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Abstract 
 

For engineering implantable liver tissues, we designed a new scaffold with a three-dimensional 
(3D) branching and joining flow channel network (inner diameter is 1 mm) described by accumulated 
unit tetrahedrons (edge length is 4 mm).  For its fabrication, biodegradable polycaprolactone (PCL) and 
80% (w/w) of NaCl salt particles as a porogen were completely mixed and applied to the selective laser 
sintering (SLS) process, a rapid prototyping technique.  We successfully obtained a scaffold that had a 
high porosity of 89% with a pore size of 100-200 µm and a 3D network flow channels whose inner 
diameter is 800 µm.   Results of X ray CT confirmed the sintered scaffolds had completely 
interconnected flow channels as designed.  A preliminary perfusion culture over 9 days demonstrated 
that such mirochannels was necessary to guide the cells to grow and function.  
 
1. Introduction 
 

There has been a growing interest in developing perfusion bioreactor for vital organs (such as 
liver) (1, 2, 3,4), because the flow system mimics the hepatic blood circulation and enhances mass 
transfer of nutrients, gases (such as O2), and metabolites to maintain long-term tissue functions.  One 
challenge in reactor design is to ensure a homogeneous distribution of flow and mass transfer.  Recently, 
we proposed a new design of a small model scaffold in which a 3D branching and joining microchannel 
network was arranged as unit tetrahedral edges except the horizontal ones to distribute the flow of 
culture medium(5).  

Precise 3D microfabrication process is necessary to realize the design.  Various types of 
fabrication technologies have been developed to construct a porous bioreactor/scaffold: three-
dimensional printing (3DP) (6), stereolithography (7), selective laser sintering (SLS) (8), 
deposition/layering (5), and silicon micromachining (9) for tissue engineering application.  Among these 
technologies, SLS is a well-known rapid prototyping (RP) technology, through which 3-D structures are 
created layer-by-layer, by heating and sintering powdered material by means of the heat generated from 
a CO2 laser (10, 11).  SLS has recently been proposed as a promising technique over traditional manual-
based techniques (8) mainly because it is applicable almost all materials and because it does not 
necessitates toxic binding materials such as organic solvents.  We therefore examined the feasibility of a 
SLS for the fabrication of the designed scaffolds for hepatic tissue engineering. 

Polycaprolactone (PCL), a type of linear biodegradable polyester, has acquired much attention 
over the last years for their low-cost and potential application in tissue engineering (12,13,14).  PCL 
scaffolds with a controlled architecture have been fabricated successfully for bone tissue engineering 
(15).  However, the porosity was small (ranging from 37.5-55.0%) and may not suitable for hepatic 
tissue engineering because hepatocytes should be packed at much higher cell densities while supplied 



with plenty amounts of oxygen and nutriments.  In addition, its highly crystalline property may reduce 
the adhesion efficiency of hepatocytes (16). 

In this paper, we first describe a SLS technique for the fabrication of a highly porous scaffold 
(porosity 89%) with a customer-defined microchannel network structure.  Then, we perform a perfusion 
culture of human hepatoma Hep G2 cells for evaluating its biocompatibility.  Effective cell inoculation 
and initial attachment using novel Avidin-Bivion binding-based cell adhesion (17) is also described.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

2. Materials and methods 
2.1. Design of a porous perfusion bioreactor 

The basic concept of design was described in our 
previous report (5).  Figure 1 represents the new design, 
in which we changed the dimension of unit tetrahedron 
from 2 mm to a 4 mm length edge (smaller length is not 
suitable for the present SLS machine).  The whole 
model consists of 2 symmetric cones, in which 
tetrahedrons were accumulated in 6 layers, and all the 
edges except the horizontal ones were designed to 
organize a flow channel network.  To distribute the 
media flow, the diameter of layers are designed as 
follows: 2.0 mm at the1st and 2nd layers, 1.5 mm at the 
3rd and 4th layers, and 1.0 mm at the 5th and 6th layers 
(Figure 1).  The maximum diameter and height of a 
bioreactor is 30 mm and 46 mm, respectively, and the 

Figure 1.  A model bioreactor for 
perfusion culture based on 4-mm-length-
edge regular tetrahedrons. 

whole volume are 10 cm3. 
 
2.2.   Fabrication of a perfusion scaffold 

PCL (M.W. 50, 000 Da) powders with a mean size of 50 µm were selected as a raw polymer 
material.  To increase the porosity, 80% weight of NaCl salt particles was added.  The salt was seized 
and the particles with a mean size of 100~150 µm were used.  Nano silica was added (0.4% (w/w)) to 
prevent the slight static electrification and moisture of PCL particles.  Then, we carefully mixed the 
combined particles manually before sintering. 

The scaffolds were fabricated by a commercial SLS machine (SEMplice, ASPECT, Japan).  All 
parameters of SLS were set at their default values except the laser power and part bed temperature.  
Excess and unsintered powders were removed by blowing compressed air. 

The sintered-scaffold was put into distilled water to leach out the NaCl salt.  The concentration 
of NaCl was determined using a conductivity meter (CM-6A, TOA Elec. Ltd, Japan).  After 8 h, the 
concentration was lower than 0.002 M.  The scaffolds were dried at room temperature for 24 h.  Then 
we sealed the scaffolds with transparent silicon glue (Baskooku, Semedain, Japan) (5 mm thick) before 
perfusion culture.  The microstructure of the sintered scaffolds was evaluated by X ray CT (SMX-
225CT, Simatu, Japan). 

 
2.3. Biochemical evaluation of the sintered scaffolds 

Hepatoma Hep G2 cells were purchased from the Japanese Cancer Research Bank (JCRB).  The 
culture medium composed of Dulbecco’s modified Minimum EssentialMedium (DMEM), supplied with 
10% fetal bovine serum (FBS), 20 mM hydroxyethyplpiperazine-N’-2-ehanesulfonic acid (HEPES), 1% 
nonessential amino acid solution (NEAA), and antibiotics.  



Under the perfusion condition, cells were cultured in PCL scaffolds with and without a 3D 
channel network.  Each whole perfusion circuit (Figure. 2) consisted of a reservoir bottle (500 mL) with 
a gas-permeable silicon membrane cap, a peristaltic pump (SJ-1220; Atto Biointrustment, Japan), a glass 
bubble trap, and the PCL scaffold-based bioreactor.  The bioreactor was held vertically and the culture 
medium was introduced from its bottom inlet.  Cells were seeded into the scaffold using a new efficient 

 avidin-biotin adhesion method as developed in our 
laboratory (17).  Briefly, the cells at their 
confluence were treated with EZ-Link Sulfo-NHS-
LC-Biotin (0.5 mM in phosphate buffered saline 
(PBS)) in a CO2 incubator.  After 30 min, the cells 
were washed with PBS, recovered with 
trypsin/EDTA.  Prior to use, avidin (Sigama-
Aldrich; 0.5 mg/ml in PBS) was adsorbed into the 
PCL porous scaffolds for 2 h.  

A cell suspension (4.0×107 cells in 20 mL 
culture medium) was introduced to the avidin-
treated scaffold using two syringes that were 
repeatedly depressed and released for inoculation.  
Then, gentle perfusion at a flow rate (2 mL/min) 
was started.  After 2h, the flow rate was increased 
to 10 mL/min.  The culture medium was 
replenished first on Day 1 and thereafter at 2-day 
intervals until Day 9.  The volume of culture 
medium in the reservoir was kept at 100 mL.  A 

 
Figure 2.  Scheme of the perfusion circuit 

system 

conventional monolayer culture and a small scale of shaking culture (1.5 mm thick, Ф10 mm, 0.1 cm3) 
were also performed as control groups.  The cells were inoculated at 4×105 cells per piece PCL disk-
scaffold and at 5×104 cells/cm2 in monolayer plates.  The PCL culture was continuously shaken using a 
rotational shaker at a rotational speed of 60 rpm.  All cultures were performed at 37°C in a CO2 
incubator (95% air/5% CO2). 

The concentration of glucose was measured by a glucose analyzer (Glucose Analyze 2; Beckman 
Instruments, Galway, Ireland).  The concentration of human albumin produced in the culture medium 
was measured by a sandwich-type enzyme-linked immunosorbent assay (ELISA). 
 

3. Results and discussion 
3.1. Scaffold fabrication 

In order to determine the range of suitable processing parameters, the scan speed (3433 mm/s), 
sweep spacing (0.1 mm), and powder layer thickness (0.2 mm) were kept constant; the part bed 
temperature (40-50℃) and laser power (3.5-12.5 W) was investigated (8). The PCL/NaCl particles could 
not be sintered at 3.5 W under 40℃ part bed temperature.  The specimen sintered at 4.9 W and 5.8 W 
was fragile and the structure was wrapped/destroyed while removing the salt at the next step, which 
suggested that the particles was not completely sintered at such temperature.  To overcome this problem, 
we raised the temperature up to 50℃ and laser powder up to7.8 W, 9.8 W and 12.5 W.  The remnant 
particles were not easy to remove and microchannels were embolized at high powder (9.8 and 12.5 W).  
For the successful sintering of porous structure, the optimal parameter were 7.8 W for the laser power, 
3433 mm/s for the scan speed and part bed temperature of 50℃. 
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The microstructure of the sintered scaffolds was evaluated by X ray CT.  Results of X ray CT 
demonstrated the fabricated scaffolds had a very homogenous distribution with interconnected 
microchannels which matched to the designed data. 

A number of scaffold parameters including porosity and pore size play a significant role in tissue 
engineering application (18).  Wiliams et al. reported the fabrication of PCL scaffold with a porosity 
ranging from 37.5 – 55.0% using SLS for bone regeneration (15).  However, a higher porosity is 
necessary for hepatic tissue engineering.  In this study, we successfully fabricated a highly porous 
scaffold (89% porosity) by adding salt as a porogen. 

The pore size was about 100-200 µm, which was smaller than that reported in our previous 
works while 3D culturing fetal hepatocytes (19, 20, 21).  The scaffold with higher pore size could be 
obtained by using salt particles with higher mean size. 

SLS provides some advantages over other fabrication techniques.  The organic reagents were not 
used during the whole SLS process.  In addition, the fabrication process is efficient and speedy that we 
could make 6 scaffolds at one batch within 1 h.  

 
3.2.  Perfusion culture 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To evaluate the importance of the 
arrangement of a 3D flow channel network, 
we performed two perfusion cultures using 
scaffolds with and without such a 3D 
network as well as monolayer and shaking 
cultures.  The glucose consumption and 
albumin production up to 9 days are shown 
in Figure 3.  Significant differences in both 
functions were observed between those two 
perfusion cultures, with and without such a 
3D channel network: the rate of glucose 
consumption generally increased and 
albumin production was well maintained 
with an increase of culture time in the 
scaffold possessing such channels, but 
without such channels both functions were 
suppressed at significantly lower levels 
throughout the culture.  The microchannels 
(inner diameter: 800 µm) arranged into the 
middle scale of bioreactors (volume: 10 
cm3) may promote transports of nutrients, 
oxygen and waste under perfusion 
conditions.  Our results indicate the 
important of design and fabrication of such 
a 3D channel network when engineering a 
large liver tissue equivalent in vitro. 

The two functions in perfusion 
culture even with such microchannels were 
still lower than that in shaking and 
monolayer culture (Figure 3).  One of the 
reasons is that the oxygen supply may be a 
limiting factor in the present SLS- 

Figure 3.  Glucose consumption (A) and albumin 
production (B) of Hep G2 cells cultured in monolayers 
(＊), in shaking culture of PCL disks (▲), and in the 
PCL-based perfusion bioreactors with (●) and without 
microchannels (□). 
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fabricated bioreactors that had a limited dimension of scaffold (the edge length of tetrahedrons: 4 mm; 
the inner diameter of microchannels: 800 µm).  According to our previous estimation, even at a low 
finally attained cell density, the edge length of a tetrahedron, based on a simple steady-state oxygen 
diffusion-consumption model that describes oxygen concentration gradient from the microchannel to the 
center of the unit tetrahedrons, should be less than 1080 µm, much smaller than that in our present 
scaffolds (5).  The cells in the center of the unit tetrahedron may be suffered from inadequate supply of 
oxygen.  Much finer fabrication is expected to improve the cellular activities. 

We chose biodegradable PCL as a model polymer for its ease of fabrication and low cost.  PCL 
is widely used in hard tissue engineering such as bone (15).  However, it’s highly crystalline property 
reduces its application in soft tissue engineering (16).  In this study, we enhanced cellular adhesion by a 
novel Avidin-Bivion binding system (17).  As shown in Figure 3, the cells grow well in the 3D porous 
scaffold with microchannels and the finally-attainted cell density was beyond 1/2 of the shaking culture.  
In contrast, the functions of the cells and the finally-attainted cell density dramatically decreased without 
using this adhesion technique (data not shown).  Although the mechanism of the Avidin-Bivion binding 
needs to be declared in the future experiments, this preliminary demonstration may show the potential of 
PCL both in hard and soft tissue engineering. 
 
4. Conclusions 
 

A middle scale bioreactor (volume: 10 cm3) with designed microchannels was fabricated 
successfully by SLS technique.  Results of X ray CT confirmed the sintered scaffolds had completely 
interconnected flow channels as designed.  A preliminary perfusion culture demonstrated such 
microchannels were necessary to guide the cells to grow and function. 
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