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Introduction
The liver plays many essential roles in maintaining normal 

physiology. Therefore, primary hepatocytes have been used for various 
applications such as liver tissue engineering and pharmacological, 
toxicological, and fundamental cell biology studies. For the success of 
such applications, hepatocytes have to express liver-specific functions at 
a high level and maintain these functions over a long term. Expression 
of liver-specific functions in the hepatocytes is closely related to the in 
vitro cell configuration and culture environments. Various approaches 
have been adopted to preserve hepatocyte functions in vitro. These 
include optimization of medium components [1–3], studies of 
extracellular matrices [4–6], construction of spheroid culture [7–9], 
and adoption of co-culture techniques. Co-culturing hepatocytes with 
non-parenchymal cells or fibroblasts is one approach that is useful for 
regulating culture environments because it is known that hepatocytes 
can maintain cell viability and liver-specific functions such as albumin 
synthesis, urea production, and detoxification, including cytochrome 
P450 activities, in long-term culture [10–15].

Although many previous studies on co-culture have used random 
culture in which cell distribution is heterogeneous, micropatterned 
co-cultures have been established in recent studies [16–25]. 
Micropatterned cultures have the following advantages over random 
cultures: they can control cellular microenvironments by regulating 
cell arrangement on a micro-scale. Furthermore, micropatterned 
co-cultures of hepatocytes with non-parenchymal cells or fibroblasts 
have provided beneficial information regarding heterotypic cell–cell 
communication, demonstrating that the expression of hepatocyte 
functions is stabilized by the increase of heterotypic cell–cell contacts 
between the hepatocytes and other cell types [19–22,25].

Among all techniques for micropatterned co-culture, a microstencil 
method is a simple yet effective technique: the cell pattern is easily 
formed on the culture plate by peeling off a microstencil, which is a thin 
membrane with orderly through-microholes [23–25]. Furthermore, 

this method can also be used to evaluate the relationship between co-
culture conditions and functional behaviors of cells. Determining such 
a relationship may require establishing the optimum conditions for 
micropatterned co-culture.

In this study, we focused on the differences of culture conditions 
on the micropatterned co-culture of rat hepatocytes with 3T3 cells, 
and the morphological and functional behaviors of the micropatterned 
co-culture compared to a random co-culture. Furthermore, the 
effects of co-culture timing and inoculated density of 3T3 cells on the 
expression of hepatocyte functions in the micropatterned co-culture 
were evaluated. This study aimed to demonstrate the advantages of 
micropatterned co-culture compared to random co-culture and to 
specify the optimum conditions for the micropatterned co-culture.

Materials and Methods
Preparation of a microstencil chip

Figure 1A shows a schematic diagram of the microstencil chip. 
A polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning Co., 
Midland, MI, USA) microstencil, which consists of a thin membrane 
with 724 through-microholes, each 500 µm in diameter, in a triangular 
arrangement of 800-µm pitch, was fabricated by peeling the microstencil 
off from a microfabricated polymethylmethacrylate (PMMA) mould. 
The limitation of microstencil diameter that could make it by this 
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Abstract
We investigated the effect of culture conditions on the micropatterned co-culture of rat hepatocytes with 3T3 cells. 

A micropatterned chip was prepared using polydimethylsiloxane (PDMS) microstencil such that the chip contained 724 
hepatocyte islands, each 500 µm in diameter, in a triangular arrangement with 800-µm pitch, in which hepatocytes were 
co-cultured with 3T3 cells. The hepatocytes in micropatterned co-culture exhibited hepatocellular morphology, and 
the micropatterned configuration of hepatocyte islands was maintained for several weeks of culture by supporting the 
heterotypic interface between the hepatocytes and 3T3 cells. The albumin secretion activity of hepatocytes was highest 
in the micropatterned co-culture but decreased in the random co-culture, micropatterned mono-culture (hepatocytes 
only), and random mono-culture (hepatocytes only) in that order. Furthermore, earlier formation of co-culture promoted 
higher functional activity of hepatocytes as compared to later formation, and hepatocyte functions were induced with 
an increasing the density of inoculated 3T3 cells. These results suggest that the formation of a heterotypic interaction 
at an early stage is important for maintaining high levels of hepatocyte functions. The findings of this study will provide 
information useful for designing co-culture conditions for liver tissue engineering and pharmacological and toxicological 
studies.
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method was 500 µm. Furthermore, previous studies including us have 
reported that the micropatterned culture with hepatocyte islands of 500 
µm in diameter maintains high expression of liver-specific functions as 
compared to the conventional monolayer culture [20,25,26]. Therefore, 
we adopted this microstencil condition. To prepare the microstencil 
chip, the fabricated microstencil was sealed onto the surface of a glass 
plate (24 × 24 mm), and the surface of the microstencil chip was coated 
with type IV collagen to promote cell adhesion Figure 1B. The chip 
was sterilized by immersion in 70% ethanol, thoroughly rinsed with 
distilled water, and immersed in the culture medium until use.

Micropatterned culture of rat hepatocytes

This experiment was reviewed by the Committee of Ethics on 
Animal Experiments of our institute and conducted as per the 
Guidelines for Animal Experiments at our institute.

Hepatocytes were isolated from the whole liver of an adult Wistar 
rat (male, 7–8 weeks old, and weighing approximately 200 g) by 
perfusion with 0.05% collagenase (Wako Pure Chemical Industries 
Ltd., Osaka, Japan) [27]. Cell viability was determined by the trypan 
blue exclusion method, and cells that exhibited >85% viability were 
used for subsequent experiments.

The culture medium was Dulbecco’s modified Eagle’s medium 
(DMEM; Invitrogen Corp., Carlsbad, CA, USA) supplemented with 
10% fetal bovine serum (FBS), 10 mg/L insulin (Sigma, St. Louis, MO, 
USA), 7.5 mg/L hydrocortisone (Wako), 50 µg/L epidermal growth 
factor (Biomedical Technologies Inc., Stoughton, MA, USA), 60 mg/L 
proline (Wako), 50 µg/L linoleic acid (Sigma), 0.1 µM CuSO4·5H2O, 3 
µg/L H2SeO3, 50 pM ZnSO4·7H2O, 58.8 mg/L penicillin, and 100 mg/L 
streptomycin.

Figure 1B shows the process of creating micropatterned culture of 
hepatocytes using the microstencil chip. Hepatocytes (1.0 × 106) were 
inoculated onto the microstencil chip that was placed in a polystyrene 
dish (diameter, 35 mm) containing 2 mL of culture medium. After 24 
h, the stencil was peeled off the chip, and the chip with micropatterned 
hepatocytes was transferred to another polystyrene dish containing 2 
mL of fresh culture medium (micropatterned mono-culture). By this 

procedure, approximately 7.0 × 104 cells were immobilized on the chip 
after 24 h of culture. To obtain a random mono-culture, hepatocytes 
(2.5 × 105) were inoculated onto a 35-mm dish coated with type IV 
collagen. Approximately 9.0 × 104 cells were immobilized on the dish 
after 24 h of culture.

Micropatterned co-culture of rat hepatocytes with 3T3 cells

NIH/3T3 cells (JCRB0615; Health Science Research Resources 
Bank, Osaka, Japan) were subcultured as a continuous monolayer in a 
100-mm tissue culture dish (Corning, Corning, NY, USA) containing 
10 mL DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 
100 µg/mL streptomycin. For co-culture experiments, the 3T3 cells 
were dispersed by treating the confluent monolayer formed on the 
tissue culture dish with 0.25% trypsin (Invitrogen), and the cells were 
suspended in the same medium with rat hepatocyte culture.

To compare the effect between micropatterned co-culture and 
random co-culture, 5.0 × 105 3T3 cells were inoculated onto the 
micropatterned- and random-hepatocyte cultures at day 1. To evaluate 
the effect of co-culture timing, 5.0 × 105 3T3 cells were inoculated onto 
the micropatterned hepatocyte culture at days 1, 3, and 5 of culture. To 
evaluate the effect of inoculated density of 3T3 cells, cell suspensions 
of densities 1.0 × 105 and 5.0 × 105 cells were inoculated onto the 
micropatterned hepatocyte cultures at 3 days of culture. The culture 
medium was changed at 2-day intervals. All cells were cultured at 37°C 
in a humidified atmosphere of 5% CO2 and 95% air.

Albumin secretion activity

Albumin secretion activity was evaluated as a typical liver-specific 
function. The concentrations of albumin secreted into the culture 
medium during the 24 h of culture were determined by performing 
an enzyme-linked immunosorbent assay (ELISA). We used two-
antibody sandwich method. Briefly, goat anti-rat albumin antibody 
(MP Biomedicals, Capple Products, USA) was bound to each well of a 
96-well microtiter plate, and then the samples were applied to the wells. 
Subsequently, peroxidase-conjugated sheep anti-rat albumin antibody 
(MP Biomedicals) was added to each well. ABTS (KPL; Kirkegaard & 
Perry Laboratories, Inc., USA) was used as a chromogenic substrate, 
and a microplate reader (Model 550, Bio-Rad Laboratories, USA) 
was used for the measurement. The albumin concentration of each 
sample was calculated from the standard curve of rat albumin (MP 
Biomedicals). The activity was evaluated on days 3, 5, 10, 15, and 20 of 
the culture, and the values were normalized with the immobilized cells 
at day 1 of culture.

Statistical analysis

Data obtained from the albumin secretion of rat hepatocytes 
are represented as mean ± SD of 3 points. Statistical analysis of the 
numerical variables was performed using a repeated-measures ANOVA 
test. A p value of <0.05 was considered significant.

Results and Discussion
Cell morphology

In the random mono-culture, rat hepatocytes adhered to the 
collagen-coated plate and formed a monolayer; however, cell 
distribution was heterogeneous throughout during the culture Figure 
2A. In the random co-culture, the inoculated 3T3 cells spread onto the 
interstitial space between the adhered hepatocytes, and the hepatocytes 
exhibited heterogeneous colony-like morphology by the proliferation 

 

 

Figure 1: (A) Schematic diagram of the microstencil chip. (B) Process of mi-
cropatterned co-culture of rat hepatocytes with 3T3 cells using the microstencil 
chip.
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of 3T3 cells Figure 2B. Although hepatocytes in the random mono-
culture rapidly lost cuboidal morphology by elongation of cells, they 
maintained bright intercellular borders with distinct nuclei after long-
term culture in the random co-culture, indicating that the co-culture is 
effective in maintaining the hepatocellular morphology.

Although the hepatocytes inoculated onto the microstencil chip 
adhered to the surface of the microstencil and to the glass surface in 
through-microholes of the microstencil and formed a monolayer within 
1 day of culture, the micropatterned hepatocyte islands were formed by 
peeling off the stencil Figure 2C. The configuration of micropatterned 
hepatocytes was maintained until 5 days of culture; however, the 
hepatocytes were elongated at the chip surface after it was removed by 
the stencil. Consequently, the circular pattern of hepatocytes gradually 
decayed after 5–7 days of culture Figure 2E. In contrast, in the 
micropatterned co-culture, the 3T3 cells proliferated in the gap between 
the hepatocyte islands, thus forming the clear heterotypic interface 
between the hepatocytes and 3T3 cells Figure 2D. The hepatocytes 
exhibited hepatocellular morphology, and the configuration of 
micropatterned hepatocyte islands was also maintained for several 
weeks of culture by supporting the heterotypic interface Figure 2F. The 
result that the co-culture maintained the hepatocellular morphology 
irrespective of the random or micropatterned culture corresponds well 
with those of previous studies [19,20,25], probably because hepatocyte 
elongation is inhibited when the substratum surface is covered by 3T3 
cells.

Effect of the micropatterned co-culture

Among the various liver-specific functions, we chose albumin 
secretion activity as an index for the effect of co-culture because 
albumin secretion is the hepatocyte function that is known to be 
elevated by co-culture [10-25].

Figure 3 shows changes in the albumin secretion activities of 
hepatocytes under 4 culture conditions: random mono-culture, 
random co-culture, micropatterned mono-culture, and micropatterned 
co-culture. The albumin secretion activity was maintained at a higher 
level in co-cultures than in mono-cultures, irrespective of whether the 
culture was random or micropatterned. Furthermore, the secretion 
activity was maintained at a higher level in micropatterned co-culture 
than in random co-culture, indicating that micropatterned co-culture 
is most useful method of maintaining liver-specific functions. Our 
previous study of mono-culture (with only hepatocytes) revealed 

that hepatocytes in a micropatterned culture maintained normal 
hepatocellular morphology and stable homotypic cell–cell contacts 
(cell adhesion and gap junction in the hepatocytes); consequently, the 
expression of liver-specific functions was well retained as compared 
with the random monolayer [26]. This difference may be reflected to 
the difference of function between the random and micropatterned 
co-cultures. Although the maintenance of high functional expression 
in the mono-culture was difficult even if it was the micropatterned 
culture, the functional expression was drastically improved by the 
co-culture. Thus, hepatocytes in the micropatterned co-culture may 
be able to develop higher functions due to the synergistic effects of 
improving the culture environment by co-culture and stabilizing the 
hepatocyte functions by micropatterned culture.

Effect of the co-culture conditions

To evaluate the effect of the micropatterned co-culture conditions, 
the albumin secretion activities of hepatocytes were compared before 
and after changing the co-culture timing and inoculation density of 
3T3 cells.

The albumin secretion activity of hepatocytes in the micropatterned 
co-culture decreased on day 3 as compared to day 1 and on day 5 as 
compared to day 3 Figure 4. Thus, earlier formation of co-culture 
induces higher functional activities than does later formation. 
Although recovery of hepatocyte functions by co-culture has been 
reported [10], to the best of our knowledge, this is the first study that 
reports that the expression of hepatocyte functions differs depending 
on the co-culture timing. This finding shows that early formation of 
co-culture is necessary to maintain a high functional expression of 
hepatocytes. The activity of micropatterned mono-culture (with only 
hepatocytes) gradually decreases with the increase in the culture time. 
This phenomenon may occur by the lack of stimulations such as cell 
signaling factors, extracellular matrixes, and cell-cell contacts from 
other cells. Therefore, earlier formation of co-culture may shorten 
those lack periods, and consequently, the expression of hepatocyte 
functions may be well maintained.

Furthermore, the albumin secretion activity of hepatocytes in the 
micropatterned co-culture inoculated at a density of 5 × 105 3T3 cells 
was higher than that in a co-culture inoculated at a density of 1 × 105 

Figure 2: Phase-contrast micrographs of different culture conditions. (A) Ran-
dom mono-cultures; (B) random co-culture; (C and E) micropatterned mono-
culture; and (D and F) micropatterned co-culture. A–D, day 3 of culture; E, day 
7 of culture; and F, day 15 of culture.

Figure 3: Changes in albumin secretion activity of hepatocytes on random 
mono-culture (open triangles), random co-culture (closed triangles), micropat-
terned mono-culture (open circles), and micropatterned co-culture (closed cir-
cles). Error bars represent SD; *, p < 0.05 compared with the value of random 
mono-culture; #, p < 0.05 compared with the value of micropatterned mono-
culture; and +, p < 0.05 compared with the value of random co-culture.
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3T3 cells, indicating that forming a co-culture with a high density of 
3T3 cells at the initial stage of the culture is superior for maintaining 
the high functional expression of hepatocytes Figure 5. Bhatia et al. 
reported that hepatocyte functions in random co-culture were induced 
depending on an increase of inoculated 3T3 cell density [19]; similarly, 
we have showed that the same phenomena exist in the micropatterned 
co-culture.

It is known that co-culture improves culture environment, since it 
induces production of cell signaling factors and extracellular matrixes, 
and/or formation of heterotypic cell–cell interaction. In particular, 
recent studies of co-culturing hepatocytes with 3T3 cells revealed that 
the expression of hepatocyte functions is stabilized by an increase of 
direct heterotypic cell–cell contacts (cell adhesion and gap junction) 
[19–22,25,28]. This information corresponds with our results that the 
earliest formation of co-culture under high cell density of 3T3 cells 
induced the highest functional activities of hepatocytes. The direct 
heterotypic cell–cell contacts are important factors for hepatocellular 

polarity and organization [21,25]. Although the detailed mechanism 
is not clear, their development may operate to normal hepatocellular 
structure that includes cuboidal cell shape and abundant cytoplasmic 
organelles; consequently, the expression of hepatocyte functions may be 
well maintained. Although the sufficient heterotypic cell-cell contacts 
are formed even if it was the random co-culture, the function of 
micropatterned co-culture was higher than that of random monolayer. 
This fact suggests that the combination of the heterotypic contacts 
(hepatocyte-3T3 cell) and the homotypic interactions (hepatocyte-
hepatocyte) is important for maintaining the liver-specific functions. 
Further studies of heterotypic and homotypic interactions may help to 
better understand the mechanism.

Conclusions
In this study, we demonstrated the effect of culture conditions 

on the micropatterned co-culture of rat hepatocytes with 3T3 cells 
by using the microstencil method. The micropatterned configuration 
of hepatocyte islands was maintained for several weeks in culture by 
supporting the heterotypic interface. The albumin secretion activities 
of hepatocytes in the micropatterned co-culture were maintained at 
higher levels than those observed in random co-culture. Furthermore, 
the earlier formation of co-culture expressed higher functional 
activities of hepatocytes than the later formation, and better induction 
of hepatocyte functions depended on increasing 3T3 cell density of 
inoculation. These results suggest that the formation of a heterotypic 
interaction between the hepatocytes and 3T3 cells at an early stage is 
important to maintain high levels of hepatocyte functions. The findings 
of this study may provide useful information for designing liver tissue 
engineering as well as pharmacological and toxicological studies.
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