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Tissue engineering is a promising technology for solving the organ transplantation 

crisis caused by donor shortage.  One approach to tissue engineering is to isolate cells 

from a small tissue biopsy, expand the cells in vitro, and seed them into three-dimensional 

(3-D) porous biodegradable scaffolds that allow the cells to form a continuous structure via 

cell adhesion, proliferation and deposition of extracellular matrix (ECM)1.  In these 

processes, cell seeding is the first step in constructing the 3-D tissue-like structures.  

Although cell seeding into scaffolds at high density is closely associated with enhancement 

of tissue formation in 3-D constructs, effective and high-density cell seeding into 3-D 

scaffolds is difficult to achieve. 2-4   

In the present study, we developed new methodology of cell seeding into scaffolds, 

which we termed “Mag-seeding”.  Previously, we proposed the novel tissue engineering 

methodology using magnetite nanoparticles and magnetic force and we termed it as 

magnetic force based tissue engineering, “Mag-TE”.5-12  Mag-seeding is based on the 

Mag-TE having two steps; 1) labeling cells magnetically by magnetite nanoparticles, 2) 

manipulating the cells by magnetic force.  Magnetite nanoparticles are now used in an 

increasing number of biological and medical applications.13-16  Based on the fact that high 

magnetic flux density attracts magnetically labeled cells, magnetite particles have been 

used for cell sorting.  In this study, magnetite cationic liposomes (MCLs) are used to label 

cells magnetically.  MCLs, which are cationic liposomes containing 10-nm magnetite 

nanoparticles, improve the accumulation of magnetite nanoparticles in target cells via 

electrostatic interaction between MCLs and the cell membrane.17   

First of all, the uptake of magnetite nanoparticles by mouse fibroblast cell, NIH/3T3, 

(FB) and the toxicity of MCLs against FBs were investigated.  In the previous studies, 

MCLs did not show toxicity against any types of cell within the range from 25 to 200 pg/cell 

and we observed no effect on differentiation of human Mesenchymal stem cells.  In the 

present paper, MCLs were added to FBs at a concentration of 100 pg/cell for magnetic 

labeling.  Fig. 1a showed that uptake peaked at 19 pg magnetite per cell at 4 h after 
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addition of MCLs.  Subsequently, magnetite uptake decreased at 24 h and 48 h after 

addition of magnetite nanoparticles due to dilution caused by cell proliferation.  The growth 

of FBs in medium containing MCLs (magnetite concentration, 100 pg) was compared with 

that in medium without MCLs and resulted that MCLs did not inhibit FB growth at the 

concentration tested (Fig. 1b).   

Subsequently, the cell-seeding efficiency by Mag-seeding and static-seeding was 

compared.  Fig. 2 shows a schematic diagram of the cell-seeding methods.  In 

conventional cell seeding (static-seeding), the cell suspension is seeded into small 

scaffolds using small volumes of highly concentrated cell suspension and the cell 

suspension flows away with medium flow and few cells remain in the scaffolds.  However, 

in Mag-seeding, magnetic force would be able to attract the magnetically labeled cells to 

prevent them from flowing away and numerous cells would be able to be seeded into 

scaffolds because a magnet was placed at the reverse side of the culture dish which a 

scaffold had been placed on.  In addition, technical difficulties in cell seeding are also 

caused by the size of scaffolds, complex structure of the scaffold and insufficient migration 

into the scaffolds due to pore size and material, which prolongs the culture period due to a 

shortage of initially seeded cells.18-23  Thus, we investigated the cell-seeding efficiency for 

six kinds of scaffolds which have different size, pore size, materials and so on by 

Mag-seeding and by static seeding.   

Six types of scaffold are listed in Table 1. As shown in Fig. 3a, the cell-seeding 

efficiency for all scaffolds was enhanced by Mag-seeding using 0.4 T of magnet.  The 

highest cell-seeding efficiency (70.0%) was achieved when cells were seeded into PLA by 

Mag-seeding.  In static-seeding, the cell-seeding efficiencies in Col#1, Col#3 and Col#5 

were particularly low (less than 5.0%).  On the other hand, the cell-seeding efficiencies in 

these scaffolds (Col#1, 31.5%; Col#3, 24.8%; Col#5, 19.7%) were markedly improved by 

Mag-seeding.  In particular Col#5, very few cells were detected when seeded by 

static-seeding (Fig. 3 and 4).  The cell suspension poured onto the scaffold might flow 

away because the apparent size of Col#5 is small (width, 2.9 mm × 2.4 mm; height, 2.1 

mm; Table 1).  On the other hand, a large amount of cells was observed in Col#5 after 

Mag-seeding (Fig. 3 and 4), thus suggesting that cells were attracted into scaffold by 

magnetic force.  These results suggest that Mag-seeding could enhance cell-seeding 

efficiency into scaffolds with any apparent sizes.   

Fig. 4 shows the relationship between pore size and cell number in the scaffold.  

As pore size increased, cell number in the scaffold increased, reaching a plateau of 

approximately 5000 cells/mm3 for static-seeding and 12000 cells/mm3 for Mag-seeding.  
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Because the apparent scaffold size was particularly small in Col#5 (Table 1), very few cells 

were detected when the cells were seeded by static-seeding (Figure 4; pore size, 600 µm) 

because cell suspension poured onto the scaffold flowed away.  On the other hand, a 

substantial amount of cells was detected when the cells were seeded by Mag-TE, thus 

suggesting that magnetic force facilitates cell seeding.   

Histological observation revealed that cells were distributed in the scaffolds both by 

static-seeding and Mag-seeding, with more cells being observed in the case of 

Mag-seeding (Fig. 3b).  Col#1 exhibited a unique pattern of cell distribution; cells were 

mostly distributed at the top of the scaffold, possibly due to the small pore size (50 µm).  In 

all other scaffolds, cells seeded by Mag-TE were distributed throughout (data not shown).  

Therefore, it was revealed that cell-seeding efficiency was dependent on pore size of the 

scaffold.  In static-seeding, cells enter the scaffold due to natural precipitation by gravity.  

For scaffolds with small pore size, such as Col#1, most of the cells poured onto the scaffold 

will not enter, and only a small number of cells are seeded within the scaffold.  In the 

present study, magnetic force was applied to cells in order to attract the cells into the 

scaffold.  Mag-seeding allowed a large number of cells to enter the scaffold at all pore 

sizes tested.   

According to the results, it was elucidated that Mag-seeding enhanced the 

cell-seeding efficiency into scaffolds.  Thus, the effects of magnetic force intensity on 

cell-seeding efficiency were investigated (Table 2).  Col#2 and 2 types of magnet 

(magnetic field intensities of 0.4 T and 1 T) were used in this experiment.  Magnetic flux 

density of the 1 T magnet was approximately 2.5 times higher than that of the 0.4 T magnet.  

As shown in Table 2, the seeding efficiency by Mag-seeding with the 1 T magnet was 58.9+ 

6.6%, which was significantly higher than the efficiency by static-seeding (10.8+ 6.7%) or 

by Mag-seeding with the 0.4 T magnet (33.5+ 7.1%).  These results suggest that the high 

cell-seeding efficiency achieved by Mag-seeding was by virtue of magnetic force.   

In conclusion, high-efficiency seeding of FBs into 3-D porous scaffolds was 

achieved using the novel Mag-seeding technique, and Mag-seeding may provide a useful 

and effective cell seeding methodology.   
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Figure 2.  Schematic diagram of Mag-seeding.  a) Mag-seeding.  b) Static seeding.  
For Mag-seeding, a magnet is placed at the reverse side of the culture dish and the 
magnetically labeled cells are attracted by the magnetic force (solid arrow).  For 
static-seeding, the cells are moved by the medium flow (dotted arrow). 
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Figure 1.  MCL uptake and proliferation of FBs.  Magnetic nanoparticle
uptake after addition of MCLs (100 pg/cell) was measured by the potassium 
thiocyanate method (a).  Toxicity of MCLs against FBs was examined by cell 
growth after addition of MCLs (b).  Open circles, no MCLs; closed circles, 
MCLs at 100 pg/cell.  Data points represent mean ± SD of duplicate 
experiments.
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Figure 3.  Cell-seeding efficiencies and the histological appearances of cell-seeded scaffolds by Mag-
seeding and by static-seeding.  a) FBs labeled with MCLs were seeded onto 6 types of scaffold (Col#1~5 
and PLA). A 0.4-T magnet was placed under the tissue culture plate and the plate was incubated for 1 h.  
Open bars, static-seeding; closed bars, Mag-seeding.  Data points represent mean ± SD of triplicate 
experiments.  *P< 0.05 against static-seeding (Mann-Whitney rank sum test).  b) photographs of cross-
section of the cell-seeded scaffolds.  
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Figure 4.  Relationship between pore size and number of cells seeded in 
each scaffold.  Open circles, static-seeding; closed circles, Mag-seeding.  
Data points represent mean ± SD of triplicate experiments. 
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Figure 5. Magnetic flux of 0.4 T magnet.  Constant magnetic flux
density lines from the surface of the 0.4 T magnet are shown.  
Magnetic flux was measured using a handheld gauss meter. 

Product Pore size (µm) Size (mm) Porosity (%)

Collagen sponge (Col#1) 50 (20-80) Φ 5.0 x 3.6 97.08 + 2.15

Collagen sponge (Col#2) 75 (50-100) Φ 5.0 x 1.3 97.12 + 0.62

PELNAC (Col#3) 90 (70-110) Φ 5.0 x 4.1 98.49 + 0.46

Collagen sponge (Col#4) 400 (300-500) Φ 5.0 x 3.4 97.91 + 0.12

Honeycomb (Col#5) 600 (200-1000) 2.9 x 2.4 x 2.1 99.20 + 0.96

BD 3D OPLA (PLA) 150 (100-200) Φ 5.0 x 3.6 94.85 + 0.08

Table 1.  List of scaffolds used in this study.  

1) Average diameter (Range of pore size)  
2) Data are mean ± SD, n=3.  

1) 2)

Static-seeding (No magnet ) Mag-seeding (0.4T) Mag-seeding (1T)

Cell-seding efficiency (%) 10.8 + 6.7 33.5 + 7.1 58.9 + 6.6

There was a statistically significant difference between three groups (ANOVA; F= 37.62, P= 0.0004).  A post hoc 
analysis (Bonferroni test) showed significantly higher cell-seeding efficiency of Mag-seeding using a 0.4 T 
magnet or a 10 T magnet, compared with efficiency of static-seeding (P< 0.05).  A significant difference was also 
observed between cell-seeding efficiency of Mag-seeding using a 10-kG magnet and a 4-kG magnet (P< 0.05). 

Table 2.  Effects of intensity of magnetic induction on cell-seeding efficiency.  
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MATERIALS AND METHODS 
Cell and culture 
In the present study, NIH/3T3 fibroblast cells (FBs) were used as model cells.  FBs were 

obtained from the American Tissue Culture Collection and were cultured in DMEM-high 

glucose (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; 

Sigma, St Louis, MO), 0.1 mg/ml streptomycin sulfate and 100 U/ml potassium penicillin G 

(Invitrogen), at 37°C in a humidified atmosphere of 5% CO2 and 95% air.   

 

Scaffolds 
The 6 types of scaffold used in this study are shown in Table 1.  Five scaffolds (Col#1, 2, 3, 

4, 5) were collagen sponges and one was a D,D-L,L polylactic acid (PLA) sponge.  Col#1, 

2, 3, 4 and PLA were punched into discs having a cylindrical shape of 5 mm in diameter.  

Col#5 was rectangular in shape and, because it was sufficiently small (width, 2.9 mm × 2.4 

mm; height, 2.1 mm), was not punched into a disc.  The overall dimensions of each 

scaffold were measured with calipers.  For determining the porosities, scaffolds dry weight 

in grams were determined with an analytical balance and were then submerged in sterile 

water for 1 h.  Then they were weighed to obtain scaffold wet weight in grams.  Percent 

porosity was determined using the equation:   

Percent porosity = {1 – [(scaffold wet weight – scaffold dry weight) / scaffold volume]} × 100   

 

Magnets 
Two types of magnet were used in this study; cylindrical neodymium magnets with 

magnetic inductions of 0.4 T (diameter, 30 mm; height, 15 mm) and 1 T (diameter, 25 mm; 

height, 200 mm).  Figure 5 shows the magnetic fluxes of the 0.4 T magnet.  Magnetic 

fluxes were measured using a handheld gauss meter (F. W. Bell, Orlando, FL).   

 

Preparation of Magnetite cationic liposomes 
Magnetite (Fe3O4; average particle size, 10 nm) used as the core of the MCLs was kindly 

donated by Toda Kogyo (Hiroshima, Japan).  MCLs were prepared as described 

previously17.  Briefly, colloidal magnetite and a lipid mixture consisting of 

N-(α-trimethylammonioacetyl)-didodecyl-D-glutamate chloride (TMAG, a cationic lipid), 

dilauroylphosphatidyl-choline (DLPC) and dioleoylphosphatidyl-ethanolamine (DOPE) in a 
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1:2:2 molar ratio were used.  The average MCL particle size was 150 nm and this was 

measured using a dynamic light scattering spectrophotometer (FRAR 1000, Otsuka 

Electronics, Osaka, Japan).   

 

MCL uptake by cells 
Uptake of MCLs by FBs was examined as previously reported14.  Briefly, FBs (1 x 105 

cells) were seeded into a 60-mm cell culture dish (Asahi Techno Glass, Chiba, Japan) with 

5 ml of culture medium containing MCLs (net magnetite concentration, 100 pg/cell) and 

were incubated.  To assay magnetite uptake, cells were sampled periodically and the iron 

concentration was measured using the potassium thiocyanate method.  To examine the 

effects of MCL uptake on cell growth, cells were counted using the dye-exclusion method 

with trypan blue.   

 

Cell seeding experiments 
FBs were cultured in a 100-mm cell culture dish (Asahi Techno Glass) to subconfluence 

and were then incubated for 4 h with 10 ml of culture medium containing MCLs (net 

magnetite concentration, 100 pg/cell).  Labeled FBs were enzymatically detached from the 

dish using trypsin (Invitrogen).  Magnetically labeled FBs were centrifuged at 1000 rpm for 

5 min and resuspended in culture medium.  Magnetically labeled FBs were counted using 

the dye-exclusion method with trypan blue and were adjusted to 1.0 x 107 cells/ml.  

Scaffolds were hydrated in culture medium for 4 h at 37°C in a humidified atmosphere of 

5% CO2 and 95% air, and were then placed in the well of 24-well tissue culture plates.  For 

Mag-seeding, a magnet was placed at the reverse side of the 24-well tissue culture plate in 

order to provide magnetic force vertical to the plate.  As a control experiment, no magnet 

was placed, which we refer to as static-seeding.  Aliquots of 100 µl of magnetically labeled 

cell suspension (1.0 x 107 cells/ml) were poured onto the hydrated scaffolds placed in the 

wells of 24-well cell culture dish.  A schematic diagram of Mag-seeding is shown in Figure 

2B.  After a 1-h incubation period, scaffolds were washed twice with PBS in order to 

remove unattached cells from the scaffolds.  To investigate seeding efficiency, unattached 

cells were collected and counted using the dye-exclusion method with trypan blue.  

Cell-seeding efficiency was determined by the equation:   

Percent cell-seeding efficiency = [1 – (number of unattached cells / number of seeded 

cells)] × 100 

where, the number of seeded cells was 1.0 × 106 cells.   
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Statistical analysis 

The data list was exported to the statistics software package WinSTAT (LIGHTSTONE, 

Tokyo, Japan) for further analysis.  Comparisons of parameters among the three groups 

were made using an analysis of variance (ANOVA) followed by Bonferroni test.  

Comparisons of parameters between two groups were made by Mann-Whitney rank sum 

test.  P< 0.05 was considered significant.   

 

Histological evaluation 
After cell seeding, scaffolds were washed twice with PBS, fixed in 10% formalin solution 

and embedded in paraffin.  Thin (4 µm) slices were cut and stained with hematoxylin and 

eosin.   
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