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ABSTRACT The unique structure of Titania Nanotube Arrays (TNA) provides larger surface area and energy to improve 
cellular interactions for nano-biomaterial implants and nanomedicine applications. TNA topography plays a critical role in 
cellular stability and cell survival. This nanostructure surface has been shown to modulate diverse cellular responses of 
cell adhesion, migration, proliferation and differentiation. The present study has found evidence which suggests that TNA 
nanoarchitecture structures may be beneficial for epithelial cells as a supply or storage route for nutrients and also for 
mediator growth signals. Thus, this nano-surface might act as a good modulator and communicator in cellular interaction 
because it could recruit and provide sufficient essential biological element for cell growth and its survival. 
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INTRODUCTION 

Titanium dioxide (TiO2) nanotube arrays are also referred to as titania nanotube arrays (TNA) 

have garnered considerable interest as biomedical implant materials and nanomedicine applications 

(Xavier et al., 2015; Swami et al., 2011). TNA produced by anodization method inherent high quality 

and cost-effectiveness (Fadl-allah et al., 2013; Guehennec et al., 2007). Several works have reported 

TNA topology on various cellular responses such as cell adhesion, migration, proliferation and 

differentiation (Hazan et al., 2016; Tan et al., 2012; He et al. 2008; Webster & Ejiofor, 2004; Salata, 

2004). The work indicates that the nanorough surfaces of implant materials could increase surface 

energy and specific cell adhesion factors resulting in a larger collection of proteins (such as 

vitronectin and fibronectin), which will subsequently promoting its cytocompatibility (Saharudin et 

al., 2013; do Nascimento, 2010; Bigerelle & Anselme, 2005; Fujibayashi, 2004). In addition, this 

nanostructured surfaces have been shown to reduce inflammatory response more effectively 

compared to conventional materials (Taylor & Webster, 2011; Raimondo et al., 2010). Furthermore 

nanosurface interaction with epithelial cells in spatial control are critical in producing improved 

biomaterial and implant geometry (Dhawan et al., 2016; Nam et al., 2016; Yashunsky et al., 2010). This 

study will provide overview of nano-bio interface response of epithelial cell with TNA 

nanotopography. 

 

 

METHODOLOGY 

 

Cell Culture 

Epithelial HT29 cells from the American Type Culture Collection (ATCC, USA) and TNA were 

prepared according to the method described by Mydin, R. B., et al. (2017). The dimension of the 
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TNA as follows: outer diameter: 100 nm, inner diameter: 60 nm, wall thickness: 15 nm, and length: 

600 nm. TNA material is the test material while titanium foil (TiP-without any surface modification) 

and glass slide (Sigma-Aldrich, USA) were selected as control materials. All the test materials were 

standardized for 48 hours culture. 

 

Field emission scanning electron microscope (FESEM) 

Samples were fixed with 2.5 % glutaraldehyde (Sigma-Aldrich, USA) in 0.1 M PBS for 30 mins 

and followed by dehydrated series of 50 %, 75 %, 90 % and 99.5 % ethanol solutions for 10 mins 

interval before being air-dried at room temperature. The material surfaces were then subjected to 

SPI-MODULE Gold Coater before being examined under FESEM. The elemental analyses were 

performed via Energy dispersive X-ray spectroscopy (EDX). 

 

Propidium iodide staining 

The cultured growth medium in the plate wells (culture system) was removed and slowly 

doused three times with 1 X PBS before being fixed in 100 % cold methanol for 5 mins. Then, the 

solution was drained out and the samples were directly stained with 10 μg/mL propidium iodide 

(PI) from Sigma-Aldrich for 5 mins. Later, it was slowly rinsed three times with PBS and left in the 

laminar fume hood to dry. All the work should be done under minimum light exposure to avoid 

loss of fluorescent signal. Finally, the material surfaces containing cells were placed on glass slide, 

mounted with 90 % glycerol (Merck, USA), protected by coverslip and examined using fluorescent 

microscope with magnificent of (Olympus BX51, Japan) 200 X and 400 X. The microscope was 

equipped with a charge coupled device (CCD) camera at excitation wavelength of 450 nm band pass 

filter and 590 nm long pass filter for PI. 

 

 

RESULT AND DISCUSSION 

FESEM analysis of TNA and TiP surface after 72-hour incubation with the growth media, 

revealed that the surfaces was prone to adhesion of growth nutrients aggregates. The results suggest 

that most of growth nutrients aggregates may have channeled into the nanotubes cannel (small 

molecules that less than 60 nm size) and leaving some large growth nutrients aggregates (larger 

molecules that higher than 100 nm size) which formed like dried crystallites flakes structure on top 

the TNA surface (Figure 1b). It was noted that the inner diameter and outer diameter of TNA played 

an important role in the selection of nutrients that channeled into the nanotubular structure. 

Meanwhile, FESEM observations on TiP surface showed a thick-coating layer of growth nutrient 

aggregates (Figure 1a). EDX element analysis on TiP indicated the presence of higher carbon and 

oxygen elements compared to TNA surface. The source of carbon element could be possibly 

originated from growth nutrients media (the larger component such as albumin protein from fetal 

bovine serum). This finding confirmed that there were more growth nutrients settling on top of TiP 

surface compared to those on TNA surface. Therefore, there was a possibility that the growth 

nutrients might settle into and onto TNA nanotubular structure and thus contribute to the 

percentage of surface elemental distribution. More importantly, this surface condition mimics the 

characteristic of human bone surface structure that could help to minimize the interfacial stresses 

and delamination factors caused by limited access of body fluid (Jäger et al., 2007; Oh et al., 20011). 

Thus, the space present between TNA nanostructures exist as a nutrient storage area (in the 

cylindrical structure) and provide larger surface interaction for the cells on the material.  
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Figure 1. FESEM-EDX surface analysis of cell growth media on TiP and TNA. (a) Ti surface showed 

the growth media form a thick coating layer on the surface and (b) TNA showed the growth media 

forms a layer of dried crystallites flakes on the top the nanotube surface. From the EDX element 

analysis indicated the presence of main element, such as carbon (C), titanium (Ti) and oxide (O) on 

both material surfaces. TiP surface showed presence of higher carbon element in comparison to TNA 

surface, possibly contributes from the growth media component. 

In this study, cell morphology assessment of epithelial HT-29 cells cultivated on TNA and glass 

surfaces was observed after 72-hour time point. Glass surface represented as control growth surface 

for the cells. Typical epithelial growth and spreading behavior were observed with cytoplasmic 

extension for the entire samples, as shown in Figure 2. Thus, the cells may exhibit cytocompatibility 

in the presence of colonized multi-layered cells which cover the TNA and glass surfaces. Cells 

morphology on TNA surface appeared to be flattened and spread well compared to its control 

counterparts. This indicates that the cell may be involved in proliferation and differentiation pattern 

(Hazan et al., 2016; Bauer et al., 2008). Thus, the nanocues advantages of TNA surface might recruit 

and provide sufficient essential biological component for cell growth; cell adhesion, migration, 

proliferation and differentiation activities. It is well known that cells respond the amount of proteins 

(growth factors) that are available on the surface interaction area. Detailed FESEM observation 

shows that, part of the cytoplasmic extension structure such as the cell’s filipodium and 

lamellipodium (the end structure of the cytoplasmic extension) was not visible on TNA cells (Figure 

2c). Thus, it was assumed that some part of the cell’s cytoplasm might interact and remain in the 

inner part of the nanotube cylindrical structure. This phenomenon can be described based on the 

schematic diagram as illustrated in Figure 3. Interestingly, the distinctive topology of TNA 

nanosurface might also contribute to the interlocked configuration of cells, which results in rapid 

and strong adhesion of bone cells towards the implant surface. 
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Figure 2. TNA induced morphological changes on the cells. The epithelial HT-29 cells were cultured 

on (a) Glass Slide, (b) TiP and (c) TNA. FESEM images show cells grown on the TNA indicating 

elevated cell numbers and a wider spread of cell cytoplasmic extension compared to reference. Three 

morphological features were observed: (a) flat spread out with filipodium and projecting 

cytoplasmic extensions; (b) flat hemispheroidal with a lamellipodium; (c) flat extensive cytoplasmic 

extensions but the filipodium and lamellipodium cannot be visualized (hyphothesis: some of the 

cytoplasmic may go inside the nanotube holes). 

 

 

 

 

 

 

 

 

 

 

Figure 3. The schematic diagram shows the hypothesis of some part of the cell structure such as the 

filopodia (end structure of cytoplasmic extension) might interact with the inner structure of TNA. 

(A) Protein absorptions; (B) cells mediators signal and nutrients. The hole like structure is supposed 

to support early protein adsorption and plays an important role as a good modulator and 

communicator between the implant material and tissue. 
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CONCLUSION 

This study have revealed the potential cell-TNA interactions at cellular and molecular levels. 

Noted that the TNA nanoarchitecture structures is beneficial for cells as a supply or storage route for 

nutrients and also for mediator growth signals. Based on these findings, the intricate molecular 

mechanism behind cell-TNA interactions are crucial for positive cell growth regulation and 

nanosurface mechanosensitivity activities which could contribute for better cellular responses 

 

 

ACKNOWLEDGEMENTS  

The authors would like to thank Universiti Sains Malaysia Short-term Research Grant Scheme 

304/CIPPT/6315073 for sponsoring this work. 

 

 

REFERENCES  

[1] Bauer, S., Park, J., Mark, K. & Schmuki, P. (2008). Improved Attachment of Mesenchymal Stem 

Cells on Super-Hydrophobic TiO2 Nanotubes. Acta Biomaterialia, 4 (5): 1576–82. 

[2] Bigerelle, M. & Anselme, K. (2005). Statistical correlation between cell adhesion and 

proliferation on biocompatible metallic materials. Journal of Biomedical Materials Research, 72(1), 

36-46. 

[3] Dhawan, U., Pan, H. A., Lee, C. H., Chu, Y. H., Huang, G. S., Lin, Y. R., & Chen, W. L. (2016). 

Spatial control of cell-nanosurface interactions by tantalum oxide nanodots for improved 

implant geometry. PloS one, 11(6), e0158425. 

[4] do Nascimento, G. M., Olivera, R., Pradie, N. A., Lins, P. R. G., Worfel, P. R., Martinez, G. R., 

Mascio, P., Dresselhaus, M. S. & Corio, P. (2010). Single-wall carbon nanotubes modified with 

organic dyes: Synthesis characterization and potential cytotoxic effects. Journal of 

Photochemistry and Photobiology A: Chemistry 211: 99–107.  

[5] Fadl-allah, S., Quahtany, M. and El-Shenawy, N. (2013). Surface Modification of Titanium Plate 

with Anodic Oxidation and Its Application in Bone Growth. Journal of Biomaterials and 

Nanobiotechnology, 04 (01), 74-83. 

[6] Fujibayashi, S., Neo, M., Kim, H., Kokubo, T. and Nakamura, T. (2004). Osteoinduction of 

Bioactive Titanium Metal. Biomaterials, 25 (3), 953-956.  

[7] Guehennec, L., Soueidan, A., Layrolle, P and Amouriq, Y. (2007). Surface Treatments of 

Titanium Dental Implants for Rapid Osseointegration. Dental Materials. 23: 844–54. 

[8] Hazan, R., Sreekantan, S., Mydin, R. B. S., Abdullah, Y., & Mat, I. (2016, January). Study of 

TiO2 nanotubes as an implant application. In AIP Conference Proceedings (Vol. 1704, No. 1, p. 

040009). AIP Publishing. 

[9] Hazan, R., Srimala, S., and Khalil, A.A. (2009). Surface Engineering of Titania for Excellent 

Fibroblast 3T3 Cell-Metal Interaction. Journal of Physical Science. 20 (1): 35–47.  

[10] He, J., Zhou, W., Zhou, X., Zhong, X., Zhang, X., Wan, P., ... & Chen, W. (2008). The anatase 

phase of nanotopography titania plays an important role on osteoblast cell morphology and 

proliferation. Journal of materials science: materials in medicine, 19(11), 3465-3472. 

[11] Jäger, M., Zilkens, C., Zanger, K. and Krauspe, R. (2007). Significance of Nano- and 

Microtopography for Cell-Surface Interactions in Orthopaedic Implants. Journal of Biomedicine 

And Biotechnology, 2007, 1-19 

[12] Mydin, R. B. S. M. N., Sreekantan, S., Hazan, R., Farid Wajidi, M. F. & Mat, I. (2017). Cellular 

Homeostasis and Antioxidant Response in Epithelial HT29 Cells on Titania Nanotube Arrays 

Surface. Oxidative medicine and cellular longevity, 2017(2017), Article ID 3708048. 

[13] Nam, K. H., Kim, P., Wood, D. K., Kwon, S., Provenzano, P. P., & Kim, D. H. (2016). Multiscale 

cues drive collective cell migration. Scientific reports, 6. 



 

T
R

A
N

S
A

C
T

IO
N

S
 O

N
 S

C
IE

N
C

E
 A

N
D

 T
E

C
H

N
O

L
O

G
Y

 
Mydin et al., 2017. Transactions on Science and Technology. 4(3-3), 348 - 353                                                                  353 

ISSN 2289-8786. http://transectscience.org/ 

[14] Oh, S., Brammer, K. S., Moon, K. S., Bae, J. M., & Jin, S. (2011). Influence of sterilization 

methods on cell behavior and functionality of osteoblasts cultured on TiO 2 nanotubes. 

Materials Science and Engineering: C, 31(5), 873-879. 

[15] Raimondo, T. Puckett, S., and Webster, T.J. (2010). Greater Osteoblast and Endothelial Cell 

Adhesion on Nanostructured Polyethylene and Titanium. International journal of nanomedicine, 

5: 647–52.  

[16] Saharudin, K. A., Sreekantan, S., Aziz, S. N. Q. A. A., Hazan, R., Lai, C. W., Mydin, R. B. S., & 

Mat, I. (2013). Surface modification and bioactivity of anodic Ti6Al4V alloy. Journal of 

nanoscience and nanotechnology, 13(3), 1696-1705. 

[17] Salata, O. (2004). Applications of Nanoparticles in Biology and Medicine. Journal of 

Nanobiotechnology, 2, 1-6. 

[18] Swami, N., Cui, Z., and Nair, L.S. (2011). Titania Nanotubes: Novel Nanostructures for 

Improved Osseointegration. Journal of Heat Transfer 133(3), 034002. 

[19] Tan, A. W., Murphy, B. P. & Akhbar, S. A. (2012). Review of titania nanotubes: Fabrication and 

cellular response. Ceramics International, 38, 4421-4435. 

[20] Taylor, E. & Webster, T. (2011). Reducing infections through nanotechnology and 

nanoparticles. International Journal of Nanomedicine, 2011(6), 1463–1473. 

[21] Webster, T. and Ejiofor, J. (2004). Increased osteoblast adhesion on nanophase metals: Ti, 

Ti6Al4V, and CoCrMo. Biomaterials, 25(19), 4731-4739. 

[22] Xavier, J. R., Desai, P., Varanasi, V. G., Al-Hashimi, I., & Gaharwar, A. K. (2015). Advanced 

nanomaterials: promises for improved dental tissue regeneration. In: Kishen A. (eds). 

Nanotechnology in Endodontics. Springer, Cham. 

[23] Yashunsky, V., Lirtsman, V., Golosovsky, M., Davidov, D., & Aroeti, B. (2010). Real-time 

monitoring of epithelial cell-cell and cell-substrate interactions by infrared surface plasmon 

spectroscopy. Biophysical journal, 99(12), 4028-4036. 


