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   The objective of this study is to prepare biodegradable iron oxide nanoparticles with bioab-
sorbable gelatin. Nano-size gelatin composites with well-dispersed structure of ultra-small iron
oxide nanoparticles within a gelatin nanoparticle were prepared by a micro-emulsion method.
The gelatin iron oxide nanoparticles prepared were degraded with time in 20 mM citric acid
buffer solution at pH 4.5, in remarked contrast to gelatin iron oxide nanoparticles prepared by
the conventional co-precipitation method. When co-cultured with human bone marrow-derived
mesenchymal stem cells, the gelatin iron oxide nanoparticles were internalized into cells and
degraded with time intracellularly. The biodegradable gelatin iron oxide nanoparticles showed
the T2-weighted signals of magnetic resonance imaging.
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Introduction
   Nanoparticles have a potential for biomedical and phar-

maceutical applications because of their small size, large

surface-to-volume ratio, and the easiness of surface

modification1). Moreover, the characteristics of nanoparticles

are different from those of bulk materials. Among them,

iron oxide nanoparticles have been explored and applied

for biomedical applications, such as magnetic resonance

imaging (MRI)2, 3), biosensor, drug delivery system1, 29), gene

delivery4,5), cell separation6), and hyperthermia treatment7).

Various iron oxide nanoparticles have been developed fo-

cusing on the control of particle monodispersity in size and

magnetic properties, the surface coating of nanoparticles

for the water solubilization, and the surface functionalization

of nanoparticles with targeting molecules8-14). Highly mono-

disperse iron oxide nanoparticles with the size distribution

less than 3.2 % and 5 % were prepared by thermal decompo-

sition, respectively8,9). The nanoparticles are functionalized
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by their coating with poly(ethylene glycol) (PEG)10), poly-

ethylenimine (PEI)11), other polymers12, 13), and fatty acids14).

The surface functionalization of iron oxide nanoparticles

improved their cellular internalization efficiency and target-

ing ability to a specific site in the body15,16). However, one of

the iron oxide nanoparticles-related problems is their no-

degradability. There are only a few reports to investigate

the biodegradability of iron oxide nanoparticles17-19). No re-

searches have been reported on the design of iron oxide

nanoparticles which can be degraded in vitro.

　Gelatin is a biodegradable polymer prepared from the

denaturation of collagen and has been utilized for medical

and pharmaceutical applications. Gelatin is chemically

crosslinked to form hydrogels which achieve the controlled

release of proteins and low-molecular-weight drugs20-23). In

addition, gelatin nanospheres have been reported to be a

good carrier of gene transfection24, 25).

　In this study, this biodegradable gelatin of carrier mate-

rial was used to prepare iron oxide nanoparticles. If ultra-

small iron oxide nanoparticles are dispersed in the matrix

of gelatin, the degradability of iron oxide will be improved.

A micro-emulsion method was introduced to design the

nano-size composite of iron oxide nanoparticles with gela-

tin. The in vitro degradability of gelatin iron oxide nano-

particles was evaluated in a citric acid buffer solution at pH

4.5 and human mesenchymal stem cells. We examined

the MRI relaxivity of gelatin iron oxide nanoparticles.

Materials and Methods
1)Materials

　Gelatin with an isoelectric point (pI) of 9.0 (Mw=100,000),

prepared by an acidic treatment of pig skin, was kindly sup-

plied from Nitta Gelatin Inc., Osaka, Japan. Ferrous chlo-

ride, poryoxyethylene sorbitan monooleate (Tween 80),

2,2,4-trimethylpentane (isooctane), glutaraldehyde (25

wt% in water), ammonia solution, citric acid anhydrous,

1M sodium hydroxide solution, L(+)-ascorbic acid,

bathophenanthroline disulfonic acid, cell count reagent SF,

1M hydrochloric acid, and 6M hydrochloric acid were pur-

chased from Nacalai Tesque. Inc., Kyoto, Japan. Ferric

chloride, sorbitan monooleate (Span 80), and potassium

hexacyanoferrate (II) were purchased from Wako Pure

Chemical Industries, Ltd., Osaka, Japan. Nuclear fast red

was purchased from Sigma-Aldrich Inc., St. Louis, MO,

USA. They were used without further purification.

2)Preparation of iron oxide nanoparticles with gelatin by

micro-emulsion method

 　Nano-sized composites of iron oxide nanoparticles with

gelatin (gelatin iron oxide nanoparticles) were prepared by

the micro-emulsion method with slight modification (Fig.1

(a)). The preparation was performed with three micro-emul-

sions of M(I), M(II), and M(III). For the preparation of M(I),

50 μl of 111 mg/ml Ferric chloride was added to 2 ml of 1

mg/ml gelatin solution, followed by mixing for 30 min at

room temperature. Then, 50 μl of 41 mg/ml ferrous chlo-

ride was added to the solution. This resulting solution was

dispersed in 40 ml of isooctane containing 480 mg of Span

Fig.1 Schematic representation

of (a) gelatin iron oxide

nanoparticles prepared

by the micro-emulsion

method, and (b) gelatin

iron oxide nanoparticles

prepared by the co-precipi-

tation method.
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80 and 480 mg of Tween 80, and then sonicated for 3 min

at room temperature under N2 bubbling to obtain the mi-

cro-emulsion M(I). For the M(II), 200 μl of 1 M-sodium hy-

droxide solution was dispersed in 40 ml of isooctane con-

taining 480 mg of Span 80 and 480 mg of Tween 80, and

sonicated for 3 min at room temperature under N2 bub-

bling. To prepare the micro-emulsion M(III), 200 μl of 0.5

wt% glutaraldehyde solution was dispersed in 40 ml of

isooctane containing 480 mg of Span 80 and 480 mg of

Tween 80, and sonicated for 3 min at room temperature

under N2 bubbling. The M(II) micro-emulsion was added to

the M(I) and sonicated for 3 min on ice under N2 bubbling,

and then the M(III) was added to the mixed M(I) and M(II)

micro-emulsion. Following sonication for 3 min on ice un-

der N2 bubbling, the final solution was stirred overnight at 4

℃, washed 3 times with acetone, and freeze-dried to ob-

tain gelatin iron oxide nanoparticles.

3)Preparation of iron oxide nanoparticles with gelatin

by co-precipitation method

　A control material of iron oxide nanoparticles was pre-

pared by the conventional co-precipitation method (Fig.1

(b))26). Briefly, 120 μl of 100 mg/ml ferric chloride and 41

mg/ml ferrous chloride was added to 1 ml of 20 mg/ml gelatin

aqueous solution. The molar ratio of ferric ions to ferrous

ions was 1.8. Then, 250 μl of 28 vol% ammonia aqueous

solution was added to the solution and incubated at 60℃

for 20 min. The suspension was desalted by the PD-10

column (GE Healthcare Bio-Sciences Corp., Piscataway,

NJ, USA) with double-distilled water (DDW).

4)Characterization of gelatin iron oxide nanoparticles

　The morphology of gelatin iron oxide nanoparticles pre-

pared by the micro-emulsion and co-precipitation methods

was observed by transmission electron microscopy (TEM,

Hitachi H-7650, Hitachi, Tokyo, Japan). The freeze-dried

gelatin iron oxide nanoparticles were dispersed in DDW.

The dispersion was dropped onto a grid, and the grid was

air-dried at room temperature for the TEM observation.

　The hydrodynamic sizes and surface potentials of gela-

tin iron oxide nanoparticles were measured by Zetasizer

Nano-ZS (Malvern instruments, Worcestershire, UK). The

freeze-dried gelatin iron oxide nanoparticles of sample were

dispersed in 10 mM phosphate buffered-saline solution

(PBS, pH7.4).

　The magnetization curve of freeze-dried nanoparticles

was measured using a superconducting quantum interfer-

ence device (SQUID, Quantum Design, San Diego, CA,

USA) at room temperature at a maximum field of 7 T.

5)Magnetic resonance imaging (MRI) of gelatin iron

oxide nanoparticles

　The MRI property of gelatin iron oxide nanoparticles was

evaluated in a 7.0 T, 20 cm bore horizontal magnet inter-

faced to a BioSpec 70/20 AVANCE-III system (Bruker

Biospin, Ettlingen, Germany). A 60 mm diameter birdcage

coil (transmission and reception, Bruker Biospin, Ettlingen,

Germany) was used for measurement. An aqueous solu-

tion of nanoparticles (100 μl) was placed into a polymer-

ization chain reaction (PCR) tube (200 μl) cluster plate

(Simport Plastics Ltd., Beloeil, Canada). Sample tempera-

ture was maintained at room temperature. The longitudi-

nal relaxation time (T1)-weighted images were obtained

using a conventional spin echo (SE) sequence with the

following parameters: pulse repetition time (TR) = 400 ms;

echo time (TE) = 9.57 ms; matrix size = 256 x 256; field of

view (FOV) = 38.4 × 38.4 mm; slice thickness (ST) = 2.0

mm; and number of acquisitions (NA) = 4. The total acqui-

sition time for three slices was 6.8 min. Two dimensional

image was carried out using a fast SE acquisition inver-

sion recovery pulse for T1 map calculation with the follow-

ing parameters: TR = 10,000 ms, TE = 20 ms, inversion

time (TI) = 52.0, 100, 200, 400, 800, 1,600, 3,200, and

6,400 ms, NA = 1, and rapid acquisition with relaxation

enhancement (RARE) factor =4. Total acquisition time was

42.7 min. The longitudinal relaxivity (R1) was calculated by

the following formula; R1 = (1/T1 - 1/T0) / C, where T0 is the

longitudinal time of double-distilled water (DDW) and C is

the corresponding Fe3+ concentration. On the other hand,

the transverse relaxation time (T2)-weighted images

were also obtained using a conventional SE sequence with

the following parameters: TR = 3000 ms; TE = 60 ms; and

NA = 1. Two dimensional single-slice multi-echo imaging

was performed to generate T2 maps with the following

parameters: TR = 3,000 ms, TE = 10, 20, 30, 40, 50, 60,

70, 80, 90, and 100 ms; and NA = 1. The total acquisition

time for multi-echo imaging was 12.8 min. The transverse

relaxivity (R2) was calculated by the following formula; R2

= (1/T2  - 1/T0) / C.
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6)I nInInInIn     vitrovitrovitrovitrovitro degradation test of gelatin iron oxide

nanoparticles

　Citric acid buffer (20 mM) was prepared by dissolving

citric acid in PBS. The pH of the buffer was adjusted at 4.5

by adding 1 M sodium hydroxide solution. The gelatin iron

oxide nanoparticles prepared by the micro-emulsion and

co-precipitation methods were placed in 20 mM citric acid

buffer at pH 4.5 to give the concentration of 25 μgFe/ml,

followed by incubation at 37℃ for 7 days. The concentra-

tion of free Fe(III) was measured 0.5, 1, 2, 4, 8, 16, and 24

hr, or 2, 3, 5, 7 days after incubation for gelatin iron oxide

nanoparticles. For the Fe(III) measurement, the nanoparticles

solution was centrifuged at 20,000 g for 5 min at room tem-

perature, and the supernatant was collected. The super-

natant (100 μl) was mixed with 2 μl of 100 mM ascorbic

acid, then 4 μl of 4.95 mM bathophenanthroline disulfonic

acid was added to the mixed solution. After 15 min, the

absorbance was measured at the wavelength of 535 nm

on a VERSAmax microplate reader (Molecular Devices,

Sunnyvale, CA, USA).

7)Cell culture

　Human bone marrow-derived mensenchymal stem cells

were kindly provided from Prof. Junya Toguchida, Institute

for Frontier Medical Sciences, Kyoto University. The cells

were cultured in low-glucose Dulbecco’s modified Eagle

medium (DMEM, GIBCO Lifetechnologies Co., Carlsbad,

CA, USA) supplemented with 10 vol% bovine fetal calf se-

rum (FCS, Hyclone laboratories, Inc., Utah, UT, USA) and

1 wt% mixed penicillin and streptomycin solution (Sigma-

Aldrich Inc., St. Louis, MO, USA) at 37℃ in humidified

atmosphere of 5% CO2 / 95% air. The cells proliferated

were detached with 0.25 wt% trypsin-containing 0.8 mM

ethylenediaminetetracetic acid solution in PBS, and re-sus-

pended in the medium for following experiments.

8)Cellular internalization of gelatin iron oxide nanopar-

ticles and intracellular degradation

　The cells were seeded on each well of 12 multi-well clus-

ter plate (Corning Inc., NY, USA) at a density of 5× 104

cells/well and cultured in 1 ml of medium for 24 hr. The

medium was exchanged by 1 ml of fresh medium contain-

ing 200 μg/ml of gelatin iron oxide nanoparticles. After 24

hr of incubation, the cells were washed with PBS three

times, detached with 0.25 wt% trypsin-containing 0.8 mM

ethylenediaminetetracetic acid solution in PBS, and then

re-seeded on each well of 12 multi-well cluster plate. Prus-

sian blue staining for the iron amount determination was

performed 0, 1, 2, 4, and 6 days after incubation.

　The Prussian blue staining was performed to investigate

the localization of gelatin iron oxide nanoparticles in mes-

enchymal stem cells. Briefly, after incubation with nano-

particles, 4 wt% paraformaldehyde was added, followed

by incubation at 4℃ for 5 min for cell fixation. Then, 1 ml

of solution containing 5 wt% potassium ferrocyanide and

10 vol% hydrochloric acid was added to each well, and

cells were incubated at room temperature for 20 min. After

washing with DDW 3 times, the cells were counter-stained

with nuclear fast red solution for 5 min, followed by wash-

ing with DDW 3 times. The cells picture was taken by an

Olympus AX80 microscope (Olympus, Tokyo, Japan)

through an AxioCam HRc digital camera (Carl Zeiss,

Oberkochen, Germany).

　To measure the amount of gelatin iron oxide nanopar-

ticles internalized into cells, the cells were lysed with con-

centrated hydrochloric acid. After an appropriate dilution

of lysate with DDW, the amount of iron in the diluent was

measured by an atomic absorption spectrophotometer (AA-

6800, Shimadzu Co., Kyoto, Japan).

9)Magnetic separation of mesenchymal stem cells

　The cells were seeded on each well of 12 multi-well clus-

ter plate (Corning Inc., NY, USA) at a density of 5× 104

cells/well and cultured in 1 ml of medium for 24 hr. The

medium was exchanged by 1 ml of fresh medium contain-

ing 200 μg/ml of gelatin iron oxide nanoparticles. After 24

hr of incubation, the cells were washed with PBS 3 times,

detached with 0.25 wt% trypsin-containing 0.8 mM

ethylenediaminetetracetic acid solution in PBS, and trans-

ferred to a 1.5-ml Eppendorf tube to prepare a cell sus-

pension. The cell suspension was incubated for 1 hr with a

NdFeB magnet (Remanence Br, 1.17.1.32 T) exposed to

the tube. Then, medium was collected to count the num-

ber of cells unattached to the magnet. Then, fresh medium

was added to the tube while the number of cells attached

was counted.

10)Cytotoxicity of gelatin iron oxide nanoparticles

　Cell viability after co-culture with gelatin iron oxide nano-

particles was evaluated with a cell counting kit (Nacalai

Tesque Inc., Kyoto, Japan). The cells were seeded on each

well of 96 multi-well cluster plate (Corning Inc., NY, USA)
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at a density of 5× 103 cells/well and cultured in 100 μl of

medium. After 24 hr of incubation, the medium was ex-

changed by 100 μl of fresh medium containing gelatin iron

oxide nanoparticles at concentrations of 10, 50, 100, 150,

and 200 μg/ml, followed by 24 hr of incubation. Then, the

cells were washed with PBS 3 times, and 100 μl of fresh

medium was added. Next, 10 μl of 2-(2-methoxy-4-

nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H -tet-

razolium (WST-8) solution was added and the cells were

incubated for further 4 hr. The absorbance of solution was

measured at 450 nm on the VERSAmax microplate reader.

The percentage of cell viability was expressed as 100 %

for control cells cultured without nanoparticles.

Results
1)Characterization of gelatin iron oxide nanoparticles

　Figure 1 shows the schematic representation of gelatin

iron oxide nanoparticles prepared by the micro-emulsion

method, and gelatin iron oxide nanoparticles prepared by

the co-precipitation method. Figure 2 shows the TEM im-

ages of gelatin iron oxide nanoparticles prepared by the

modified micro-emulsion and the conventional co-precipi-

tation methods, and the hydrodynamic size distribution of

gelatin iron oxide nanoparticles prepared by the micro-emul-

sion method. For the nanoparticles prepared by the micro-

emulsion method, ultra-small iron oxide nanoparticles were

homogeneously dispersed in the gelatin iron oxide com-

posite. In contrast, the nanoparticles prepared by the co-

precipitation method showed a structure of iron oxide core

and gelatin shell. The average hydrodynamic size and zeta-

potential of gelatin iron oxide nanoparticles prepared by

the micro-emulsion method were 87 nm and -9.2 mV, re-

spectively.

　Figure 3 shows the magnetization curve of gelatin iron

oxide nanoparticles prepared by the micro-emulsion

method. The gelatin iron oxide nanoparticles exhibited no

remanence and zero coercivity, which indicate the super-

paramagnetic property of nanoparticles.

2)Magnetic resonance imaging (MRI) of gelatin iron

oxide nanoparticles

　Figure 4 shows the T2-weighted MR images of gelatin

Fig.2 Transmission electron microscopy (TEM) images of gelatin iron

oxide nanoparticles prepared by the micro-emulsion (a) and co-

precipitation methods (b). (c)Hydrodynamic size distribution of

gelatin iron oxide nanoparticles prepared by the micro-emulsion

method.

Fig.3 Magnetization curve of gelatin iron oxide

nanoparticles prepared by the micro-emulsion

method.

Fig.4 T2-weighted MRI images of gelatin iron oxide

nanoparticles prepared by the micro-emulsion

method at different concentrations.
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iron oxide nanoparticles prepared by the micro-emulsion

method at different concentrations dispersed in water. The

images became stronger with an increase in the iron con-

centration. Transverse r2 relaxivity was estimated to be 8.7

(mmol/L)-1・s-1.

3)InInInInIn     vitrovitrovitrovitrovitro degradation test of gelatin iron oxide nano-par-

ticles

　Figure 5 shows the time profiles of gelatin iron oxide

nanoparticles degradation in the citric acid buffer. The deg-

radation time of the gelatin iron oxide nanoparticles pre-

pared with the modified micro-emulsion and the conven-

tional co-precipitation methods was compared. The gelatin

iron oxide nanoparticles prepared by the micro-emulsion

method were degraded with time and disappeared within 4

hr. On the other hand, only 40 % of nanoparticles prepared

by the co-precipitation method were degraded within 4 hr,

and it took about 1 week for all of them to be degraded

completely.

4)Cellular internalization of gelatin iron oxide nanopar-

ticles and intracellular degradation

　Figure 6 shows the prussian blue staining of gelatin iron

oxide nanoparticles prepared by the micro-emulsion

method in human mesenchymal stem cells. Figure 7 shows

degradation time profile of gelatin iron oxide nanoparticles

prepared by the micro-emulsion method in human mesen-

chymal stem cells. It is apparent that the gelatin iron oxide

nanoparticles prepared by the micro-emulsion method were

internalized into almost all of cells and localized in the cy-

Fig.5  Time profiles of gelatin iron oxide nanoparticles

degradation in 20 mM citric acid buffer at pH 4.5
The nanoparticles were prepared by the micro-emulsion (○)

and co-precipitation methods (△ ).

Fig.6 Prussian blue staining of gelatin iron oxide nanoparticles pre-

pared by the micro-emulsion method in human mesenchymal

stem cells
The cells were co-cultured with the nanoparticles for 24 hr (a), and after wash-

ing nanoparticles, the incubation was continued further for 1 (b), 2 (c), 4 (d), and

6 days (e).

Fig.7 Time profiles of gelatin iron oxide nanoparticles degra-

dation in human mesenchymal stem cells
The cells were co-cultured with the nanoparticles for 24 hr, and after

washing nanoparticles, the incubation was continued further for 1, 2, 4,

and 6 days.
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toplasm at Day 0. The nanoparticles were degraded in the

cells and the iron oxide disappeared with time. Degrada-

tion of gelatin iron oxide nanoparticles in cells was observed

within 6 days. On the contrary, the nanoparticles prepared

by the co-precipitation method were not internalized into

the cells (data not shown).

5)Magnetic separation of mesenchymal stem cells

　To evaluate whether or not the cells internalized by gela-

tin iron oxide nanoparticles magnetically respond, a neody-

mium magnet was exposed to the cells suspension. About

51% of cells were attracted by the magnet to separate.

6)Cytotoxicity of gelatin iron oxide nanoparticles

　Figure 8 shows viability of mesenchymal stem cells 24

hr after co-culture with gelatin iron oxide nanoparticles pre-

pared by the micro-emulsion method at different concen-

trations. Irrespective of the amount of nanoparticles cul-

tured, the cell viability was equal to 100 %.

Discussion
　Co-precipitation method is the most conventional method

for synthesizing iron oxide nanoparticles. The particles are

synthesized by co-precipitation of ferrous and ferric ions.

For iron oxide nanoparticle synthesis, alkaline solution is

added to an aqueous mixture of ferrous and ferric ions at a

molar ratio of 1:227). Co-precipitation of iron ions is often

taken place in the presence of polymers to prevent the

agglomeration of iron oxide. The resulted iron oxide

nanoparticles have the structure of iron oxide core and

polymer shell (Fig.1(b)). The core-shell gelatin iron oxide

nanoparticles were prepared with the presence of gelatin

in the conventional co-precipitation method.

　On the contrary, modified micro-emulsion method was

used to synthesize ultra-small iron oxide nanoparticles dis-

persed in the matrix of gelatin to improve the degradability

of iron oxide. The preparation of gelatin nanoparticles and

iron oxide nanoparticles by a micro-emulsion method has

been reported separately28, 29). In this study, gelatin iron

oxide nanoparticles were prepared by the combination of

the two micro-emulsion methods (Fig.1(a)). Considering

the preparation process, at the first step, ferric ions are

interacted with the carboxyl groups of gelatin. After the

addition of ferrous ions to the complex of ferric ions and

gelatin chains, the nano-sized emulsions of the resulting

solution were prepared to form nanoparticles of ferrous ions

and the complex of ferric ions and gelatin. The nucleation

and growth of iron oxide nanoparticles will take place in

the nano-sized emulsions through co-precipitation of fer-

rous ions and ferric ions interacted with gelatin. In the con-

ventional co-precipitation method, the simultaneous addi-

tion of ferric and ferrous ions results in the formation of

larger size iron oxide nanoparticles. On the contrary in the

micro-emulsion method, the existence of gelatin chains in

the reaction area will prevent formation of the large par-

ticles during the growth process of iron oxide nanoparticles,

and consequently the size of iron oxide nanoparticles be-

come small.

　Various types of iron oxide nanoparticles have been in-

vestigated for MRI contrast agents2, 26, 28, 30, 31). However,

considering the biomedical applications of iron oxide

nanoparticles, the nanoparticles should have a superpara-

magnetic property to avoid aggregation and give a large

surface-to-volume ratio. It is reported that Fe3O4 nanopar-

Fig.8 Viability of mesenchymal stem cells 24 hr after co-culture

with gelatin iron oxide nanoparticles prepared by the mi-

cro-emulsion method at different concentrations.
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ticles with the particle sizes of 7.5 and 13 nm are super-

paramagnetic, while the particles larger than 46 nm are

ferromagnetic30). Gelatin iron oxide nanoparticles prepared

by the micro-emulsion method exhibited a superparamag-

netic property and MRI detectability (Fig.3 and 4). The trans-

verse R2 relaxivity of the nanoparticles was 8.7 (mmol/L)-1・

s-1. The R2 relaxivity was lower than that of iron oxide

nanoparticles with the particle sizes of 4.6 nm and 1.7 nm.

The R2 relaxivities of them were 34.8 and 15.01 (mmol/L)-1・

s-1, respectively2, 31). The MRI detectability of iron oxide

nanoparticles strongly depends on their sizes3). This indi-

cates that the iron oxides of gelatin iron oxide nanoparticles

have an ultra-small particle size.

　On the other hand, the R1 relaxivity of the gelatine iron

oxide nanoparticles was 0.03 (mmol/L)-1・s-1. The R1

relaxivity was lower than that of iron oxide nanoparticles

with the particle sizes of 4.6 nm and 1.7 nm. The R1

relaxivities of them were 16.5 and 4.46 (mmol/L)-1・s-1, re-

spectively. It has been suggested that iron oxide nanopar-

ticles with the particle size of less than 4 nm could sup-

press the T2 effect and possible to be the candidates for T1

contrast agent32). However, when there are aggregations

of the iron oxide nanoparticles, R1 relaxivity tends to in-

crease and R2 relaxivity decreases33). Those suggest that

the lower R1 relaxivity compared to those nanoparticles with

the particle sizes of 7.5 and 4.6 nm was caused by aggre-

gation of the gelatin iron oxide nanoparticles during the MRI

measurement.

　The degradation of gelatin iron oxide nanoparticles pre-

pared by the micro-emulsion method was much faster than

that of nanoparticles prepared by the co-precipitation

method. The faster degradation of gelatin iron oxide

nanoparticles can be explained in terms of their unique

structure and ultra-small particle size. Scotland et al. re-

ported the degradation of ClariscanTM in citrate or acetate

buffers at different pHs17). ClariscanTM was almost com-

pletely solubilized within 4-7 days with time in a citrate

buffer at pH 4.5. Arbab et al. reported the degradation of

ferumoxides complexed with poly-L-lysine in seven buffers

containing different chelate agents at different pHs18).

Ferumoxides are rapidly degraded with time in a citric acid

buffer at pH 4.5 and disappeared within 7 days. Some re-

searchers demonstrate the dissolution of hematite particles

in the solution containing chelating agents34, 35) and citric

acid36). Chang et al. report that the surface complexation of

the metal ions with chelating species weakens the lattice

bonds between the ferric ion and oxygen, and consequently

allows to release the entire complex into solution34). The

findings suggest that chelating agents efficiently trap iron

ions of iron oxide nanoparticles, and dissolves iron oxide

nanoparticles. In this degradation study, crosslinked gela-

tin around iron oxide nanoparticles was not degraded in

citric acid buffer, while iron oxides were dissolved into fer-

ric and ferrous ions. It is known that gelatin is degraded by

lysosomal proteases such as cathepsin B37). The degrad-

ability of gelatin is controlled by the degree of crosslinking3).

Taken together, the degradability of gelatin iron oxide

nanoparticles will be able to control by changing the condi-

tion of gelatin crosslinking.

　Localization of gelatin iron oxide nanoparticles in the cy-

toplasm corresponds to the previous result26), although they

have a negative zeta potential. Cellular internalization of

nanoparticles is greatly influenced by their shape, size, and

surface functionality38). Some studies have indicated efficient

cellular internalization of positively charged particles26, 39).

On the other hand, there is the evidence of cellular uptake

of negatively charged particles40). Even greater internal-

ization of negatively charged particles has been reported41).

　Small molecules including amino acids, sugars, and ions,

are transported into cells through the integral membrane

protein pumps or channels, while other macromolecules

are internalized through endocytosis42). The nanoparticles

internalized were found in the phagolysosome of endo-

some-lysosome fusion43, 44). After cellular internalization,

the gelatin iron oxide nanoparticles will be localized in

phagolysosome, in which the degradation of iron oxide

nanoparticles occurs at low pH18). Gelatin is degraded en-

zymatically in the phagolysosome. The gelatin iron oxide

nanoparticles prepared by the micro-emulsion method dis-

appeared in the cells fast compared with other research

results. It has been reported that ferumoxides complexed

with poly-L-lysine disappeared from rapidly dividing HeLa

cells by 2.3 weeks and retained in mesenchymal stem cells

at 44 days following the internalization19). It is highly con-

ceivable that faster degradation of gelatin iron oxide

nanoparticles is caused by their unique structure and ul-

tra-small particle size as indicated by the in vitro degrada-

tion in the citric acid buffer solution. These results indicate

that the biodegradable iron oxide nanoparticles which are

potential for MRI contrast agent could be prepared by the

micro-emulsion method in this study.

　The magnetic separation of cells internalizing gelatin iron
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oxide nanoparticles was achieved even though their small

magnetization. As shown in figure 6, it is apparent that the

gelatin iron oxide nanoparticles formed clusters after inter-

nalized into human mesenchymal stem cells. It has been

known that iron oxide nanoparticles tend to form their clus-

ters in phagolysosome after the cellular internalization45),

and the clusters of magnetic nanoparticles facilitates the

magnetic separation46).

　Gelatin has been widely used for medical applications,

which has proven the biocompatibility46). On the contrary,

the biocompatibility of iron oxide nanoparticles is still in dis-

cussion48-50). In this study, the cell viability test demonstrates

that mesenchymal stem cells were vivid after they internal-

ized gelatin iron oxide nanoparticles.

Conclusions
　Biodegradable iron oxide nanoparticles were success-

fully prepared with bioabsorbable gelatin by a micro-emul-

sion method with the slight modification. The gelatin iron

oxide nanoparticles prepared by the micro-emulsion method

showed the degradability in the low pH solution, in remarked

contrast to those prepared by the conventional co-precipi-

tation method. The gelatin iron oxide nanoparticles were

internalized into bone marrow-derived mesenchymal stem

cells and degraded intracellularly. The T2-weighted signals

of the gelatin iron oxide nanoparticles show their potential

for magnetic resonance imaging.
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