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Abstract 

In this study, we developed a procedure for assembling hepatic microstructures into tube 
shapes using magnetic self-assembly for in vitro 3D micro-tissue fabrication. To this end, 
biocompatible hydrogels, which have a toroidal shape, were made using the micro-patterned 
electrodeposition method. Ferrite particles were used to coat the fabricated toroidal hydrogel 
microcapsules using a poly-L-lysine (PLL) membrane. The microcapsules were then 
magnetized with a 3T magnetic field, and assembled using a magnetic self-assembly process. 
During electrodeposition, hepatic cells were trapped inside the microcapsules, and they were 
cultured to construct tissue-like structures. The magnetized toroidal microstructures then 
automatically assembled to form tube structures. Shaking was used to enhance the assembly 
process, and the shaking speed was experimentally optimized to achieve the high-speed 
assembly of longer tube structures. The flow velocity inside the dish during shaking was 
measured by particle image velocimetry (PIV). Hepatic functions were evaluated to check for 
side-effects of the magnetized ferrite particles on the microstructures. Collectively, our 
findings indicated that the developed method can achieve the high-speed assembly of a large 
number of microstructures to form tissue-like hepatic structures. 
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1. Introduction 

In recent decades, single cell analysis has gained increasing 
attention [1, 2]. In these studies, biological samples such as 
organs and tissues are analyzed at the single-cell level to 
evaluate their mechanical, chemical and biological features 
and functions. In addition, the assembly of cells into tissues 
and organs has taken on an important role in the field of 
regenerative medicine as a result of the discovery of 
embryonic stem (ES) cells [3] and induced pluripotent stem 

(iPS) cells [4]. Indeed, the market for regenerative medicine is 
expected to increase in the near future [5], with the research 
direction of cell assembly moving from single-cell analysis; 
from single cell to 3D organs and tissues. 

The fabrication and assembly of 2-dimensional cellular 
sheets for regenerative medicine has been recently applied to 
actual clinical settings [6]. However, the assembly of cells into 
arbitrary 3D shapes remains challenging. Therefore, the 
fabrication of tissue-like 3D cell-photoaggregated systems is 
attractive because such in vitro systems have the potential to 
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reveal important information for the field of regenerative 
medicine. In these in vitro systems, the environment around 
the 3D cell-aggregated system can be dynamically and 
precisely controlled in real time. Hence, in vitro cell-
aggregated systems have the potential to reveal mechanisms 
of cell growth, differentiation, and histogenesis for tissue 
engineering applications both efficiently and precisely [7, 8]. 

Three conditions need to be met in order to constcut in vitro 
3D tissue-like structures, namely, the high-speed assembly of 
the biological cells, the formation of vascular-like channel 
networks, and a high density of cells. In order to address these 
issues, in this study, we developed a method for the self-
assembly of micro hepatic structures using magnetic force. To 
this end, toroidal shaped hydrogel microstructures were 
prepared and ferrite particles were used to coat the surface of 
the hydrogel. The hepatic cells as part of the hydrogel were 
cutured and increased in the microstructures in order to get a 
high cellular density. The microstructures were magnetized 
using a magnetizer and were automatically assembled into 3D 
structures. The assembled toroidal microstructures were then 
formed into tube structures, which served to prevent cell 
necrosis. 

The overall concept of our method and materials are 
explained in chapter 2. The determination of the magnetic 
force generated from the magnetized toroidal microstructures 
is presented in chapter 3. The fabrication of the hydrogel 
microstructures using hepatic cells and ferrite particles is 
explained in chapter 4. A description of the self-assembly of 
the magnetized microstructures, along with the evaluation of 
the hepatic function of the fabricated microstructures is 
presented in chapter 5. 

2. Method and Materials 

2.1 Magnetic self-assembly method 

A number of methods have been developed to construct 3D 
cell-aggregated structures. For example, cell sheets are 
actively developed to achieve 3D tissues by stacking them 
layer by layer [9, 10]. However, the shape flexibility and 
fabrication speed of cell sheets are limited because the sheet 
thickness cannot exceed several tens of microns and the sheet 
strength is not enough to achieve a thick tissue. In addition, 
vascular-like networks are generally not constructed inside 
cell sheets. To address this issue, bio-printing technology has 
been recently developed in which vascular-like networks can 
be prepared inside the tissue [11, 12]. In addition, alginate 
hydrogel has beed employed to encapsulate the biological 
cells, and 3D arbitrary structures have been formed. In some 
cases, a photo cross-linkable resin has been used to 
encapsulate the cells and construct 3D structures using 
biological cells [13, 14]. However, these methods use non-
biodegradable materials in order to encapsulate the cells and 
cell-cell connections inside the hydrogel are not considered. 

Hence, these previous studies have some limitations in terms 
of assembly speed, the creation of vascular networks, and cell 
density. 

To brake these limitations and construct in vitro 3D cell 
structures, we used self-assembly by magnetic force in the 
current study [15, 16]. Figure 1 is a proposed method of 
fabricating cell-aggregated structures using the self-assembly 
of magnetized microstructures. We used alginate-poly-L-
lysine (alginate-PLL) microcapsules that we previously 
performed [17, 18, 19]. The arbitrary shape of alginate 
hydrogel with the cells was fabricated by the electrodeposition 
method. The hydrogel structures with the hepatic cells was 
prepared uisng a micro-patterned electrode. The surface of the 
hydrogel was coated with PLL after detaching the hydrogel 
from the surface of the electrode. The alginate hydrogel was 
then dissolved by citrate solution and the hepatic cells 
encapsulated inside the PLL microcapsules. The hepatic cells 
were then grown and the cell numbers were increased inside 
the microcapsules to achieve a high cell density. 

In this study, ferrite particles (1.2 µm diameter, 200 mT 
remanence and 127 kA/m coercivity) (SF-H470, DOWA F-
Tec Co., Ltd., Okayama, Japan) were used to coat the 
microcapsules. A magnetizer (IMC-1050, IMs Co., Ltd., 
Tokyo, Japan) was used to magnetize the ferrite particles by 
applying 3 T to the ferrite coated microstructures. To assemble 
a tube shape from the toroidal microstructures, magnetized 
direction should be the same in each microstructure. The 
microstructures were put on the bottom surface of a dish in the 
magnetizer, with the upper half of the microstructures 
representing the North Pole of the magnet, while the bottom 
half of the microstructures represented the South Pole of the 
magnet when the microstructures were magnetized. 

The magnetized microstructures were automatically 
assembled using the magnetic force in order to obtain 3D 
structures, including tubes, via the assembly of the toroidal 
microstructures (Fig. 1). These tube structures can then supply 
oxygen and nutrition to the cells during cell cuture. Hence, a 

 

Fig. 1 Concept of the magnetic self-assembly of toroidal 
microcapsules for fabricating cell structures. 
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cell structure with vascular-like channels can be achieved by 
our proposed method. 

The proposed method can automatically generate tube 
structures which can be used as a part of vascular networks. 
Such self-assembly process has advantages to reduce 
assembly time even if the number of assembled 
microstructures increased. As a related study of our method, 
T. Sun et al. conducted assembly of toroidal microstructures 
in tube shape by a magnetic tiweezers [20]. In their method, 
microstructures were picked and placed one by one. Therefore, 
assembly time takes longer if the number of microstructures 
increases. For example, assembly of 1 layer requred about 15 
s in their method.Consequently, they required about 150 s to 
assemble 10 layers. On the other hand, assembly time of our 
proposed method in this study did not proportional to the 
number of microstructures. More than 10 layers were 
assembled less than 40 s in our method. Hence, larger cell 
structures can be constructed with shorter time using our 
method. 

2.2 Electrodeposition method 

In this study, toroidal microstructures were fabricated using 
an electrodeposition method. The fabrication procedure was 
the same as reported in our previous studies [15, 16]. Figure 2 
shows the fabrication procedure. To fabricate the toroidal 
hydrogel microstructures, electrodes of 500 µm in inner 
diameter and 1000 µm outer diameter were fabricated on the 
surface of a fluorine-doped tin oxide (FTO) glass substrate 
using patterned photoresist AZ 5214E. 

For the electrodeposition, a deposition solution was 
prepared by dissolving 1 wt% alginate sodium in a solution 
containing 126 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4 
12H2O, 1.47 mM KH2PO4, and 21 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES). The pH of the 
deposition solution was adjusted to 7.3 by adding 0.5 M NaOH 
solution. CaCO3 particles were uniformly dispersed at 0.5 
wt% in the solution by mixing for 24 hours. 

The fabrication procedure of the hydrogel by 
electrodeposition has been previously shown [15]. 500 μL of 
deposition solution was put on the FTO substrate, which had 

the AZ pattern in the toroidal shape at first. A conductive wire 
was then inserted into the droplet of deposition solution as a 
cathode, while another conductive wire was connected to the 
surface of FTO substrate as an anode. The conductive wires 
were then connected to a DC power supply. Voltage (4.5 V) 
was then applied to the electrodes for 15 s to generate H+ on 
the FTO surface (anode) through the electrolysis of water. In 
this process, Ca2+ is released from the CaCO3 particles by 
protons generated at the anode as shown in this chemical 
reaction: 2H+ + CaCO3- ⇄ Ca2+ + H2O + CO2. Ca2+ serves to 
generate the hydrogel by the chemical reaction as follows: 

Ca2+ + 2Alg-COO- ⇄ Alg-COO--Ca2+--OOC-Alg 
Consequently, the calcium alginate hydrogel was generated 

on the FTO electrodes in the presence of Ca2+. After 15 s, the 
DC voltage was cut off and the electrode was put into the 
HEPES buffer solution immediately. The toroidal hydrogels 
on the elecrtrode were then detached from the surface of FTO 
electrode by pipetting. 

2.3 PLL coating 

The fabricated hydrogel structures were washed with a 1.1 
wt% CaCl2 solution in order to harden the hydrogel structure. 
After washing, the supernatant was removed by a vacuum 
aspirator. A semi-permeable alginate-PLL membrane with 
ferrite particles was then generated by reacting the Ca-alginate 
gel structures with a 0.05 wt% PLL solution + 0.1 mg/mL 
ferrite particles for 5 min. During the reaction, the solution 
was gently shaken to prevent the sticking of each hydrogel. 
The ferrite particles were then attached to the hydrogel 
structure with the generation of an alginate-PLL membrane. 
The hydrogels were then washed again with a 1.1 wt% CaCl2 
solution and HEPES buffer solution and placed into a 0.03 
wt% sodium alginate solution for 4 min. This process served 
to form an outer alginate-PLL membrane on the microcapsules. 
The alginate hydrogel in the alginate-PLL membrane was then 
liquefied with a 55 mM sodium citrate solution for 6 min. 
Finally, 3D alginate-PLL microcapsules were formed. The 
microcapsules were then washed several times using a HEPES 
buffer solution to remove the extra citrate. 

2.4 Cell culture 

Cells were cultured in the fabricated microcapsules using 
the culture medium prepaed by mixing Dulbecco's Modified 
Eagle Medium (DMEM) with 10 % Fetal Bovine Serum 
(FBS) (DMEM:D5796, Sigma-Aldrich, St. Louis, MO, USA, 
FBS: F-0500-A, Funakoshi, Tokyo, Japan). The cells were 
incubated in the 37 °C, 5 % CO2 incubator (MCO-18AC, 
SANYO Electric Co., Ltd., Osaka, Japan).  

3. Magnetic force calculation 

The magnetic force generated from the magnetized 
hydrogel microstructures is important to conduct the self-

Fig. 2 Fabrication procedure of the toroidal hydrogel 
microstructures. 
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assembly. The magnetic force was estimated using a simple 
model as shown below. In a previous study, the magnetic force 
and fluid resistance were calculated using a sphere model [15]. 
In this study, a toroidal model is used for the calculation. The 
magnetic force, FM, generated in between two magnets can be 
written by Coulomb’s law as [21]: 
𝐹! = "

#$%!
∙ &"&#

'#
      (1) 

where µm is the magnetic permeability, m1 and m2 are the flux 
contents of each magnet, and r is the distance between the two 
magnets. The flux content M can be written as [21]: 
𝑀 = 𝐵𝑆      (2) 

where B is the magnetic flux density and S is the cross-
sectional area of the magnet. In this study, the toroidal 
microstructures were employed to achieve a tube structure 
after assembly. When the inner and outer diameter of the 
toroidal microstructure was written as di and do, the magnetic 
force FM generated in between the two toroidal structures can 
be written as follows using the equations (1) and (2): 

𝐹! = $(#)*$#+*%
#,
#

-#%!'#
      (3) 

The magnetic permeability µm and the magnetic flux 
density B were set on 1.26 × 10-6 [H/m] and 298 [mT] for the 
calculation of magnetic force FM. Figure 3 (a) shows the 
calculation results of FM using a different distance r under the 
condition that the toroidal microstructure contains 5 % ferrite 
particles. Thus, the magnetic force generated from the toroidal 
microstructure is the mN order if the microstructures are 
attracted each other. This force is dramatically reduced when 
the distance r increases. These results indicated that the 
microstructures should be placed closer in order to achieve the 
magnetic self-assembly. 

The fluid resistance on the toroidal microstructure was also 
calculated to compare with the magneic force. The fluid 
resistance FD can be written as follows [22]: 
𝐹. =

"
/
𝜌𝑉/𝑆𝐶.      (4) 

where r is the fluid density, V is the flow velocity, and CD is 
the drag coefficient. CD can also be written as below when the 
flow is slow (low-Reynolds-number flow) and the structure is 
a sphere shape in diameter d [23]: 
𝐶. =

/#
01

      (5) 
where Re is the Reynolds number, as shown below [24]: 
𝑅𝑒 = 23*

%&
      (6) 

where µf is the viscosity coefficient. CD in equation (5) was set 
to 1.2 in our calculation. 

The fluid resistance in the different flow velocity was 
calculated using equation (4). The viscosity coefficient µf was 
assumed to be 10-3 [Pa∙s]. Figure 3 (b) shows the calculation 
result. Hence, the fluid resistance was smaller than the 
magnetic force in low-flow velocity conditions. Our 
calculation results indicated that the fluid resistance was 

eliminated compared with the magnetic force generated from 
the magnetized microstructures. 

4. Fabrication of magnetic particle-coated 
microstructures 

Figure 4 explains the fabricated alginate hydrogel using the 
electrodeposition method. The microstructures were observed 
under a inverted optical microscopy (IX-81, Olympus, Tokyo, 
Japan). The FTO electrode became clouded after 
electrodeposition [Fig. 4 (b)] because the alginate hydrogel 
was formed on the FTO electrode, while it was clearly 
observed before electrodeposition [Fig. 4 (a)]. The fabricated 
hydrogels were then detached from the surface of electrode by 
pipetting in the HEPES buffer solution [Fig. 4 (c)]. Figure 4 
(d) indicates the size of the detached toroidal hydrogel 
structures. Compared with the electrode design, the outer and 
inner diameter became approximately 0.7 times smaller. The 
hydrogel detached from the substrate became smaller than the 
size of FTO electrode [15] because the thickness of hydogel 
increased after detachment. 

Figure 5 shows the toroidal hydrogel after coating PLL and 
ferrite particles on its surface. In the experiment, poly-L-
lysine-FITC labeled (P3543, Sigma-Aldrich, St. Louis, MO, 
USA,) was used to observe the PLL membrane on the 

 

Fig. 3 Comparison of the magnetic force and fluid resistance 
(a) The magnetic force generated from the magnetized 
toroidal microstructures and (b) the fluid resistance on the 
toroidal microstructures with a different flow velocity. 
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hydrogel by green flourescence. After dissolving the alginate 
hydrogel in the alginate-PLL microcapsules, the 
microcapsules were observed under a fluorescent microscopy. 
The green color indicated the PLL-coated area, while the black 
dots indicated the ferrite particles on the hydrogel (Fig. 5.). 
Hence, the alginate-PLL membrane was formed successfully 
on the microcapsules. Even if the alginate hydrogel was 
dissolved, the ferrite particles remained on the microcapsules. 

After magnetizing the ferrite particles using a magnetizer, 
the RLC-18 cells in the microcapsules were cultured to 
achieve a high density of cells inside the microcapsules. The 
microcapsules were placed in culture medium (DMEM + 10 % 
FBS) and incubated in a 37 °C, 5 % CO2 incubator. To 
evaluate the side-effects of the magnetized ferrite particles, 
two different types of microcapsules were prepared, namely, 
microcapsules coated by PLL with ferrite particles, and 
microcapsules coated by PLL without ferrite particles. 

Figure 6 (a)-(d) explains the cell culture experiments using 
microcapsules coated by PLL without ferrite particles. The 

cells were dispersed inside the microcapsules at the start of the 
cell culture [Fig. 6 (a)]. The cells grew and started to form 
clusters after 2 days of culture [Fig. 6 (b)]. Each cluster 
aggregated together and large cell aggregations were observed 
inside the microcapsules [Fig. 6 (c)] after 6 days of culture. 
Finally, the cells were filled inside the microcapsules  after 9 
days of culture [Fig. 6 (d)]. 

To check the cell viability of both cases, without ferrite 
particles and with ferrite particles, live/dead assays were 
conducted after 12 days of culture. Figure 6 (d) and (e) show 
the results from these assays. The green fluorescent indicated 
the live cells, while the red fluorescent indicated the dead cells. 
In both cases, the majority of the microcapsule area showed 
green fluorescence. The pixel area of the green fluorescence 
was divided by the pixel area of the green and red fluorescence 
in order to calculate the cell viability. The green and red 
fluorescent areas were calculated using the imaging software 
Image J. (National Institutes of Health, Bethesda, MD, USA). 
The calculated viability was 99 % and 97 % without ferrite 
particles and with ferrite particles, respectively. Thus, the cells 
showed high viability in both cases regardless of the presence 
of ferrite particles. The results indicated that the ferrite 
particles did not affect cell viability. 

5. Self-assembly of magnetized microcapsules 

5.1 Theoretical model 

After fabrication of the toroidal microstructures coated 
with the ferrite particles, they were magnetized by the 
magnetizer. The magnetizer applied a 3T magnetic field in 
order to magnetize each ferrite particle on the toroidal 

 

Fig. 4 Fabrication results of the toroidal alginate hydrogel by 
electrodeposition. (a) The toroidal electrode before 
electrodeposition. (b) The hydrogel on the electrode surface 
after electrodeposition, (c) The detached hydrogel from the 
electrode surface. (d) The size of the fabricated 
microstructures after the detachment (The graph represents 
the mean value ± standard deviation of fabricated 
microstructures). 

 

 

Fig. 5 A toroidal hydrogel after coating of PLL and the ferrite 
particles on the surface and after dissolving hydrogel in the 
alginate-PLL membrane. 

 
 

 

Fig. 6 Cell culture in the toroidal microstructures with and 
without ferrite particles. 
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microstructures. One side of the microstructure becamethe 
North Pole, while the other side became the South Pole. 

The magnetized microstructures were placed into 34.5-mm 
dishes, which were then shaken to assemble the 
microstructures. Figure 7 shows the theoretical analysis of the 
wave generated inside the dish during shaking. The wave 
velocity v in a dish can be calculated as follows [25]: 
𝑣 = -𝑔ℎ      (7) 

where g is the gravitational acceleration and h is the height of 
the water level in the dish. If the round-trip time of the wave 
Tw [s] and the shaker cycle time Ts [s] have the relationship 
shown in equation (8), the generated waves by the shaker can 
be hit at the center of the dish, as shown in Fig. 7. 
𝑇4 =

5'
/

      (8) 
In our experimental setup, Q = 4.0 × 10-6[m3] and L = 34.5 

×10-3[m]. Therefore, h = 4.28 × 10-3[m]. From equation (7), 
v=-𝑔ℎ=0.205 [m/s]. Hence, the shaking speed of 90 rpm 
satisfies the equation (8), and the waves in the dish can be hit 
at the dish center. This condition is considered to enhance the 
gathering of the microstructures to the dish center and increase 
the assembly speed. 

5.2 Experimental evaluation 

Based on the theoretical analysis, the microstructures were 
assembled by shaking experimentally. Several shaking speeds 
and the durations were tested to optimize the assembly speed 
of the microstructures. Four conditions of shaking speed (70, 
80, 90, and 100 rpm) and six conditions of shaking duration 
(30, 40, 50, 60, 90 and 120 s) were tested in the experiments.  

Figure 8 is the assembly results of the microstructures by 
shaking. In each experiment, the layer numbers of the longest 
tube structure assembled from the toroidal microstructures 
were recorded. The shaking experiments were conducted six 
times for each shaking speed and duration. Shaking speeds of 
80 and 90 rpm showed better results of self-assembly 
compared with those of 70 and 100 rpm. The number of 
assembled structures at 80 rpm was higher than that at 90 rpm 
when the shaking duration reached 120 s. The assembled 
microstructures were disassembled again in the case of 90 rpm, 
when the shaking period became longer. Therefore, the 
assembled number decreased with a shaking period of from 90 
s to 120 s at 90 rpm. 

Figure 9 shows the assembled microtube made of 25 
toroidal microstructures by shaking. The tube shape was 
formed from the toroidal microstructures by the proposed 

 

Fig. 7 A schematic of the wave generated in a dish during 
shaking. 

 

 
Fig. 8 Assembly results of the microtubes in different shaking 
conditions. 

 

Fig. 9 An assembled microtube from 25 toroidal 
microstructures using the magnetic self-assembly process. 
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magnetic self-assembly method. Our results indicated that the 
microstructures assembled by magnetic force can keep tube 
shape with the assistance of the magnetic force generated from 
the magnetized ferrite particles. 

5.3 Particle image velocimetry 

To evaluate the flow velocity inside the dish during shaking 
for the self-assembly of the toroidal microstructures, 
experiments using particle image velocimetry (PIV) were 
carried out. Figure 9 (a) is the setup for PIV experiments. The 
dish was put on the top of shaker. The laser (DSGL-532-1500-
2500) was used to visualize particles in the dish, and the high-
speed camera (VW-9000, Keyence) was set to observe the 
particles in the dish. In PIV tests, the shutter speed of the 
camera was set at 1/3000 s, and the flame rate was 200 flames 
per second. Four shaking speeds: 70, 80, 90, and 100 rpm for 
60 s were tested in the PIV experiments.  

Figure 10 (b) indicates the particles during shaking of the 
dish in the PIV experiment at 80 rpm. The replay speed of Fig. 
10 (b) was 15 frames per second (fps), and the duration of one 
cycle of shaking was 9.7 s. The detected particles were then 
used to check the velocity during shaking. The red color 
indicated a higher flow velocity, while the blue color indicated 
a lower flow velocity in Fig. 10 (c). 

The assembly of the microstructures was achieved at the 
center of the dish. Therefore, the histogram of flow velocity at 
the center of the dish (the half diameter of the dish) was used 
to evaluate flow velocity during shaking. For each shaking 
speed, the flow velocity was collected for 5 s after 10 s of 
shaking to analyze the flow velocity under stable shaking 
conditions. Figure 11 shows the histogram of flow velocity in 
the dish at each shaking speed. The peak flow velocity at 80 
rpm was 50 mm/s, while that at 90 rpm was 70 mm/s. Thus, 
the flow velocity inside the dish was higher at 90 rpm shaking, 

 

Fig. 10 PIV experiment. (a) Experimental setup. (b) Detected 
particles during the PIV experiment at an 80 rpm shaking 
speed. (c) Measured flow velocity by PIV experiments at an 
80 rpm shaking speed. 
 

 

 

 

Fig. 11 Histogram of flow velocity at the center of the dish 
during shaking at each shaking speed 
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and the higher flow velocity had potential to disassemble 
microstructures during shaking the dish. 

5.4 Evaluation of hepatic function 

The hepatic function from the fabricated toroidal hepatic 
microstructures was determined. In this study, two functions 
were measured, namely, albumin secretion and urea synthesis. 
A rat albumin ELISA quantitation kit was used to measure 
albumin levels in the culture medium during the culture period 
and urea levels in the culture medium were determined using 
the urea assay kit (DIUR-100). Before the assays, the 
fabricated micro-tissue was washed with Phosphate Buffer 
Solution (PBS) and fresh culture medium was added. After 24 
h, this culture medium was collected and stored at -20 °C until 
analysis. There were three groups of the hepatic 
microstructures that contained 15 toroidal microstructures 
each. The first group represented the microstructures without 
ferrite particles, the second represented the microstructures 
with non-magnetized ferrite particles, and the third 
represented the microstructures with magnetized ferrite 
particles. The hepatic cells in all groups were cultured for 3 
weeks. 

Figure 12 (a) shows the measured albumin secretion for 
each condition. Albumin secretion was detected after 7 days 
of cell culture because the number of cells was not large 
enough to produce a detectable amount of albumin before 7 
days. Albumin secretion gradually increased as the culture 
period increased because of the increase in cell number inside 
the microstructures. Albumin secretion was almost the same 
for all conditions until 16 days, and the magnetized 
microstructures showed a slightly larger albumin secretion 
than non-magnetized or without ferrite particles at 21 days. 

Figure 12 (b) is the measured urea synthesis for each 
condition of the microstructures. For all conditions,  urea 
secretion gradually increased as the incubation period 
increased, which was due to the increase in cell number inside 
the microstructures. There were no significant differences 
among the conditions. 

Hence, the hepatic function results indicated that the ferrite 
particles and magnetization did not decrease the hepatic 
functioning of the hepatic cells. 

6. Conclusion 

In this paper, we employed a magnetic self-assembly 
process to fabricate hepatic microtube structures. This 
approach achieved the high-speed assembly of small toroidal 
hepatic microcapsules into a tube shape. The density of the 
cells inside the microcapsules was increased by culturing the 
cells inside the microcapsules. The magnetic force on the 
magnetized toroidal microstructures was determined and our 
results showed that the magnetic force was large enough to 
conduct self-assembly of the microstructures by shaking 
against the fluid resistance during shaking. 

The toroidal alginate hydrogel structures were prepared 
using the electrodeposition method. The ferrite particles on the 
microstructures were magnetized, and cells were cultured 
inside the PLL microcapsules to check their viability. The 
majority of the cells were found to be viable after 12 days of 
culture even if the magnetized ferrite particles were attached 
on the surface of microstructures. The magnetic self-assembly 
of the microstructures was enhanced by shaking. One 
directional shaking was applied to the microstructures and the 
tube shape structures were formed efficiently when the 
shaking frequency was 80-90 rpm. 

Finally, the hepatic functions were checked, and no 
decrease in function was observed regardless of coating of the 
magnetized/non-magnetized ferrite particles on the surface of 
microstructures. In conclusion, we successfully used the 
assembly of toroidal microstructures to make 3D tube 
structures to achieve an in vitro 3D cell-aggregated system. 
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