

Incubated with
GM,-magnetosome
complex

Marker 1 2 3 4 5

Figure 4 (Continued)

tyrosine phosphorylation of EGFR in human epidermoid
carcinoma A431 and other cell lines.?*? The absorption of
gangliosides into cells is typically limited by their tendency
to aggregate into micelles in aqueous media.’** We examined
the inhibitory effect of magnetosomes grafted with GM,
(GM,-magnetosome complex) on EGFR activation. A431
cells (high EGFR expressors) are often used for studying
mechanisms whereby the EGFR signal pathway is turned on
or off.* We confirmed the interaction of GM, with EGFR
using GM,-magnetosome complex. A431 cell lysate was
incubated with the complex, and specific proteins binding to
the complex were separated by magnetic field (Figure 4A).
The EGFR protein in A431 cell lysate was clearly pulled down
by GM,-magnetosome complex and confirmed by Western
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Figure 4 Effect of GM3 on EGF-induced tyrosine phosphorylation of EGFR.

Notes: (A) Technique (schematic) for evaluating interaction of GM,-magnetosomes with EGFR. (B) A43I cell lysate was incubated with PE-magnetosomes or
GM,-magnetosomes, separated by a magnetic field, boiled in 50 uL sample buffer, subjected to SDS-PAGE, visualized by silver staining (left), or analyzed by Western
blotting (right). Lane I: A431 cell lysate. Lane 2: lysate incubated with PE-magnetosomes. Lane 3: lysate incubated with GM,-magnetosomes. Lane 4: protein bound to
PE-magnetosomes. Lane 5: protein bound to GM,-magnetosomes. (C) Inhibitory effect of GM, and GM,-magnetosomes on EGFR kinase activity in A431 cells. Amount of
GM, per | mg magnetosome =0.104 pig. 10%: concentration of total GM,-magnetosome complex added to medium =10 pg/mL. EGF-induced phosphorylation of EGFR was
quantified as density of phospho-EGFR divided by that of EGFR, by densitometry using Image J. Experiments were performed in triplicate, and representative Western blot
results are shown (left). Data are shown as mean * SD (right). *P<<0.05; ***P<<0.001.

Abbreviations: EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; p-EGFR, phosphorylated epidermal growth factor receptor; SDS-PAGE, sodium

dodecyl sulfate-polyacrylamide gel electrophoresis.

blotting, whereas phosphatidylethanolamine-magnetosomes
complex had no such effect (Figure 4B). EGF stimulation
activated pEGFR expression as expected, and such activa-
tion was inhibited by GM.,. The inhibitory effect of GM, on
pEGFR activation was significantly enhanced by complexing
with magnetosomes, especially together with the presence of
a magnetic field (Figure 4C).

Discussion

The potential of liposomes as biodegradable or biocompat-
ible drug carriers for enhancing the potency of therapeutics
is well established. Magnetite nanoparticles are essential
components for the development of many novel biotech-
nological and nanotechnological applications. Among

various types, bacterial magnetosomes (synthesized by
magnetotactic bacteria) are of particular interest because of
their paramagnetism, nano-scale size, and unique biomem-
brane. The natural origin and magnetic characteristics of
bacterial magnetosomes have proved to be useful in a variety
of biotechnological applications, including enzyme immobi-
lization, drug delivery, and target cell separation.**!
Glycoconjugates, located primarily in cell membranes, play
essential roles in protein modification, cell—cell interaction, cell
adhesion, and many other biological processes.! In gangliosides,
an important glycoconjugate family, one or more monosac-
charides are glycosidically linked to a lipid moiety (ceramide).
Gangliosides are usually synthesized on the membranes in the
endoplasmic reticulum—Golgi pathway and delivered primarily
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to the outer leaflet of the plasma membranes. The lipid moiety is
typically embedded in the cell membrane. The oligosaccharide
moiety is extended (exposed) outside the bilayer membrane,
and may interact simultaneously with one or more proteins or
receptors. Various methods have been developed for studying
protein—carbohydrate interactions, including 2-D glycoconjugate
arrays on gold surfaces®” and spherical arrays of carbohydrates as
represented by glycodendrimers and liposomes.** Gangliosides
(eg, GM,) can be incorporated in the liposome membrane, and
the tendency to aggregate can be reduced by conjugation to
hydrophilic polymers such as polyethylene glycol.**

We describe here a simple strategy to remove proteins
from the magnetosome membrane by SDS treatment, and
immobilize a ganglioside (GM, or GM,) on the magnetosome
by mild ultrasonic treatment. Many evidence have shown that
complexes that use magnetosomes as carriers can be easily
ingested into cells through endocytosis process.** In our
study, gangliosides immobilized on magnetosomes was easily
ingested into cells. GM, immobilized on magnetosomes was
easily taken up by cells. GM,-magnetosomes had a strong
inhibitory effect on EGFR activation, also indicating increased
absorption of GM, by cells. In addition, because magnetosomes
are comprised of Fe,O

34
process that the particles entering into cells.’>*¢ Therefore, the

the magnetic field could accelerate the

effects described above were further enhanced by the presence
of a magnetic field, because of the magnetic characteristics of
magnetosomes. Our findings provide a basis for the applica-
tion of magnetosomes in the delivery of specific gangliosides
into cells, and the new strategy will be useful in studies of
carbohydrate—protein interactions in vitro and in vivo.
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Supplementary materials (Malvern, UK) equipped with a standard laser at 633 nm. The
Methods size distribution of the formed complexes was analyzed using
Zeta potential and size distribution measurements. the above Zetasizer Nano ZS system.

Zetapotential of magnetosomesand ganglioside-magnetosome
complexes were performed on a Zetasizer Nano ZS system

Table S| Zeta potential of magnetosomes and ganglioside-magnetosome complexes

Magnetosomes GM, -magnetosomes complex GM,-magnetosomes complex

Zeta potential —42.18 —17.84 —-14.84

Magnetosomes GM,-magnetosomes GM,-magnetosomes

complex complex
Size diameter (nm) 9.62 149 195.8
Magnetosomes GM,-Magnetosomes GM,-Magnetosomes
100 v 1001 1004 '
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Figure S| Size distribution of magnetosomes and ganglioside-magnetosome complexes.
Table S2 Grafting efficiency of gangliosides onto magnetosomes
Ultrasonic bath GM, or GM, added GSLs grafted, Wg (1g) Grafting efficiency (%)
time (minutes) initially, Wt (ug) (mean + SD)
GM, GM, GM, GM,
10 50 6.2+0.4 7.4+0.6 12.4 14.8
30 50 10.4+0.7 11.210.6 20.8 224
60 50 10.2+0.8 10.51£0.8 204 21.0
30 20 8.4+1.1 9.4+0.4 42 47.0
30 100 11.7+1.2 I1.6x1.5 1.7 1.6

Notes: Grafting efficiency (%) = Wg/Wt x100. Reaction system: a defined amount of ganglioside was added to | mL PBS (pH 7.5) buffer containing | mg/mL
magnetosomeSA
Abbreviations: PBS, phosphate-buffered saline; GSLs, Glycosphingolipids; SD, standard deviation.
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Figure S2 MTT assay of ganglioside-magnetosome complexes.

Notes: (A) Human mammary epithelial MCFI0A cells (1x10° per well in 96-well plates) were cultured in DMEM for 48 hours. Aliquots (10 pg/mL) of control magnetosomes,
SDS-treated magnetosomes, GM, + SDS-treated magnetosome mixture, GM, -magnetosome complex, GM, + SDS-treated magnetosome mixture, and GM,-magnetosome
complex were added to the culture medium, and culture was continued for 24 hours. Each well was added with 20 uL MTT solution and incubated 4 hours at 37°C. The
reaction was stopped by addition of 700 uL DMSO, and absorption at OD,,, was recorded immediately. Experiments were performed in triplicate, and data are shown as
mean + SD. (B) Magnetosomes, SDS-treated magnetosomes and 5, 10, and 20 pig/mL GM,-magnetosomes complex were added to YTS-I cells, respectively,and cell viability
assay was performed as described above. Experiments were performed in triplicate, and data are shown as mean *+ SD. (C) Magnetosomes, SDS-treated magnetosomes
and 5, 10, and 20 pg/mL GM,-magnetosomes complex were added to A431 cells, respectively, and cell viability assay was performed as described above. Experiments were
performed in triplicate, and data are shown as mean * SD.

Abbreviations: DMEM, Dulbecco’s Modified Eagle’s Medium; DMSO, dimethyl sulfoxide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; SDS, sodium
dodecyl sulfate; SD, standard deviation.
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