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Abstract 

 

Induced pluripotent stem (iPS) cells have attracted worldwide interest. However, there 

have been only a few studies investigating effective culture substrates for feeder-free 

culturing for the maintenance of iPS cells. In this study, we cultured mouse iPS cells 

under feeder-free conditions on carbon nanotube (CNT)-coated dishes and then 

evaluated the colony morphology and differentiation state of the cells on the dishes. 

After 5 d of cultivation in a medium containing 15% fetal bovine serum (FBS) and 

leukemia inhibitory factor (LIF), the colonies on thick films of multi-walled CNTs 

(MWCNTs) were observed to be hemiround; further, the cells expressed early 

undifferentiation markers. On the other hand, the colonies on a cell culture polystyrene 

dish and a collagen-coated polystyrene dish showed indistinct outline and spread well, 

and most spreading cells only weakly expressed early undifferentiation markers. These 

results indicate that the thick films of MWCNTs could maintain hemiround colonies 

and undifferentiated state of mouse iPS cells cultured under feeder-free conditions. 
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1. Introduction 

 

Mouse induced pluripotent stem (iPS) cells have been established from mouse 

fibroblasts through reprogramming by introducing a combination of 4 defined 

transcription factors, Oct3/4, Sox2, Klf4, and c-Myc [1,2]. iPS cells have attracted 

worldwide interest; they will be one of the most promising sources for research in the 

life sciences and for regeneration therapy [3–5]. In addition, iPS cells will be used for 

applications to assay systems evaluating the efficacy and toxicity of drugs [4]. To date, 

iPS cells have usually been cultured on feeder cells such as mouse embryonic fibroblast 

(MEF) cells or those of a mouse fibroblast STO cell line transformed with neomycin 

resistance and murine leukemia inhibitory factor (LIF) genes (SNL cells) [1,3,6]. 

Recently, several separated-feeder-cell or feeder-free conditions for culturing iPS cells 

have been reported to avoid several problems arising because of the coexistence of 

feeder cells. Abraham et al. reported the propagation of iPS cells in a microporous 

membrane-based indirect co-culture system [7]. In this system, iPS cells can be 

propagated and their pluripotency can be maintained while preventing their mixing with 

feeder cells. This system will enable testing of novel feeder cells and conduction of 

differentiation studies using co-culture with other cell types and will simplify stepwise 
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changes in culture conditions for staged-differentiation protocols. Alternatively, 

Matrigel-coated substrates [8–10] and gelatin-coated substrates [11,12] have been used 

for with feeder-free culturing of iPS cells, in the presence of LIF for mouse iPS cells or 

fibroblast growth factor (FGF) for human iPS cells. Gelatin-coated substrates have also 

been used in feeder-free culturing of mouse iPS cells to eliminate contamination by 

feeder cells [12]. Kitajima and Niwa have reported a feeder-free culture system of 

human iPS cells [11]. This system is based on the combinatorial use of Rho-associated 

kinase (ROCK) inhibitor and soluble fibronectin on a gelatin-coated surface under 

feeder-free conditions and is suitable for large-scale and cost-effective culture of human 

iPS cells. In a previous study, an embryoid body (EB) of human iPS cells in 

low-cell-binding dishes was harvested in serum-free media on a feeder-free 

poly-D-lysine-/laminin-/fibronectin-coated substrate for not only the maintenance but 

also the differentiation assay of iPS cells [13]. In this case, the coating could support the 

adhesion of iPS cells to the substrate in the serum-free media. Thus, development of 

substrates for feeder-free culturing can improve iPS cell culture since feeder cells cause 

variability and limitations in experimental results. Moreover, a variety of functional 

substrates can allow easy assays of toxicity and control of differentiation of iPS cells; 

these substrates are valuable for future application to pharmaceutical screening and cell 
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replacement therapy. 

Carbon nanotubes (CNTs) are a candidate for multifunctional biomaterials for a 

variety of biological applications [14–21]. CNTs are structural carbon fiber composites 

found in 2 structural forms: single-walled CNTs (SWCNTs) and multi-walled CNTs 

(MWCNTs). SWCNTs can be considered as long wrapped graphene sheets with 

diameters typically ranging from 0.5 to 1.5 nm. MWNCTs have larger diameters 

typically ranging from 10 to 100 nm owing to their multilayered structures. Mattson et 

al. reported the first application of CNTs as a scaffold for the growth of nerve cells [15]. 

They suggested that CNTs act as a cell culture substrate at the nanometer scale, which is 

similar to the size of small nerve fibers, filopodia, and synaptic contact. In a recent 

study, we showed that surface roughness of CNT films used as a cell culture scaffold 

largely influenced the morphology of osteoblast-like cells (Saos-2) [22]. In particular, 

the cells on the rough surface of thick MWCNT films tended to spread lesser than those 

on the smooth surface of thin MWCNT films. Similar morphological changes have been 

reported in osteoblast-like cells (Saos-2) on MWCNT constructs [23]; human cervical 

carcinoma cells (HeLa) on MWCNT scaffolds [24]; and human lung epithelial cells 

(A549), osteoblast-like cells (MG63), and primary/fetal osteoblasts (FOBs) on 

MWCNT surfaces [25]. These studies indicate that surface roughness of CNTs could 
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possibly control the morphology of certain kinds of cells, depending on the culture 

conditions. In addition, one of the advantages of MWCNT films is that a nano-surface 

structure can easily be prepared on the surface of various substrates by simple coating, 

which provides a grip for cells because of its 3D network [26,27]. Furthermore, CNT 

films show a mild response to cells owing to their graphite structure [28,29], compared 

with the general biomaterials with functional groups such as -OH, -COOH, and -NH2. 

Carbon materials are generally considered prospective biomedical materials owing to 

their excellent compatibility with the blood, soft tissue, and bones [30–32]. Further, 

they show the properties of both bioinertness and chemical stability, essential for 

artificial heart valve and dental implants in the body [33,34]. Therefore, CNTs 

composed of graphene sheets can be one of the candidates as cell culture substrates for 

iPS cells because of their nano-roughness which facilitates adhesion, bioinertness, 

chemical stability, and compatibility. 

However, only a few results regarding the culture of only limited types of cells 

on CNT scaffolds have been reported. In addition, investigations related to 

morphological changes in and maintenance of embryonic stem (ES) cells, particularly 

iPS cells, on CNT scaffolds have not been conducted. Several researchers have reported 

the toxicity of CNTs for ES cells [35] and their differentiation on CNT sheets [36,37]. 
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One possibility is that iPS cells might adhere to rough surface of CNT films and hence 

spread less and the cells might respond mildly compared with popular matrices for iPS 

cells culturing because of the graphite structure of CNT films. In this study, we 

investigated cell adhesion, colony morphology, and differentiation of mouse iPS cells 

cultured on CNT-coated dishes, using a cell culture polystyrene dish and a 

collagen-coated polystyrene dish as the control popular matrix for general cell culture 

and for the culturing of iPS and ES cells. In addition, cell growth of MEF-1 cells on 

CNT-coated dishes was also investigated. 
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2. Materials and methods 

 

2.1 Preparation of CNT-coated dishes 

 

CNTs employed in this study and preparation of CNT-coated dishes were as previously 

described [22]. Purification and preparation methods in brief are as follows. Purified 

SWCNTs (diameter, 0.8–2.5 nm) were purchased from Meijo Nano Carbon Co. Ltd. 

(Nagoya, Japan); they were synthesized using the arc discharge method [38]. MWCNTs 

were purchased from NanoLab Inc. (Brighton, MA, USA); they were synthesized using 

the chemical vapor deposition technique. The MWCNTs (average diameter, 30 nm) 

were purified by a previously described method [39]. The SWCNTs had a purity of >95 

wt.% and contained <5 wt.% amorphous carbon as the dominant impurity; on the other 

hand, the MWCNTs had a purity of >98 wt.% and contained <2 wt.% amorphous 

carbon. To prepare the homogeneous CNT coating, a dilute solution of CNTs in 

dehydrated ethanol was dispersed by ultrasonication. An aliquot of the dispersed CNT 

solution was immediately spotted onto a non-treated polystyrene dish (Normal PS; 

diameter, 60 mm) and dried. This procedure was repeated until the necessary amount of 

CNT coating was obtained. All dishes thus prepared were dried and sterilized by 
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ultraviolet (UV) irradiation for 1 d. 

The following abbreviations have been used for the CNT-coated dishes used in 

this study: SWCNT-coated dishes, SWCNT0.5 (0.5 μg/cm2); MWCNT-coated dishes, 

MWCNT0.5 (0.5 μg/cm2) and MWCNT5 (5 μg/cm2). For comparison, we used the 

following commercially available polystyrene dishes (diameter, 60 mm): Normal PS 

(Corning Inc., NY, USA), cell culture polystyrene dish (Culture PS; Corning Inc.), and 

collagen-coated polystyrene dish (Collagen PS; 25020 COL1; Iwaki Co. Ltd., Tokyo, 

Japan). 

 

2.2 Surface characteristics 

 

For observation under a scanning electron microscope (SEM; S-4000; Hitachi 

High-Tech Fielding Corp., Tokyo, Japan), the dishes were coated with Pt-Pd by a 

sputtering apparatus (E-1030; Hitachi High-Tech Fielding Corp., Tokyo, Japan). And 

then, SEM images of the surface of the dishes were obtained. 

To evaluate surface roughness, the CNT-coated dishes were characterized by 

using atomic force microscopy (AFM). AFM was performed using a commercial 

Nanoscope IIIa (Veeco Instruments Inc, Santa Barbara, CA, USA) in the tapping mode 
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across an area (2 μm × 2 μm) of the sample surface using a silicon cantilever (Tap300 

Metrology probe; MRP-11100, Veeco Instruments Inc., Woodbury, NY, USA). 

Gwyddion data analysis software covered by the GNU general public license was used 

for AFM image analysis. The roughness of the surface was assessed by measuring the 

roughness parameter, Ra (roughness average). Values were expressed as the mean and 

standard error of 3 experiments. 

To estimate the surface wettability of the dishes, we measured contact angles of 

water drop on the surface of the dishes. The CNT-coated dishes sterilized by UV 

irradiation were used for measurement of contact angles. Ultrapure water (Kanto 

Chemical Co., Inc., Tokyo, Japan) drops (2 μL) were placed on the surface of the dishes 

in an ambient environment. Contact angles were measured on a digital microscope 

(VH-6300; Keyence, Osaka, Japan). Images of water spreading were recorded with 

CCD camera after 10 s and saved onto a PC, and automated contact angle 

measurements were performed using ImageJ plug-in LB-ADSA [40]. Values were 

expressed as the mean and standard error of 10 experiments. 

 

2.3 Cell culture 

 



11 
 

MEF-derived mouse iPS cell line iPS-MEF-Ng-20D-17 [1,2] was purchased from 

RIKEN BioResource Center (RIKEN BRC; Tsukuba, Japan). The cells were seeded in 

StemMedium (DS Pharma Biomedical Co. Ltd., Osaka, Japan) supplemented with 

1,000 U/mL of mouse LIF (ESGRO; Millipore Co., Bedford, MA, USA) and incubated 

at 37°C in a humidified 5% CO2/95% air atmosphere for 6 d. After complete removal of 

the medium and washing 3 times with phosphate-buffered saline (PBS), the cells were 

dissociated with 0.25% trypsin/1 mM ethylenediaminetetraacetic acid (EDTA) and 

incubated at 37°C for 10 min. Thereafter, they were centrifuged at 1,000 g and the 

supernatant was removed. The cells were frozen using a freezing solution for ES cells 

(ReproCELL Inc., Tokyo, Japan) according to the instructions given in the manual 

provided by the manufacturer. In the subsequent experiences, the mouse iPS cells were 

used at 2 passages from purchase. 

 

2.4 Cell adhesion test 

 

To estimate the ability of cell adhesion on the CNT-coated dishes, we carried out a cell 

adhesion test [41]. The dishes were precoated with 4 mL of Dulbecco’s modified 

Eagle’s medium (DMEM; D5796; Sigma-Aldrich Co. Ltd., St. Louis, MO, USA) 
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containing 15% FBS (CELLect, Lot no. 5564J; MP Biomedicals Inc., Aurora, OH, 

USA), 0.1 mM nonessential amino acids (NEAA), and 0.1 mM 2-mercaptoethanol and 

supplemented with 1,000 U/mL of LIF, at 37°C in a humidified 5% CO2/95% air 

atmosphere for 1h prior to cell seeding. Mouse iPS cells were then seeded at a density 

of 30,000 cells/cm2 (0.47 μg/mL as a DNA). 

After 1 h of incubation, the dishes were washed 3 times with PBS. The cells 

adhered on the dishes were lysed in 4 mL of Tris buffer (pH 7; 10 mM Tris base, 1 mM 

EDTA, and 0.1% Triton X-100) by shaking for 30 min at 4°C. Cell adhesion was 

estimated by the PicoGreen DNA assay (Molecular Probes, Leiden, Netherlands), by 

measuring the fluorometric double-stranded DNA (dsDNA) content [42] according to 

the manufacturer’s instructions. The fluorescence of the lysate was measured using a 

fluorescence spectrophotometer (F-2500; Hitachi, Tokyo, Japan) at an excitation 

wavelength of 480 nm and an emission wavelength of 520 nm. Values were expressed 

as the mean and standard error of the DNA content of adherent cells of each dish. For a 

SEM observation, the dishes cultured for 12 h were rinsed with PBS to remove the 

non-adherent cells, fixed in a solution of 2.5% glutaraldehyde, and post-fixed in 1% 

osmium tetroxide. Thereafter, they were dehydrated in a graded series of alcohol (50%, 

70%, 80%, 90%, 95%, and 100%) and then subjected to critical point drying at 37°C. 
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After Pt-Pd coating, SEM images were obtained. 

 

2.5 Cell culture assay and examination of colony morphology 

 

To estimate the ability of cell growth on the CNT-coated dishes, we carried out a cell 

culture assay [22]. The dishes were precoated with 4 mL of DMEM containing 15% 

FBS, 0.1 mM NEAA, and 0.1 mM 2-mercaptoethanol and supplemented with 1,000 

U/mL of LIF, at 37°C in a humidified 5% CO2/95% air atmosphere for 1 h. Mouse iPS 

cells were then seeded at a density of 30,000 cells/cm2 (0.47 μg/mL as a DNA) and 

cultured in the abovementioned medium. The medium was replaced every day. After 5 

d, the medium was removed and the dishes were washed with PBS. The DNA content 

of cells cultured on the dishes was estimated by the PicoGreen DNA assay as mentioned 

above. For optical microscope observations, the Nikon ECLIPSE TS100 microscope 

(Nikon Co., Ltd., Tokyo, Japan) was used, and digital images were acquired using a 

Nikon DS-5M-L1 camera (Nikon Co. Ltd.). SEM observations were carried out by a 

similar procedure as mentioned above. 

 

2.6 Alkaline phosphatase (ALP) staining and immunocytochemical analysis 
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ALP staining was performed using an ALP detection kit (Chemicon International Inc., 

Temecula, CA, USA) according to the manufacturer’s instructions. In brief, mouse iPS 

cells cultured for 5 d were fixed in 4% neutral-buffered formalin solution (Wako Pure 

Chemical Industries Ltd., Osaka, Japan) at room temperature for 1 min, washed with 

rinse buffer (20 mM Tris-HCl, pH 7.4, 0.15 M NaCl, and 0.05% Tween-20), and then 

incubated with ALP staining solution (naphthol/fast red violet) at room temperature for 

30 min. Cells positive for ALP activity were stained red. Color development was 

examined using the Nikon ECLIPSE TS100 microscope, and digital images were 

acquired using the Nikon DS-5M-L1 camera under the same conditions, which were 

manually set, for all samples. 

For fluorescence microscope observations, mouse iPS cells cultured for 5 d 

were fixed in 4% paraformaldehyde in PBS for 30 min at 4°C. Thereafter, the cells were 

washed 3 times with PBS and permeabilized in PBS containing 0.2% Triton X-100 for 

15 min at room temperature. The cells were rewashed 3 times with PBS containing 2% 

FBS, following which they were incubated overnight with anti-mouse OCT3/4 Alexa 

Fluor 488 (dilution, 1:50; eBioscience Inc., San Diego, CA, USA) and anti-mouse 

Nanog Alexa Fluor 647 (dilution, 1:500; eBioscience Inc.) in PBS containing 2% FBS 
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at 4°C. After staining, the cells were washed 3 times with PBS containing 2% FBS. For 

nuclear staining, 1 μg/mL of 4′,6-diamidino-2-phenylindole (DAPI) in PBS was added 

and the cells were incubated for 10 min at room temperature. Images were acquired 

using a fluorescence microscope (Biorevo BZ-9000; Keyence Corp., Osaka, Japan). 

 

2.7 MEF-1 cell culture assay 

 

MEF-1 (European Collection of Animal Cell Cultures [ECACC] no. 98061101; DS 

Pharma Biomedical Co. Ltd.) cells were seeded onto the CNT-coated dishes at a density 

of 1,000 cells/cm2 (0.015 μg/mL as a DNA). The cells were cultured in 4 mL of DMEM 

with 10% FBS, 2 mM glutamine, and 1% penicillin-streptomycin-neomycin (PSN) 

antibiotic mixture (Invitrogen, Carlsbad, CA, USA) at 37°C in a humidified 5% 

CO2/95% air environment. The medium was replaced every 2 d. After 5 d, the medium 

was removed and the dishes were washed with PBS. The DNA content of cells cultured 

on the dishes was estimated by the PicoGreen DNA assay as mentioned above. 

 

2.8 Statistical analysis 
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Student’s t test was used to determine intergroup differences and assess the statistical 

significance of the results. Statistical analysis was performed using the Microsoft Excel 

software, at a confidence level of 95%. 
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3. Results 

 

3.1 Surfaces of CNT-coated dishes   

 

In the present study, we prepared CNT-coated dishes by coating the surface of 

commercially available Normal PS with homogeneous thin or thick films of unmodified 

CNTs, as previously described [22]. Fig. 1 shows the SEM images of the surfaces of the 

CNT-coated (Fig. 1b, c, and d) and commercially available dishes used as the control 

(Fig. 1a, e, and f). The surface topography of the CNT-coated dishes was observed to be 

the same as previously reported [22]. In brief, a large area of the surface of the base 

substrate in SWCNT0.5 and MWCNT0.5 was exposed. The SWCNT0.5 films formed a 

fine network, while the MWCNT0.5 films formed a partially dense network on the 

surfaces of the dishes, as shown in Fig. 1b and c, respectively. In MWCNT5, the CNTs 

formed a densely packed 3D meshwork nanostructure that covered the entire surface 

(Fig. 1d). In Normal PS, Culture PS, and Collagen PS, the surfaces showed a flat 

topography (Fig. 1a, e, and f, respectively). 

 Table 1 shows the surface roughness (Ra) and contact angle of water drop on 

the surface of the dishes. The surface roughness of the SWCNT0.5 and MWCNT0.5 
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dishes was 6.9 ± 0.7 nm and 7.9 ± 1.8 nm, respectively. The surface roughness of the 

MWCNT5 dishes was 49.0 ± 2.5 nm. The Ra values of the thin SWCNT0.5 and 

MWCNT0.5 films tended to be similar. The surface of the thick MWCNT5 films was 

rougher than those of SWCNT0.5 and MWCNT0.5. The surface roughness of Normal 

PS, Culture PS, and Collagen PS was 1.9 ± 0.2 nm, 2.0 ± 0.3 nm, and 2.7 ± 0.4 nm, 

respectively. The Ra values of their surfaces indicate flatter than those of CNT-coated 

dishes. Contact angle of SWCNT0.5, MWCNT0.5, and MWCNT5 was 88.3 ± 1.1°, 

87.2 ± 2.1°, and 113.1 ± 1.5°, respectively. Because a higher contact angle indicates 

higher hydrophobicity, all CNT-coated dishes exhibited hydrophobicity. In particular, 

MWCNT5 indicated the highest hydrophobicity among all the dishes. Contact angle of 

Normal PS, Culture PS, Collagen PS was 76.8 ± 0.7°, 61.7 ± 1.3°, and 44.8 ± 1.7°, 

respectively. Although the surface of Normal PS exhibited hydrophobicity, the surface 

of Culture PS and Collagen PS exhibited hydrophilicity. 
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Fig. 1 

 

Table 1. Surface roughness and contact angle of the dish substrates. 

 Normal PS SWCNT0.5 MWCNT0.5 MWCNT5 Culture PS Collagen PS 

Ra (nm) 1.9 ± 0.2 6.9 ± 0.7 7.9 ± 1.8 49.0 ± 2.5 2.0 ± 0.3 2.7 ± 0.4 

Contact angle (°) 76.8 ± 0.7 88.3 ± 1.1 87.2 ± 2.1 113.1 ± 1.5 61.7 ± 1.3 44.8 ± 1.7 

 

 

3.2 Cell adhesion assay and morphology at an early stage 

 

To estimate the cell adhesion ability, mouse iPS cells were incubated on the dishes for 1 

h in the presence of 15% FBS and LIF. Fig. 2 shows the DNA content of adherent cells 
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on various types of dishes, estimated using the PicoGreen DNA assay. Statistical 

analysis revealed that the DNA content of adherent cells on MWCNT5 was about 

3.6–8.7 times greater than that on Normal PS, SWCNT0.5, and MWCNT0.5 (p < 0.05). 

The DNA content of adherent cells on SWCNT0.5 and MWCNT0.5 showed low 

similarity to that on Normal PS. Although the DNA content of adherent cells on 

MWCNT5 showed high similarity to that on Culture PS (no significant difference, p > 

0.05), it was lower than that on Collagen PS (p < 0.05). The highest DNA content of 

adherent cells was found on Collagen PS. Fig. 3 shows the SEM images exhibiting the 

morphology of mouse iPS cells adhering to MWCNT5, Culture PS and Collagen PS 

after 12 h of incubation. Interestingly, most of cells on the Culture PS and the Collagen 

PS were flat and well spread in all directions, except the round cells overriding the flat 

cells (Fig. 3b and c); however, the cells on MWCNT5 did not appear to be well spread 

and exhibited round cytoplasmic extensions (Fig. 3a). 
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Fig. 2 

 

Fig. 3 
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3.3 Cell morphology and growth 

 

To examine the colony morphology and evaluate the cell growth of mouse iPS cells 

cultured on various types of dish substrates, the cells were cultured directly on the 

CNT-coated dishes in a medium containing 15% FBS and LIF under feeder-free 

conditions. 

 

 

Fig. 4 
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Fig. 4 shows the DNA content of mouse iPS cells cultured on the surfaces of 

various types of dishes for 5 d. Cell growth was assayed by DNA content on the dishes. 

While the DNA content of cells cultured on both Collagen PS and Culture PS was 

greater than that on the CNT-coated dishes, the DNA content of cells cultured on the 

CNT-coated dishes was greater than that on Normal PS. Although the DNA content of 

cells cultured on MWCNT5 was the greatest among the CNT-coated dishes (p < 0.05), 

the DNA content of cells cultured on Collagen PS was the greatest among all the dishes. 

DNA content of cells cultured on Collagen PS was 2.6 times greater than that on 

MWCNT5 (p < 0.05). Compared with DNA content of cells cultured on Normal PS, 

DNA content of cells cultured of the mouse iPS cells on the CNT-coated dishes was 

more since the dishes were prepared from Normal PS by CNT coating. 
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Fig. 5 

 

Fig. 5 shows the representative colony morphologies of mouse iPS cells 

cultured on various types of dishes, as observed under an optical microscope. Colonies 

of iPS cells were observed on all the dishes, except Normal PS; this was because the 

cells were lost during medium change because of their weak adhesion due to the 

non-adhesive property of Normal PS. Interestingly, the mouse iPS cells formed 

hemiround and multicellular clusters approximately 100–200 μm in diameter on the 

CNT-coated dishes after 5 d of incubation. These colonies had clear edges and 

morphology similar to the typical ES cell-like morphology [43]. Both Fig. 4 and 5 show 

that the hemiround colonies were mostly formed on MWCNT5 among the CNT-coated 

dishes. Similar morphology of hemiround colonies was also observed on SWCNT0.5 
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and MWCNT0.5, however there were considerably few numbers of colonies formed on 

SWCNT0.5 and MWCNT0.5. On the other hand, the iPS colonies on both Culture PS 

and Collagen PS were partially raised spreading of many peripheral cells (Fig. 5e and f); 

however, DNA content of cells cultured on both the above dishes was high (Fig. 4). Fig. 

6b, d, and e shows the SEM images of the representative colonies on MWCNT5, 

Culture PS, and Collagen PS at high magnification. A few filopodia of the cells 

extended to the MWCNT network on the dish (Fig. 6b), while numerous filopodia of 

the spread cells extended on the surface of Culture PS and Collagen PS (Fig. 6d and f). 

The SEM image at high magnification reveals that the colonies growing on MWCNT5 

were hemiround, uniformly concentric, compact, and raised, which is the characteristic 

morphology of undifferentiated mouse iPS cells. Further, the colonies on MWCNT5 

seemed to be slightly anchored to the MWCNT network. On the other hand, the SEM 

image of the cells on Culture PS and Collagen PS, acquired at high magnification, 

shows the presence of many filopodia extending from the cell body to the substrate (Fig. 

6d and f). The mouse iPS cells growing on hydrophilic surface or collagen showed 

spreading and flat colonies with an occasional round and raised appearance. These cells 

showed maximum DNA content of cells cultured on Collagen PS, as determined them 

by the cell culture assay (Fig. 4). 
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Fig. 6 

 

3.4 Differentiation state of mouse iPS cells 
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Expression of ALP is one of the early undifferentiation markers of iPS cells. To 

examine the undifferentiated state of the mouse iPS cells, ALP activity in the cells 

cultured on the dishes was observed by ALP staining. The optical microscope images 

show the mouse iPS cells stained for ALP activity after 5 d of cultivation on MWCNT5 

(Fig. 7a), Culture PS (Fig. 7e), and Collagen PS (Fig. 7i) in the presence of 15% FBS 

and LIF. Most of the colonies on MWCNT5 stained positive for ALP activity, however, 

the flat colonies on Culture PS and Collagen PS were partially pale. Further, the 

undifferentiated state of the mouse iPS cells was determined by the immunological 

detection of OCT3/4 and Nanog, which are widely used as early undifferentiation 

markers of mouse iPS cells [2,44]. After 5 d of culture, the mouse iPS cells on 

MWCNT5, Culture PS, and Collagen PS were stained with DAPI (Fig. 7b, f, and j, 

respectively; blue), anti-mouse OCT3/4 Alexa Fluor 488 conjugate (Fig. 7c, g, and k, 

respectively; green), and anti-mouse Nanog Alexa Fluor 647 conjugate (Fig. 7d, h, and l, 

respectively; red). Most of the cells on MWCNT5 formed dense clusters and stained 

positive for OCT3/4 and Nanog (Fig. 7, upper row). Although 50% the cells on Culture 

PS and Collagen PS also formed partially raised colonies and stained positive for 

OCT3/4 and Nanog, most of the cells spread around the colonies were pale (Fig. 7, 

middle upper and middle lower row). Although fluorescent spots of OCT3/4, Nanog, 
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and DAPI were almost co-localized for the cells on MWCNT5 at merge images of 

immunostaining (Fig. 7m), they were not co-localized for most of the cells on Culture 

PS and Collagen PS (Fig. 7n and o). 

 



29 
 

 

Fig. 7 

 

3.5 Cell culture assay of MEF-1 cells 
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Fig. 8 shows the DNA content of MEF-1 cells cultured on various types of dish 

substrates for 5 d. The DNA content of the cells cultured on SWCNT0.5 was slightly 

higher than that on the other CNT-coated dishes. However, the DNA content of the cells 

cultured on SWCNT0.5, MWCNT0.5, and MWCNT5 was considered similar value; 

this DNA content was considerably less compared with that on Culture PS and Collagen 

PS (p < 0.05). The DNA content of the cells cultured on Collagen PS was 4.0 times 

greater than that on MWCNT5 (p < 0.05). 

 

 

Fig. 8 
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4. Discussion 

 

Thick MWCNT5 films provided high cell adhesion and hindered spreading of the 

mouse iPS cells. Cell adhesion (Fig. 2) and morphology (Fig. 3) of the mouse iPS cells 

on the dish substrates seemed to be strongly influenced by several factors, mainly 

surface roughness in the case of the CNT-coated dishes and functional groups of the 

surface in the case of Culture PS and Collagen PS. Cell adhesion increases with increase 

in the roughness of the surface in a limited range [45–47]. In this study, the surface of 

thick films of MWCNT5 was rougher with denser 3D network than the surfaces of the 

thin films of SWCNT0.5 and MWCNT0.5, which were comparatively smooth (Table 1). 

SWCNT0.5 and MWCNT0.5 showed low adhesiveness; the amount of CNT coating 

was sufficient for interacting with each iPS cell. Our observations of high adhesion and 

round shape of the mouse iPS cells on the thick MWCNT films were similar to those of 

the high adhesion [41] and hindered spreading [23–25] of several types of adherent cells 

on MWCNT scaffolds. CNTs are composed of graphite and have no functional groups 

such as -OH and -COOH, except an aromatic group. In this study, MWCNT5, in 

particular, had a rough surface with a 3D network. This feature of the thick MWCNT5 

films apparently provided a genial grip with the 3D network for mouse iPS cell 
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adhesion. At least, the thick MWCNT5 films showed higher adhesiveness than the thin 

films because of their rougher surface. Another possibility is that the surface of the 

MWCNT5 films could show moderate wettability due to their roughness and graphite 

structure [47]. Further, protein adsorption on CNTs from the serum possibly influences 

cell adhesion [41] and cell growth [22]. In this case, protein adsorption from the serum 

supports cell adhesion of the mouse iPS cells on the CNT films to some degree. 

The highest adhesion of the mouse iPS cells was observed on Collagen PS (Fig. 

2). Collagen or gelatin is a popular matrix for general cell culture and for the culture of 

ES cells [11,43,48,49] and iPS cells [11,12] under feeder-free conditions. The highest 

number of adherent mouse iPS cells on Collagen PS recorded in this study was in 

agreement with that indicating highly efficient adhesion of human ES cells on a 

collagen-coated surface [48]. However, most of the mouse iPS cells on Collagen PS 

were spread in all directions after 12 h (Fig. 3c). The observation of cell spreading on 

Collagen PS at an early stage indicates promotion of cell spreading on the collagen 

coating after 5 d of incubation, as described below. Collagen molecule may play a role 

as a ligand for cell adhesion [48] or an adsorbent for cell adhesion proteins [50]. Further, 

Culture PS showed a similar or slightly less effect on cell adhesion and spreading at the 

early stage, compared with Collagen PS (Fig. 3b). Normal PS, Culture PS, and Collagen 
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PS had non-treated, hydrophilic-treated, and collagen-treated surfaces, respectively. The 

surface of Culture PS had some active groups such as -OH, -C=O, and -COOH and a 

slight negative charge [51,52]. The surface of Collagen PS had the functional groups of 

the collagen molecules [53,54]. The functional groups of the dishes largely influenced 

wettability, and then the surfaces of Culture PS and Collagen PS indicate hydrophilicity 

(Table 1). Further, it is known that chemical modifications of the surfaces of cell culture 

substrates largely influence cell adhesion [55–58]. Therefore, the functional groups of 

the surface of Culture PS would play a role in cell adhesion similar to the functional 

groups of the collagen molecules. Thus, the results of the cell adhesion assay and the 

SEM observations indicated surface roughness as a major factor influencing cell 

adhesion in the case of MWCNT5 and functional groups of the surface as a major factor 

influencing cell adhesion in the case of Culture PS and Collagen PS. 

MWCNT5 showed hemiround colonies of the mouse iPS cells after 5 d of 

cultivation in 15% FBS and LIF. We observed that the mouse iPS cells tended to grow 

less on the CNT-coated dishes (Fig. 4) as compared with Culture PS and Collagen PS, 

and formed hemiround colonies (Fig. 5). Among the CNT-coated dishes, MWCNT5 

particularly showed hemiround colonies (Fig. 6a and b) and high cell number. Our 

previous studies have reported round and elongated shapes of osteoblast-like cells 
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(Saos-2) cultured on thick CNT films, which were due to the topological effect of the 

films [22]. Other studies have also shown that cells cultured on MWCNTs tend to 

acquire a spherical shape [23–25]. The findings agree with our observation of the 

hemiround shape of the mouse iPS cell colony on MWCNT5 in this study. Tutak et al. 

reported that the nano-level rough surface of SWCNT films reduces proliferation of 

osteoblastic cells [47]. Gerecht et al. reported that human ES cells cultured on substrates 

with nano-topographic features exhibit reduced projected cell area and proliferation [59]. 

The results of projected cell area and proliferation on substrates with nano-topographic 

features is similar to those of the formation of hemiround colonies and decreased cell 

number of the mouse iPS cells on MWCNT5 in this study, compared with the 

observation on Culture PS and Collagen PS. Therefore, the rough surface of the thick 

MWCNT films probably inhibited the spreading of the colony of iPS cells in the same 

way as that for each iPS cell at an early stage, as mentioned above, and decreased cell 

growth. Comprehensively, from the viewpoint of surface chemistry, these phenomena 

on CNT-coated dishes would be related with the surface energy or wettability [22,47]. 

Similar morphology of hemiround colonies was also observed on SWCNT0.5 and 

MWCNT0.5, however there were considerably few numbers of colonies on them (Fig. 4 

and Fig. 5b and c). In the case of SWCNT0.5 and MWCNT0.5, it is difficult to cause 
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cell adhesion at the first stage of cell growth due to their flatter surfaces than that of 

MWCNT5 and their mild interaction compared to Culture PS and Collagen PS. 

Therefore, the cells cultured on SWCNT0.5 and MWCNT0.5 exhibited few numbers of 

colonies and hemiround at 5 d of cultivation. 

Meanwhile, gelatin or occasionally used collagen [1,11] coating is a popular 

matrix for general cell culture and for the culturing of iPS and ES cells. In this study, we 

used a collagen-coated PS not a gelatin-coated PS as one of the control substrates for 

availability and reproducibility of iPS cell culturing [60,61] because collagen molecule 

is already coated on the surface of a polystyrene dish as a product. Doran et al. reported 

that a collagen-coated substrate is suitable for human ES cell proliferation [48]. 

Greenlee et al. reported that mouse ES cells cultured on gelatin spread well and form 

flat colonies with occasional round and raised appearance [49]. In the present study too, 

the iPS cells on Collagen PS showed the highest cell number at 5 d (Fig. 4) and good 

spreading (Fig. 5f and Fig. 6e and f). Moreover, cell spreading on Collagen PS started at 

an early stage as described above (Fig. 3c). This indicates that the collagen molecules 

on the dish substrate largely influenced on cell adhesion, spreading, and growth; the flat 

surface of the substrate did not inhibit cell proliferation. Thus, collagen on the dish 

induced spreading and growth of the mouse iPS cells in this study. Additionally, Culture 
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PS showed a similar or slightly less effect on cell spreading and growth as compared 

with Collagen PS (Fig. 4, Fig. 5e, and Fig. 6c and d). However, this effect of Culture PS 

and Collagen PS is not suitable for the maintenance of hemiround colonies and 

undifferentiated state of mouse iPS cells under the applied culture conditions. 

Most of the mouse iPS cells cultured on MWCNT5 showed positive expression 

of early undifferentiation markers (ALP, OCT3/4, and Nanog), characterizing the 

undifferentiated state of the iPS cells. In addition, the hemiround colonies on MWCNT5 

suggest that the cells maintained their undifferentiated state. Most of the colonies on 

MWCNT5 were positive for ALP activity (Fig. 7a); however, ALP staining of the flat 

colonies on Culture PS and Collagen PS was partially pale (Fig. 7e and i). Furthermore, 

OCT3/4 and Nanog expression levels remained higher on MWCNT5 than on Culture 

PS and Collagen PS (Fig. 7). The expression of all the early undifferentiation markers, 

namely, ALP, OCT3/4, and Nanog, in the mouse iPS cells on MWCNT5 strongly 

suggests that MWCNT5 supported the maintenance of a highly undifferentiated iPS cell 

culture in 15% FBS and LIF until 5 d (Fig. 7, upper row). In the case of Culture PS and 

Collagen PS, the differentiated cells were large and covered the area between the 

colonies of the undifferentiated cells (Fig. 7, middle upper and middle lower row). 

Although fluorescent spots of OCT3/4, Nanog, and DAPI were almost co-localized for 
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the cells on MWCNT5 at merge images of immunostaining (Fig. 7m), fluorescent spots 

were not co-localized for most of the cells on Culture PS and Collagen PS (Fig. 7n and 

o). Localizations of several fluorescent spots of OCT3/4 and Nanog of the cells on all 

the dishes were slightly difference by detailed observations from merge images. Further 

study is necessary to investigate slightly difference of expression of OCT3/4 and Nanog 

of iPS cells. Expression of the early undifferentiation markers in the cells on MWCNT5 

seems to be related with the formation of hemiround colonies on MWCNT5, as 

mentioned above. The results of the strong expression of the early undifferentiation 

markers in the hemiround mouse iPS cell colonies on MWCNT5 are similar to the 

previous study results of strong ALP activity in ES cells hemirounded and 

comparatively weak ALP activity in ES cells spread on gelatin-coated dishes [49]. It is 

known that chemical modifications of the surfaces of cell culture substrates largely 

influence cell proliferation and functions [55–58,62]. Moreover, chemical modifications 

of CNTs strongly enhance adhesion and proliferation of osteoblastic cells [47]. Thus, 

the maintenance of hemiround colonies and undifferentiated state of the iPS cells on 

MWCNT5 would be due to the rough surface and graphite structure of the CNTs. 

MWCNT5 provide a grip for the cells owing to its nano-roughness [22], and the bioinert 
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substrate gently responded to the iPS cells owing to the culturing due to graphite 

structure [33,34]. 

Cell number of MEF-1 cells cultured on the CNT-coated dishes was 

considerably lower than that on Culture PS and Collagen PS at 5 d of cultivation. In 

general, feeder cells such as MEF or SNL cells are often used in the initial derivation 

and maintenance of iPS cells [1,3,6]. However, iPS cells containing feeder cells are 

often problematic for experimental manipulation and subsequent biological assay of the 

cells [11]. To estimate the cell growth of MEF-1 cells on the CNT-coated dishes, we 

carried out a cell culture assay. Cell number of MEF-1 cells cultured on the CNT-coated 

dishes and Normal PS was lesser than that on Culture PS and Collagen PS (Fig. 8). 

Price et al. reported that proliferation of fibroblasts is decreased by the rough surfaces of 

carbon materials [63]. MEF-1 cells did not responsed well to both the hydrophobic 

property and the rough surfaces of the CNT-coated dishes. Ratio of cell number of 

MEF-1 cells on MWCNT5 (compared with Collagen PS) was considerably lower than 

that of the mouse iPS cells on MWCNT5 (compared with Collagen PS) (Fig. 4). MEF 

cells are known to grow well on collagen- or gelatin-coated dishes [64,65]. These 

results indicate that MWCNT5 decreased the growth of MEF-1 feeder cells and retained 

the hemiround mouse iPS cells colonies at 5 d of cultivation. Meanwhile, Collagen PS 
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induced the growth of both the mouse iPS cells and MEF-1 cells. Thus, our results 

indicate that MWCNT5 can be an effective material for the culturing of mouse iPS cells, 

retaining the shape of their hemiround colonies, and decreasing the growth of MEF-1 

cells. An additional advantage of the culturing of mouse iPS cells on MWCNT5 is that 

culturing can be done for future experimental manipulations such as gene transfection 

and toxicity assays without the influence of feeder cells. 

In summary, our results indicated that the mouse iPS cells cultured on 

MWCNT5 formed hemiround colonies and maintained their undifferentiated state in a 

medium containing 15% FBS and LIF. MWCNT5 provided a grip for the cells owing to 

its nano-roughness, and the bioinert substrate gently responded to the cells owing to its 

graphite structure. In addition, growth of MEF-1 cells on MWCNT5 was considerably 

low as compared with that on Culture PS and Collagen PS. Although further research 

will be required to characterize the pluripotency of mouse iPS cells cultured on 

CNT-coated dishes, we conclude that MWCNT5 can be an effective substrate for the 

maintenance of mouse iPS cells cultured under feeder-free conditions. 

 

 

5. Conclusion 
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We demonstrated that the thick MWCNT5 films could maintain hemiround colonies 

and undifferentiated state of the mouse iPS cells in vitro. The behavior of the mouse iPS 

cells on the CNT-coated dishes was evaluated by cell adhesion and proliferation (cell 

culture) assays. The differentiation level of the cells was determined on the basis of the 

morphological changes and expression of early undifferentiation markers, namely, ALP, 

OCT3/4, and Nanog. In the cell adhesion assay, the thick MWCNT5 films showed high 

adhesiveness similar to Culture PS, and slightly lower than Collagen PS. The mouse iPS 

cells cultured on the thick MWCNT5 films formed hemiround colonies and maintained 

their undifferentiated state despite decrease cell number as compared with Culture PS 

and Collagen PS after 5 d. However, the mouse iPS cells cultured on Culture PS and 

Collagen PS showed a tendency to spread and weakly expressed the early 

undifferentiation markers. In addition, cell number of MEF-1 cells cultured on 

MWCNT5 was considerably low as compared with that on Collagen PS at 5 d of 

cultivation. Our study suggests that thick MWCNT5 films can be used as a substrate for 

the maintenance of hemiround colonies and undifferentiated state of mouse iPS cells 

cultured in a medium containing 15% FBS and LIF under feeder-free conditions. 
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Figure captions: 

 

Fig. 1. SEM images of the surface of various types of the dish substrates. (a) 

non-treated polystyrene (Normal PS), (b) thin film (0.5 μg/cm2) of SWCNTs 

(SWCNT0.5), (c) thin film (0.5 μg/cm2) of MWCNTs (MWCNT0.5), (d) thick films 

(0.5 μg/cm2) of MWCNTs (MWCNT5), (e) cell culture polystyrene (Culture PS), and 

(f) collagen-coated polystyrene (Collagen PS). Scale bar: 1 μm. 

 

Fig. 2. DNA content of cells adhering on the surfaces of various types of dish substrates, 

calculated via a cell adhesion assay. Mouse iPS cells were incubated on Normal PS, 

SWCNT0.5 (0.5 μg/cm2), MWCNT0.5 (0.5 μg/cm2), MWCNT5 (5 μg/cm2), Culture PS, 

and Collagen PS in DMEM containing 15% FBS and LIF for 1 h. Error bars indicate a 

standard error for n = 4. Asterisks indicate statistical significance (p < 0.05), compared 

with MWCNT5. 

 

Fig. 3. SEM images of mouse iPS cells adhering to the surfaces of (a) MWCNT5 (5 

μg/cm2), (b) Culture PS, and (c) Collagen PS. Mouse iPS cells were incubated in 

DMEM containing 15% FBS and LIF for 12 h. Scale bar: 20 μm. 
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Fig. 4. Mouse iPS cell growth on various types of dish substrates. Mouse iPS cells were 

cultured on Normal PS, SWCNT0.5 (0.5 μg/cm2), MWCNT0.5 (0.5 μg/cm2), MWCNT5 

(5 μg/cm2), Culture PS, and Collagen PS in DMEM containing 15% FBS and LIF for 5 

d. DNA content of 4-mL lysate in each dish was estimated by the PicoGreen DNA 

assay. Cell growth was assayed by DNA content on the dishes. Error bars indicate a 

standard error for n = 4. Asterisks indicate statistical significance (p < 0.05), compared 

with MWCNT5. 

 

Fig. 5. Optical microscope images of mouse iPS cells on various types of dish 

substrates after incubation for 5 d. Mouse iPS cells were cultured on (a) Normal PS, (b) 

SWCNT0.5 (0.5 μg/cm2), (c) MWCNT0.5 (0.5 μg/cm2), (d) MWCNT5 (5 μg/cm2), (e) 

Culture PS, and (f) Collagen PS. Scale bar: 100 μm. 

 

Fig. 6. SEM images of mouse iPS cells on MWCNT5, Culture PS, and Collagen PS 

after culturing for 5 d. (a) MWCNT5 (5 μg/cm2), (b) MWCNT5 (5 μg/cm2) at higher 

magnification, (c) Culture PS, and (d) Culture PS at higher magnification, (e) Collagen 

PS, and (f) Collagen PS at higher magnification. The area enclosed in the small white 
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squares of dotted lines was observed at higher magnification. White triangles indicate 

the filopodia of the cells. Scale bar: left side, 50 μm; right side, 5 μm. 

 

Fig. 7. ALP staining and immunostaining of mouse iPS cells cultured on MWCNT5 (5 

μg/cm2) (upper row), Culture PS (middle upper row), and Collagen PS (middle lower 

row). Mouse iPS cells were cultured in DMEM containing 15% FBS and LIF for 5 d. 

The cells were stained with ALP staining solution (a, e, and i). Scale bar: 200 μm. The 

panels b, f, and j show nuclear staining by DAPI (blue). The panels c, g, and k show 

staining with anti-mouse OCT3/4 Alexa Fluor 488 (green). The panels d, h, and l show 

staining with anti-mouse Nanog Alexa Fluor 647 (red). The panels m, n, and o show 

merge images of immunostaining on MWCNT5, Culture PS, and Collagen PS, 

respectively. Scale bar: 100 μm. 

 

Fig. 8. DNA content of MEF-1 cell cultured on various types of dish substrates. MEF-1 

cells were cultured on Normal PS, SWCNT0.5 (0.5 μg/cm2), MWCNT0.5 (0.5 μg/cm2), 

MWCNT5 (5 μg/cm2), Culture PS, and Collagen PS in DMEM containing 10% FBS for 

5 d. Error bars indicate a standard error for n = 4. Asterisks indicate statistical 

significance (p < 0.05), compared with MWCNT5. 


