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Abstract This study describes the morphological and

functional behaviors of rat hepatocytes on single-walled

carbon nanotube (CNT)-coated surfaces. Although the

hydrophobic characteristics of CNT-coated surfaces

increased with increasing CNT density, hepatocyte adhe-

sion decreased, indicating that the interaction between

hepatocytes and CNTs is weak. We found that hepatocytes

on a CNT-coated surface gradually gather together and

form spheroids (spherical multicellular aggregates). These

spheroids exhibit compact spherical morphology with a

smooth surface and express connexin-32, an intracellular

communication molecule. In contrast, collagen treatment in

conjunction with the CNT-coated surface improved hepa-

tocyte adhesion, and the cells maintained a monolayer

configuration throughout the culture period. The albumin

secretion and ammonia removal activities of hepatocyte

spheroids were maintained at elevated levels for at least

15 days of culturing as compared with hepatocyte mono-

layers. These results indicate that CNTs can be used for the

formation and long-term culture of hepatocyte spheroids.

1 Introduction

Nanostructure scaffolds have the capability to direct and

guide cultured cells. Therefore, nanomaterials, such as

nanoparticles, nanofibers, and nanotubes, advocated as

useful components for cell scaffolding that mimic tissue

architecture in the fields of tissue engineering and regen-

erative medicine. Among the various nanomaterials, car-

bon nanotubes (CNTs) have attracted attention as one of

the most useful scaffolds for biological and medical

applications due to their unique structural, electrical, and

mechanical properties [1–4]. For example, CNTs are

reported to be able to support the attachment, growth,

differentiation, and long-term survival of neural cells

[5–7]. Other studies show that bone cells can attach and

proliferate well on CNT surfaces, confirming that CNTs

are useful scaffolds for bone tissue engineering [8–10].

Furthermore, some researchers report that CNTs can be

used as a culture substratum for fibroblasts as well as

endothelial and smooth muscle cells [11–13]. Although the

effects of CNTs on mammalian cell cultures are becoming

clearer, research is still limited to a few cell types.

The liver is the main metabolic organ that maintains

normal physiology and performs many vital functions.

Therefore, primary hepatocytes are used in various appli-

cations such as liver tissue engineering as well as phar-

macological, toxicological, and fundamental cell biology

studies. The design of biomaterials is important for such

applications, because primary hepatocytes exhibit different

morphological and functional characteristics depending on

the surface properties of the biomaterials on which they

exist. The efficacy of various nanomaterials is reported

among the various approaches for hepatocyte culture.

Tanaka et al. [14] report that hepatocytes form a cuboidal

shape on a honeycomb-patterned nanofilm while
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maintaining their function. Furthermore, recent works

show that nanofibers that consist of natural or synthetic

polymers promote hepatocyte aggregation and functioning

[15–17]. In particular, nanostructural materials can facili-

tate the formation of in vivo-like hepatocytes morphology

and help maintain liver-specific functions. Therefore,

CNTs are a very promising material for hepatocyte culture.

However, as far as we know, there is no existing report on

hepatocyte culture using CNT materials.

In this study, we focus on hepatocyte behavior on sin-

gle-walled CNT-coated surfaces. The changes in mor-

phology, expression of cell adhesion molecules, and

functional activity of primary rat hepatocytes on CNT-

coated surfaces were evaluated and their characteristics

were compared with those of cells cultured using other

methods. The goal of this study is to understand the effects

of CNTs on hepatocyte behavior in order to clarify the

effects of CNTs in cell culturing.

2 Materials and methods

2.1 CNT-coated dish

The CNT-coated dish was purchased from Meijo Nano

Carbon Co., Ltd. (35 mm diameter; Nagoya, Japan). This

dish was repetitively coated with CNTs (1.0–2.5 nm in

diameter, 5–10 lm in length) that were dissolved in etha-

nol. Although immobilized on the dish surface by physical

adsorption, the CNTs were stably maintained through-

out the cell culture period. In this study, we used the

CNT-coated dishes at CNT densities of approximately 1, 3,

and 6 lg/dish (Fig. 1a).

2.2 Rat hepatocyte culture

This experiment was approved by the Committee of Ethics

on Animal Experiments in our institute and was carried out

in accordance with the Guidelines for Animal Experiments

at our institute.

Hepatocytes were isolated from the whole livers of adult

Wistar rats (males, 7–8 weeks old, weighing approximately

200 g) by liver perfusion using 0.05% collagenase (Wako

Pure Chemical Industries Ltd., Osaka, Japan) [18]. Cell

viability was determined using the trypan blue exclusion

method. Cells with more than 85% viability were used in

this study. The culture medium consisted of Dulbecco’s

modified Eagle’s medium (Invitrogen Corp., Carlsbad, CA,

USA) supplemented with 10 mg/l insulin (Sigma, St.

Louis, MO, USA), 7.5 mg/l hydrocortisone (Wako), 50 lg/l

epidermal growth factor (Biomedical Technologies Inc.,

Stoughton, MA, USA), 60 mg/l proline (Wako), 50 lg/l

linoleic acid (Sigma), 0.1 lM CuSO4�5H2O, 3 lg/l H2SeO3,

50 pM ZnSO4�7H2O, 58.8 lg/ml penicillin, 100 lg/ml

streptomycin, 1.05 g/l NaHCO3, and 1.19 g/l HEPES.

The morphological and functional properties of hepa-

tocytes were compared using the following four culture

conditions: a CNT-coated dish, a CNT/collagen-coated

dish (in which the CNT-coated dish was coated with

0.3 mg/ml type I collagen solution; Cellmatrix, Nitta

Gelatin Co., Osaka, Japan), a tissue culture (TC) dish
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Fig. 1 SEM images (a), contact angles (b), and cell adhesion ratios (c) of each CNT-coated surface. CNT1 1 lg CNT-coated dish, CNT3 3 lg

CNT-coated dish, CNT6 6 lg CNT-coated dish, TC tissue culture dish, Col collagen-coated dish
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(35 mm diameter, Corning 430165; Corning Inc., Corning,

NY, USA), and a collagen-coated dish (in which the TC

dish was coated with 0.3 mg/ml type I collagen solution).

The hepatocyte suspension (cell density, 2.5 9 105

cells/ml) was inoculated into each dish containing 2 ml

culture medium for polymerase chain reaction (PCR)

analysis and the evaluation of liver function. Cells

(5.0 9 104) were inoculated into each dish to measure the

cell extension ratio and actin filament staining. The media

were changed 24 h after inoculation and at 1-day intervals

thereafter. All cells were cultured under a humidified

atmosphere of 5% CO2 and 95% air at 37�C.

2.3 Cell extension ratio

In order to evaluate changes in the extension area of

individual cells over time, images of 30 cells were obtained

at 0, 1, 3, 5, 7, 10, and 15 days of culturing by using a

phase-contrast microscope. The cell extension area was

measured by using a Windows personal computer equipped

with a 2-dimensional image analysis program (Win ROOF;

Mitani Corp., Fukui, Japan). Using the area of the prepared

cells (suspension cells) as a reference, the changes in cell

extension ratios under the four culture conditions were

calculated.

2.4 Actin and nuclear staining

In order to evaluate the distribution of actin filaments and

nuclei in the hepatocytes, the cells were fixed with a

solution containing 2.5% glutaraldehyde and 2.0% para-

formaldehyde at room temperature for 10 min. The fixed

samples were permeabilized with 0.1% Triton-X for 5 min

and blocked in PBS containing 1% BSA for 20 min. The

samples were then incubated with 5 units/ml rhodamine–

phalloidin (Molecular Probes, Eugene, OR, USA) for

20 min and 1 lg/ml DAPI (Wako) for 5 min to stain the

actin filaments and nuclei (DNA) in the cells, respectively.

All procedures were performed at room temperature. The

samples were observed with a fluorescent microscope

(Biorevo BZ-9000
TM

; Keyence, Osaka, Japan).

2.5 Cell number and cell adhesion ratio

The cell number in each culture at a given time was

determined using a modified DNA–DAPI fluorescence

method [19]. In brief, the DNA from the cells was

extracted using a DNA extraction solution consisting of

TEN buffer (50 mM Tris–HCl, 5 mM EDTA, and 100 mM

NaCl; pH 7.5) with 100 lg/ml proteinase K (Wako).

A DAPI solution consisting of TEN buffer with 1 lg/ml

DAPI (Wako) was prepared; the extracted DNA solution

was mixed with the DAPI solution in a 1:1 ratio.

Fluorescence was measured using a fluorescence plate

reader with excitation and emission wavelengths at 355 and

460 nm, respectively (Fluoroskan Ascent�; Thermo Elec-

tron Corp., Vantaa, Finland). The standard curve of cellular

DNA was constructed using a cell suspension with a cell

density ranging from 0.5 9 105 to 1.0 9 106 cells/ml. The

standard curve was used to convert the DNA–DAPI fluo-

rescence values into cell numbers.

The cell adhesion ratio under each condition was eval-

uated at 5 days of culture. The ratio was determined as

follows: cell adhesion ratio = number of cells remaining

on the dish/number of inoculated cells.

2.6 Real-time PCR analysis of cell adhesion molecules

The expression levels of 2 types of cell adhesion mole-

cules—integrin-b1 (a cell–matrix adhesion molecule) and

connexin-32 (a cell–cell interaction molecule)—and a

housekeeping gene, GAPDH, were analyzed by using real-

time PCR.

Total RNA was extracted from the hepatocytes at days 1

and 15 of culturing under each condition and from the rat

liver tissue by using a spin column (NucleoSpin� RNA II;

Nippon Genetics Co. Ltd., Tokyo, Japan) according to the

manufacturer’s instructions. Complementary DNA (cDNA)

was synthesized from 0.2 lg total RNA by using a high-

capacity cDNA reverse-transcription kit (Applied Biosys-

tems, Tokyo, Japan). The samples were then stored at

-20�C until they were processed for PCR analysis. PCR

was performed in an Applied Biosystems StepOne
TM

real-

time PCR system by using TaqMan� Gene Expression

Assay Kits (integrin-b1, Rn00566727_m1; connexin-32,

Rn01641031_s1; GAPDH, Rn99999916_s1; Applied

Biosystems).

The comparative cycle–time method was used to

quantify gene expression levels according to the manu-

facturer’s instructions. The gene expression levels of the

cell adhesion molecules were normalized to that of GAP-

DH. The change in the gene expression levels under each

culture condition was calculated using the corresponding

gene expression level in the liver tissue as the reference.

2.7 Liver-specific functions

The liver-specific functions of the hepatocytes were eval-

uated on the basis of their albumin secretion and ammonia

removal activities, which are representative of the synthesis

and detoxification functions of the liver, respectively. The

concentration of albumin secreted into the culture media

over a 24-h period was detected by an enzyme-linked

immunosorbent assay (ELISA). To evaluate ammonia

removal, the culture media were replaced with fresh media

supplemented with 1 mM NH4Cl. The ammonia
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concentration was measured using a commercial kit

(Wako). The ammonia removal activity was calculated on

the basis of the decrease in ammonia concentration over the

24-h period after the culture media were refreshed.

Albumin secretion and ammonia removal activities were

evaluated at days 1, 5, 10, and 15 of culturing, and the

values were normalized with the cell numbers at each time

point.

2.8 Statistical analysis

The data obtained from the functional activities of the rat

hepatocytes are presented as the mean (SD) of five

experiments. Statistical analysis of numerical variables was

performed using repeated-measures ANOVA. A value of

P \ 0.05 was considered significant.

3 Results

3.1 Cell adhesion on the CNT-coated surface

The CNT-coated surface exhibited hydrophobic charac-

teristics as compared with the TC surface, and the contact

angles increased with increasing CNT density (Fig. 1b).

However, the cell adhesion ratios decreased with increas-

ing CNT density (Fig. 1c), indicating that the interaction

between hepatocytes and CNTs is weak, and the hydro-

phobic characteristics of CNTs lead to weak hepatocyte

adhesion. Because the cell adhesion ratios at CNT densities

greater than 3 lg/dish were almost the same, the following

experiments used CNT-coated surfaces at a density of

3 lg/dish.

3.2 Changes in hepatocyte morphology

A weak interaction between hepatocytes and CNTs led to

the formation of hepatocyte spheroids (spherical multicel-

lular aggregates), which are formed by the compaction of

cell aggregates (Fig. 2). Although the hepatocytes in the

CNT-coated dish attached to and spread over the surface

until 2–3 days of culturing, they then gradually gathered

together and formed spheroids. Spheroid formation

increased with time, and most hepatocytes formed spher-

oids. An almost identical phenomenon occurred on the TC

dish. In contrast, in the collagen- and CNT/collagen-coated

dishes, the hepatocytes adhered to the surface and assumed

a monolayer configuration after 1 day of culturing that was

maintained throughout the culturing period (Fig. 2).

To understand the morphological properties, hepato-

cytes were cultured at low cell density (5.0 9 104 cells/

dish). Although hepatocytes on the CNT-coated and TC

dishes spread slightly over each surface, they maintained

their cuboidal shape (Fig. 3a). In contrast, cells on the

collagen- and CNT/collagen-coated dishes spread over the

entire surface, and actin stress fibers were strongly

expressed in each cell.

The cell extension ratios on the CNT-coated and TC

dishes increased slightly until 1 day of culturing; they were

almost constant throughout the remainder of the culture

CNT/Col

Day 1

Day 10

Day 5

ColCNTTC

Fig. 2 Phase-contrast micrographs of hepatocyte configurations in each culture condition. Bar = 300 lm
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period (Fig. 3b). However, the CNT-coated dish tended to

suppress cell extension more than the TC dish. In the

collagen- and CNT/collagen-coated dishes, the cell exten-

sion ratio drastically increased until 5 days of culturing and

gradually increased thereafter. Although hepatocyte adhe-

sion to the CNT-coated surface improved with collagen

treatment, significant differences were observed in the cell

extension ratios between the collagen- and CNT/collagen-

coated dishes after 5 days of culturing. These results

indicate that cell extension on the dish surfaces is sup-

pressed by the presence of CNTs.

3.3 Expression of cell adhesion molecules

Cell adhesion properties were compared at the gene

expression level. Integrin is a major cell–matrix adhesion

molecule that mediates cell–matrix anchoring junctions

such as focal adhesions and hemidesmosomes. Although

the expression of integrin-b1 in the collagen- and CNT/

collagen-coated dishes increased with culture time, these

increases were only slight in the CNT-coated and TC

dishes (Fig. 4a). These results correspond with the changes

in cell morphology (Figs. 2, 3). The hepatocytes that

formed monolayers strongly expressed the integrin mole-

cule. Connexin-32 is a molecule that forms gap junctions

for cell–cell communication. Connexin-32 expression was

higher in the CNT-coated and TC dishes than in the col-

lagen- and CNT/collagen-coated dishes (Fig. 4b). These

findings demonstrate that hepatocytes on the CNT-coated

and TC dishes developed cell–cell communication. Fur-

thermore, no significant differences were observed

regarding connexin-32 expression between the CNT-coated
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and TC dishes, indicating that degree of development of

cell–cell communication is almost the same under both

conditions.

3.4 Liver-specific functions

Although the cell extension ratios on the collagen- and

CNT/collagen-coated dishes were significantly different

(Fig. 3), the difference did not appear to affect the

expression of liver-specific functions (i.e., ammonia

removal and albumin secretion activities) (Fig. 5). The

expression of liver-specific functions in the CNT-coated

and TC dishes was almost the same; both dishes main-

tained higher expression levels than both the collagen- and

CNT/collagen-coated dishes (Fig. 5). This may be

responsible for the difference in hepatocyte morphology,

because hepatocytes formed spheroids in the CNT-coated

and TC dishes but assumed a monolayer configuration in

the collagen- and CNT/collagen-coated dishes.

4 Discussion

Many researchers report that mammalian cells, such as

neural cells, bone cells, and fibroblasts, form monolayer

configurations on CNT surfaces [5–13]. However, in this

study, we found that primary rat hepatocytes exhibit dif-

ferent behaviors, spheroid configurations, as compared to

other cell species. This difference is due to the presence or

absence of serum in culture medium. We used the serum-

free medium in order to clear the interaction between

hepatocytes and CNTs in this study, because it is known

that serum components contain cell attachment proteins

and they promote cell adhesion. Actually, we confirmed

that hepatocytes in the serum-containing medium adhered

well on the CNT surface and formed monolayer configu-

ration (data not shown). Furthermore, some studies report

that serum-free medium induces the spheroid formation of

rat hepatocytes irrespective of material wettability [20, 21]

and hydrophobic surfaces repress hepatocyte adhesion [22–

24]. Our results were identical to these reports. Although

the detailed mechanism involved in the relationship

between hepatocyte adhesion and material wettability is

not clear, the combination of hydrophobic characteristics of

CNTs and serum-free medium may lead to weak hepato-

cyte adhesion, and spheroid formation may be promoted.

Because the process of spheroid formation on the CNT-

coated dish was almost the same to that on the TC dish, it

may have been promoted by the same mechanism. The rat

hepatocytes adhered to the CNT-coated and TC dishes at

the initial stage of culturing, and then they formed spher-

oids by the acceleration of cell–cell adhesion (Fig. 2). In

the initial stage of culture, the hepatocytes adhesion may be

supported by the adsorption of proteins and/or extracellular

matrices secreted from cells. As next steps, different cell

secretions may promote the cell–cell adhesion. Recent

studies reveal that the plasminogen activator/plasmin sys-

tem plays important roles in the modulation of cells from

adherent monolayers to multicellular configurations; its

expression promotes the spheroid formation of hepatocytes

on TC dishes in serum-free condition [25, 26]. Further-

more, Koide et al. [20] report that spheroid-forming factors

like proteoglycan fraction are secreted from cells and settle

onto the dish surface during the spheroid formation.

Therefore, the spheroid formation may be controlled by the

reconstruction of such cell secretions.

Hepatocyte adhesion to the CNT-coated surface was

improved with the collagen treatment (Figs. 2, 3). How-

ever, the cell extension ratio on the CNT/collagen-coated

surface was inhibited compared to that on the collagen-

coated surface (Fig. 3b). Many researchers report that

nanostructure of surface has the capability to direct and

guide cultured cells, and the orientation of cultured cells is

arranged by surface nanotopography [27, 28]. Therefore,

while the collagen treatment of surface enhances the

adhesion of hepatocytes, the surface roughness by presence
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of CNTs may regulate the cell extension on the CNT/

collagen-coated surface.

The expression of the liver-specific functions of hepa-

tocytes is closely related to their cell morphology, and it is

known that the formation of adequate intracellular com-

munication between cells is important for their functions

[29–32]. The fact that the expression levels of connexin-32

were higher on the CNT-coated and TC surfaces than on

the collagen- and CNT/collagen-coated surfaces indicates

the development of intracellular communication between

cells under those conditions (Fig. 4b). Because spheroids

possess adequate intercellular communication, they may be

able to perform highly liver-specific functions compared to

hepatocyte monolayers.

Recently, there are many reports addressing the poten-

tial toxicity of nanomaterials like CNTs, reporting that

CNTs induce inhibition of cell proliferation and cell death

[33, 34]. However, in this study, the variety of cell mor-

phology and functional expressions of hepatocytes were

almost same irrespective of the presence of the CNTs. This

difference may be due to the working condition of CNTs.

Although CNTs show the cytotoxicity when they are sus-

pended in the culture medium, its risk seems to be avoided

by the immobilization to culture substratum like this study.

Therefore, the material design which closely immobilized

CNTs may be important for TC applications.

5 Conclusions

In this study, we established the effects of CNTs as a

culture scaffold on hepatocytes. We showed that the

interaction between primary hepatocytes and CNTs is weak

depending upon CNT density, and that CNTs promote

spheroid configuration. The liver-specific functions of

hepatocytes that formed spheroids on the CNT-coated

surface were more elevated than those that formed con-

ventional monolayers; these elevated functions were

maintained for at least 15 days of culture. These results

indicate that CNTs can be used the formation and long-

term culture of hepatocyte spheroids.
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