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Abstract This study examined human fetal osteoblast

(hFOB) cell morphology, adhesion force, and proliferation

on a titanium-coated grooved surface. V-shaped grooves

with a depth of 2.4 lm (T1) or 4.8 lm (T2) were produced

in silicon wafers using photolithography and wet etching

techniques. The grooved substrates were coated with a

200-nm-thick layer of titanium using a sputtering system.

Smooth Ti-coated Si wafers were used as control surfaces.

Analysis of the scanning electron microscopy observations

shows that the cells responded to the micropattern by

spreading out and becoming elongated. The MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay

indicated that the grooved specimens had a significantly

larger number of cells than did the control group after

5- and 15-day cultures. The cytocompatibility of specimens

was quantitatively evaluated by a cytodetacher, which

directly measures the detachment shear force of an indi-

vidual cell to the substrate. After 30-min culture, the cell

adhesion forces were 48.4, 136.6, and 103.3 nN for the

smooth specimen, the T1 specimen, and the T2 specimen,

respectively. The cell adhesion strengths were 294, 501,

and 590 Pa for the smooth specimen, the T1 specimen, and

the T2 specimen, respectively. The cell adhesion force and

cell adhesion strength indicate the quality of cell adhesion,

explaining the largest number of cells on grooved speci-

mens. The experimental results suggest that the grooved

patterns affect the cell shape and cytoskeletal structure, and

thus influence the cell proliferation and cell adhesion force.

The cytodetachment test with nanonewton resolution is a

sensitive method for studying cell–biomaterial interaction.

1 Introduction

For dental implants, shape design and surface properties

are the major factors of implant success, especially in

bone healing in the early and long-term periods [1].

Various studies have indicated that the surface properties

of implant, such as surface chemistry and surface

topography, are key factors which mediate bone cell

responses in the early stage [2]. Therefore, the surface

properties of artificial implants have been investigated to

maximize biocompatibility. Generally, the topography of

the surface profoundly affects the shape of cells. A

previous study indicated that surface topography influ-

ences cellular responses from the early stage adhesion

and migration and thus regulates the physiological

response of cells [3]. Furthermore, topography regulates

cell growth, gene expression, the secretion of protein-

ases, differentiation, and even life and death [4–8].

Schneider et al. [9] suggested that osteoblast gene

expression and mineralization are affected by roughened

implant surface microtopographies during the osseointe-

gration of dental implants. In vivo examination revealed

that the fixation of dental implants might be improved by

the incorporation of macroscopic features or micro fea-

tures [10].

For in vitro tests, the cytocompatibility of biomaterials

depends on the cell morphology, cell growth, and the state

of differentiation cells. The diversity of cell responses is

used to distinguish different kinds of biomaterials or their

treatments. However, the sensitivity of traditional in vitro

biological tests is sometimes too low to discriminate the

subtle changes in specimens. Atomic force microscopy

(AFM) can be used to characterize cell adhesion and to

quantify the adhesion force in the piconewton range [11].

The cell adhesion force can thus be used to evaluate the
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cell response to surfaces with various properties in the

initial stage of cell behavior.

When a tissue cell comes into contact with implants, it

perceives the chemistry of the surface using integrin

transmembrane proteins in order to find suitable sites for

adhesion, spreading, motility, growth, and maturation [12].

Cell adhesion is involved in various natural phenomena

such as embryogenesis, the maintenance of tissue structure,

wound healing, immune response, metastasis, and the

tissue integration of biomaterials [13]. Therefore, cell

adhesion is important because it is the first step of attach-

ment to materials and leads to subsequent cell responses.

Light microscopy combined with anti-body staining is

usually employed to observe and characterize cell adhesion.

High-resolution electron microscopy is suitable for obser-

vation of adhesion sites and underlying protein networks.

Several methods have been proposed for evaluating the

cell adhesion force [14–17]. In our previous study, a can-

tilever-based technique was used to measure the adhesion

force of osteoblasts cultured on various kinds of surface-

treated titanium alloy disk [18]. This method directly

measures the actual strength of attachment between a sin-

gle cell and its substrate to better assess the cytocompati-

bility of biomaterials. The micropatterned substrate can

control cell behavior and even induce a switch from growth

to apoptosis [8]. Multiple-groove substrates have been used

by several authors as a model patterned biomaterial for

investigating the interaction of anchorage-dependent cells

with topography. In the present study, the effect of

topography on cell behavior was analyzed using a quanti-

tative detachment method to understand the fundamental

principle of cell adhesion. The cell shape was controlled

using a Ti-coated microgrooved surface and a cytodetacher

was used to evaluate the initial adhesion force of osteo-

blasts. In addition, the cell morphology, area, elongation,

and proliferation were measured to evaluate osteoblast

behavior on the microgrooved surface.

2 Materials and methods

2.1 Microfabrication of Ti-coated grooved pattern

Silicon (Si) wafers with the h100i p-type crystal orientation

were purchased from Wafer Work Corporation, Taiwan.

All grooved silicon substrates were fabricated using

photolithography and wet etching techniques at National

Nano Device Laboratory, Tainan, Taiwan. After the RCA

cleaning process was employed to remove the native oxide

layer on the Si wafer, a high-temperature oven was used to

grow a SiO2 layer on the silicon substrate. The pattern

on the photomask was transferred onto the positive-

resist-coated silicon wafer by photolithography. The pattern

on the sample was then etched to the desired dimensions

using an anisotropic etchant. The various grooves used in

the experiments were obtained by varying the etching

conditions. After sonication in isopropanol and acetone, the

micropatterns were coated with a 200-nm-thick titanium

layer using a sputtering system (Duratek Model 101,

Taiwan). In order to remove the residual gas in chamber,

the process chamber was evacuated to a base pressure

lower than 10-7 Torr. High purity argon (99.9995%) gas

was then back-filled into the chamber until a working

pressure of 8 mTorr was obtained. The substrates were

sputter-cleaned with argon using a substrate bias. The

deposition parameters were 2 min, 10 sccm argon gas,

and 1,000 W. After the sputtering process, the smooth

Ti-coated substrates and the grooved Ti-coated substrates

were cut into 5 mm 9 5 mm specimens and then ultra-

sonically cleaned in acetone and deionized water for 5 min,

respectively. Two kinds of V-shape grooved pattern were

used in this investigation: (a) the T1 coating pattern

(T1-CP) had 2.4-lm-deep grooves with a 4.6 lm pitch

comprising a 1.3-lm-wide ridge and a 3.3-lm-wide

groove, and (b) the T2 coating pattern (T2-CP) had

4.8-lm-deep grooves with a 10.5 lm pitch comprising a

3.8-lm-wide ridge and a 6.7-lm-wide groove. Smooth

Ti-coated Si wafers were used as control surfaces.

The surface and cross-section morphologies and com-

position of specimens were analyzed using a scanning

electron microscope (SEM, Jeol 6390LV, Japan) attached

with an energy dispersive spectrometer (EDS, Oxford 350,

England). The phase of the coating was identified using a

thin-film X-ray diffractometer (Rigaku D/Max2500, Japan)

with CuKa radiation, operated at 40 kV, 1 mA, an incident

angle of 2�, and a scan speed of 4� (2h)/min.

2.2 Cell culture

The human fetal osteoblast line (hfOB1.19, ATCC number:

CRL-11372 was obtained from the American Type Culture

Collection (ATCC, Rockville, MD, USA). The hFOB1.19

cell line was maintained in Dulbecco’s modified Eagle’s

medium with F12 (DMEM ? F12, GIBICO) containing

10% fetal calf serum (FBS, GIBICO) and 0.3 g/l of G418

(GIBICO) in an atmosphere of 5% CO2/95% air at 34�C to

control the pH value. The medium was changed every

2 days. After reaching confluence, the cells were washed

with phosphate-buffered saline (PBS), treated with 0.05%

trypsin–EDTA (GIBICO), and centrifuged at 1,000 rpm for

10 min. After sterilization, each specimen was placed in

one well of a 24-well plate (Nunclon Nalge Nunc Int.,

Denmark). For each test, there were five specimens in each

group (N = 5). Before seeding, all specimens were packed

in autoclaving bags, steam sterilized at 121�C for 30 min,
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dried at 121�C for 15 min, and then placed into the 24-well

plates.

2.3 Cell morphology, area, and elongation

After sterilization, each specimen was placed in one well of

the 24-well plate. The cell suspension was seeded on the

specimens at a density of 5 9 103 cells/cm2 for 30 min,

1 h, and 3 h. 500 ll of the medium was then added to each

well. The samples were washed three times with PBS, and

fixed with 2.5% glutaraldehyde at 4�C, 4% OsO4 at 37�C,

and 1% tannic acid at 4�C. The samples were dehydrated

with a series of graded ethanol solutions and immersed

in hexamethyldisilazane (HMDS SIGMA) for 10 min.

Finally, after being sputter-coated with gold, the specimens

were observed by SEM at an acceleration voltage of 20 kV.

After SEM observation at low magnification, the images

was analyzed by ImageJ (Version 1.41, National Institutes

of Health). For cell area and perimeter calculations, 50–60

cells were used for cell area calculations. The length and

breadth of cells were defined by the longest chord and

longest chord perpendicular to the length, respectively.

The cell elongation index was defined as the ratio of the

length to the breadth of each cell.

2.4 Cell adhesion force

The cytodetacher was modified with a microscope working

station and laser tweezers (Cell Robotics Inc, Albuquerque,

NM, USA). The adhesion strength between substrates and

cells was measured by the cytodetacher (Fig. 1), which has

four major components: (a) cell selector, (b) SPM canti-

lever tip (Anosensors NanoWorld AG, Switzerland),

(c) sample holder, and (d) microscope working station

equipped with a motorized stage, a video camera, and a

microscope (Nikon, model TE300) [21]. The whole system

was operated in a closed plastic chamber containing 5%

CO2 at 37�C. hFOB cells were seeded onto the specimens

at a density of 5 9 103 cells/cm2 for 30 min. After the end

of the culture, the samples were placed into the sample

holder with 10 ml of DMEM without phenol red at 37�C.

In the test, the cytodetacher manipulated the AFM canti-

lever tip, which detached individual cells. Sequential

images of the cytodetachment process were recorded at 20

frames per second. The maximum deflection of the canti-

lever tip was calculated using Matlab 7.0 (The MathWorks,

Inc., USA) and applying Hooke’s law as follows:

Fadhesion ¼ K � dmax

where dmax is the maximum deflection and Fadhesion is the

cell adhesion force. K = 0.019 N m-1 is the spring con-

stant, determined from experiments [19].

2.5 Cell proliferation

The cells were seeded on the specimens at a density of 104

cells/cm2 for 5 and 15 days, respectively. Osteoblasts were

cultured in the tissue culture and polystyrene (PS) served as

controls. The culture medium was changed every 2 days

during culture. At harvest, the samples were treated with

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT, GIBICO) for 4 h in 37�C, and then with

dimethylsulfoxide (DMSO, Sigma) for 30 min. The

working solutions were evaluated using an enzyme-linked

immunosorbent assay (ELISA) plate reader (Tecan,

Sunrise) at a wavelength of 562 nm against a reference

wavelength of 650 nm.

2.6 Statistics

Each measurement was the mean ± standard deviation,

and the analysis of one-way variance (ANOVA) was used

to evaluate the significance of differences. Differences

were considered significant at p B 0.05.

Fig. 1 a Major components of the cytodetacher apparatus and

b acquired image [21]

J Mater Sci: Mater Med (2011) 22:1027–1036 1029

123



3 Results

3.1 Characterization of micropattern

The SEM cross-section morphologies of the Ti-coated

groove pattern are shown in Fig. 2a and b. The results

indicate that the etching process produced a groove with

wall slope at a 5500 angle to form a complete V shape.

The SEM/EDS analysis of the chemical composition shows

that the specimens are mainly composed of Ti and the sil-

icon substrate (Fig. 2c). The existence of silicon can be

explained by the depth of EDS. In this study, the thickness

of the Ti coating was 200 nm, but the depth of EDS is more

than 1 lm at an acceleration voltage of 20 kV. Figure 3

shows the thin-film X-ray diffraction pattern of the Ti

coatings. The XRD pattern is characteristic of Ti in accor-

dance with the standard XRD pattern (JCPD 44-1294).

3.2 Cell morphology, area, elongation

After the 30-min culture, the hFOB cell morphologies on

the surface of specimens were observed by SEM (see

Fig. 4). In Fig. 4a, the cell is spherical in shape with no

apparent sign of filopodia on the smooth surface. In con-

trast, the filopodia of the hFOB cell extends to the neigh-

boring ridge on the T1-CP specimen (Fig. 4b). For the

T2-CP specimen, the hFOB cell attaches to the Ti-coated

micropattern surface, and the filopodia of the cell extends

to the ridge and grooves (Fig. 4c). The SEM results suggest

that hFOB cells on the micropattern specimens have better

spreading and adhesion morphologies than those on smooth

specimens after 30-min culture.

Figure 5a–c shows SEM micrographs of hFOB cells

cultured on smooth and grooved specimens after 1-h cul-

ture. On the smooth specimens, the cell morphology had

filopodia extending from the central area (Fig. 5a). On the

T1-CP specimen, hFOB cells reacted to the grooved pattern

by becoming aligned in the direction of the grooves

(Fig. 5b). Compared to cells on the T1-CP specimen, cells

on the T2-CP specimen had a less flat and less aligned

morphology (Fig. 5c). When the culture time was

increased to 3 h, the hFOB cells flattened and spread on the

smooth surface (Fig. 6a). On the two kinds of Ti-coated

grooved surface, the cells became elongated on the patterns

(Fig. 6b, c).

The results of average cell area for the smooth and

micropatterned specimens for various culture periods are

shown in Fig. 7. As shown in the figure, the average cell

area of each sample increased significantly over time for all

specimens (P \ 0.05). After 30-min, 1-h, and 3-h cultures,

the average cell area for the T1-CP specimen was signifi-

cantly larger and smoother than that of the T2-CP specimen

(P \ 0.001). No significant difference was found between

the smooth and T2-CP group.

Figure 8 shows that there was a significant increase in

cell elongation as a function of culture period for smooth

and grooved specimens (P \ 0.05). After culture of

30 min, the elongation indices are 1.12, 1.34, and 1.26 for

the smooth specimen, T1-CP, and T2-CP, respectively.

There was no statistical difference found among the three

Fig. 2 SEM micrographs of Ti-coated pattern used in this study:

a cross-section morphology of T1-CP, b cross-section morphology

T2-CP. The ridge/groove/depth dimensions of patterns are 1.3/3.3/

2.4 lm for T1-CP and 3.8/6.7/4.8 lm for T1-CP. c EDS analysis

confirming that the 200-nm-thick coating was composed of Ti

element. The Si element is a component of the substrate (Si wafer)
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kinds of specimen. Compared to the smooth substrate, the

cell elongation indices of grooved surfaces were signifi-

cantly higher for 1-h and 3-h culture periods (P \ 0.0001).

Consistent with cell morphology (Fig. 5), cell elongation

on the T1-CP specimen was statistically higher (P \
0.001) than that on the T2-CP specimen for 1-h and 3-h

culture periods.

3.3 Cell adhesion force

Figure 9 shows the adhesion force between an individual

hFOB cell and the substrate surface obtained by a cyto-

detacher. The cell adhesion forces are 48.4, 136.6, and

103.3 nN for the smooth specimen, T1-CP, and T2-CP,

respectively. Compared to the smooth specimen, the pat-

terned specimens had significantly higher cell adhesion

forces, as obtained from ANOVA analysis (P \ 0.001). In

addition, the T1-CP exhibited a statistically higher level of

hFOB cell adhesion force than that of T1-CP at 30-min

culture period (P \ 0.01).

3.4 Cell proliferation

The proliferation data of the hFOB cells on the smooth and

grooved specimens are presented in Fig. 10. The figure

shows that the number of cells increased with culture time

for all specimens. Statistical evaluation of the proliferation

data revealed a significant difference between the smooth

surface and the grooved specimens after 5-day and 15-day

culture periods (P \ 0.001). The number of cells on the

surface of T1-CP was significantly higher than that for

T2-CP after 5 and 15 days of culture (P \ 0.01).

4 Discussion

Previous studies have suggested that the underlying

substrate topography influences cell behavior, including

proliferation, migration, and adhesion, via direct and

indirect interactions [2, 20, 21]. Corneal epithelial cells

interact with a complex basement membrane composed of

proteoglycans, collagen fibers, and multi-adhesive matrix

proteins which form a rich three-dimensional structure with

characteristic nanoscale dimensions [22]. In the present

study, Ti-coated specimens with uniform parallel surface

micro-grooves were used to study the effect of the grooves

on cell–surface interactions. The human fetal osteoblast

1.19 (hFOB 1.19) cells are conditionally immortalized with

a gene coding a temperature-sensitive mutant (tsA58) of

Fig. 3 X-ray diffraction pattern of Ti coating. A crystalline Ti

structure was formed in the sputtering process

Fig. 4 SEM micrographs of hFOB cells cultured for 30 min on

a a smooth specimen, b T1-CP, and c T2-CP. On the T1-CP

specimen, the cell is spherical with early signs of filopodial extension

to a neighboring ridge
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the SV40 large T antigen. Cells cultured at the permissive

temperature of 33.5�C undergo rapid cell proliferation.

Therefore, the hFOB cells are suitable for evaluation bio-

compatibility in orthopaedic applications. The hFOB cell

behavior, such as cell morphology, area, elongation, and

proliferation, can be controlled by the topography of the

surface in contact with cells. In particular, the effect of

topography on the cell–specimen adhesion force was

quantitatively and directly measured by a cytodetacher.

Several investigations reported that cellular-substrate

interaction is associated with the surface topography,

chemical composition, surface energy, and surface charge

of biomaterials [23–25]. These surface characteristics

determine the adsorption of biological molecules and the

structure rearrangement of adsorbed molecules on the

surface of biomaterials [23–25]. Furthermore, these

adsorbed molecules determine the initial cell attachment,

adhesion, and spreading [23–25]. A previous study found

that osteoblasts attached but failed to spread without serum

[26]. In contrast, the cells developed focal adhesion or

stress fibers with serum, resulting in rapid attachment and

good spreading.

Fig. 5 SEM micrographs of hFOB cells cultured for 1 h on

a a smooth specimen, b T1-CP, and c T2-CP. On the T1-CP

specimen, the cell became elongated in the direction of the groove

Fig. 6 SEM micrographs of hFOB cells cultured for 3 h on

a a smooth specimen, b T1-CP, and c T2-CP. On the grooved

surfaces, cells exhibit a flat elongated morphology along the groove.

Randomly spread cells appear on the smooth substrate
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In the present study, the micropatttern was fabricated by

lithography and etching processes, and a Ti coating was

deposited on the surface by a sputtering process. The surface

composition was disregarded because the Ti coating was

uniform on both the smooth and grooved specimens. The

surface morphology of Ti-coated specimens is discussed in

relation to their biological behavior, such as cell morphol-

ogy, area, elongation, adhesion force, and proliferation. The

results of SEM observation indicate a significant difference

between the morphology of hFOB cells on the smooth and

grooved specimens, implying that surface morphology

affects cellular response during the early phases.

A study of bovine aortic endothelial cells cultured on

poly(dimethylsiloxane) (PDMS) substrates showed that

grooved substrates guided intracellular F-actin and focal

adhesions to align parallel to the channel direction after 1-h

culture [27]. Contact guidance has been observed on

osteoblastic cells. Isolated bone cells from neonatal rat

calvaria on a smooth polystyrene (PS) substrate were found

to align themselves in an end-to-end fashion parallel to the

direction of the grooved pattern, and an increased ordering

of confluent regions of cells and extracellular matrix was

observed on the grooved surface [28].

In cell adhesion, mature focal adhesion is elongated

structures and mostly oriented in the direction of the main

stress fibres. Balaban et al. [29] found that the force of cell

exerts, via actomyosin contraction, at its focal adhesion

determines their assembly, on a time scale below seconds.

It can be assumed that a cell generates the force on its

adhesion molecules is sufficient to induce a ‘feedback

response’ by locally modulating molecular interactions.

The cell could use its own contractile apparatus to regulate

adhesion in a rapid and local fashion, directing the

response exactly to the location at which force must be

applied, namely to the binding sites to a rigid surface or to

distinguish between substrates with different rigidities. The

influence of ridge width, groove width, and groove depth

on cells is also considered. The relative role of ridges and

grooves in the process of alignment appears to differ

depending on the cell type, such as neuron fibroblast,

Fig. 7 Effect of surface topography on average cell area. The T1-CP

specimens have a significantly higher average cell area than those

of the smooth and T2-CP specimens (P \ 0.001). Values are

in mean ± SD

Fig. 8 Effect of surface topography on the cell elongation index.

After 1-h and 3-h cultures, the value can be ranked in the following

decreasing order: T1-CP, T2-CP, smooth specimen (P \ 0.001).

Values are in mean ± SD

Fig. 9 Adhesion force of hFOB cell to smooth, T1-CP, and T2-CP

specimens for 30-min culture. The values can be ranked in the

following decreasing order: T1-CP, T2-CP, smooth specimen

(P \ 0.001). Values are in mean ± SD

Fig. 10 Cell proliferation of hFOB cells on various specimens.

The numbers of cells can be ranked in the following decreasing order:

T1-CP, T2-CP, smooth specimen (P \ 0.01). Values are in mean ± SD
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epithelium, macrophages, neutrophils, and osteogenic cells

[30–32]. Walboomers et al. [33] suggested that the depth of

the groove is the main determining factor in the alignment

of fibroblast along the surface microgrooves. Chesmel et al.

[28] found that bone cells oriented along a 5-lm grooved

surface, but that they ignored the surface topography with a

0.5-lm groove pattern.

As shown in Fig. 8, the cell elongation index of the

grooved surface is more than 3.5 after 1-h culture, but the

elongation index on the smooth specimens is lower than 2

even after 3-h culture. The results suggest that Ti-coated

grooves alter cell shape, making it possible to influence the

long-term cell behavior and function. The experimental

results also indicate that the Ti-coated grooved substrate

had a higher cell adhesion force and more cells than did the

smooth specimens. The cell elongation index was signifi-

cantly higher for the 2.4-lm-deep-groove T1-CP specimen

than that of the T2-PC specimen with 4.8-lm-deep

grooves. The results reveal that 2.4 lm is deep enough to

elongate hFOB cells on a Ti-coated grooved substrate. The

higher cell elongation index for the T1-CP specimen is due

to the 1.3-lm-wide ridge on T1-CP limiting the breadth of

hFOB cells and increasing the length of cells compared to

the T2-PC specimen with 3.8-lm-wide ridges. The SEM

results also indicate a more rapid cell elongation on the

T1-CP specimen.

In general, the initial adhesion of cells to the substrate

belongs to the first phase of cell/biomaterial interaction,

and the quality of the first phase influences the cell pro-

liferation and differentiation on biomaterials. For example,

grooves altered cell shape, and regulated mRNA and the

extracellular-matrix (ECM) protein fibronectin of an in

vitro culture of human fibroblasts on a micromachined

grooved surface [34]. Schneider et al. showed that a

microgrooved surface of commercially pure titanium can

alter the regulation of osteoblast differentiation by influ-

encing the level of gene expression of key osteogenic

factors, such as Cbfa1 and BSPII. In the present study, the

hFOB cells belong to anchorage-dependent cells, which

require an adhesive surface to exert force and consequently

spread. The surface topography may influence the cell

proliferation. As shown in Fig. 10, the grooved specimens

had a significantly higher number of cells than did smooth

specimens for 5-d and 15-d cultures. In addition, the

number of cells for T1-CP was significantly higher than

that for T2-CP after 5 and 15 days of culture. The differ-

ence in cell shape possible affected cell proliferation on the

different micropatterns. On T1-PC specimens, the early

adhesion increased the cell area, which is related to the

contact area between the cell and substrate. It is believed

that a higher cell-to-substrate contact area increases the cell

adhesion force to the substrate. Cytodetachment tests show

that the T1-CP specimen had significantly higher hFOB

cell adhesion than that of the T2-CP specimen for the

30-min culture.

Cells consist of four basic elements: the cell envelope,

cytoskeleton, nucleus, and cytosol. The cytoskeleton is a

dynamic structure that provides mechanical stability,

maintains cell shape, protects the cell, and plays an

important role in cellular division. Chen et al. [7] studied

the effect of a micropatterned surface on the cell shape and

function. They found that the micropatterned substrate

could control the spread of human and bovine capillary

endothelial cells, and that the cells were switched from

growth to apoptosis. The mechanical signals, such as

cytoskeletal structure and focal adhesion complex, associ-

ated with changes in cell shape along with chemical signals

could lead to shape- and adhesion-dependent cell survival

and growth, the characterization of cell adhesion force

could be further studied to understand the adhesion prop-

erties. Several researchers have measured cell affinity using

methods such as centrifugation [13], shear stress facility-

based techniques [14], and cantilever-based technique

[15, 16, 35]. However, only the cantilever-based technique

is capable of directly assessing the cell adhesion strength

by detaching individual cells from the surface of the

specimen. For example, a spinning disk device could apply

a linear range of forces to attach cells on specimens.

Although this apparatus allows the quantitative analysis of

cell adhesion under uniform and constant surface chemical

conditions, the adhesion force could only represent the

normally distributed attachment property of the cell pop-

ulation. According to previous studies, the cell adhesion

strength is very sensitive to cell–biomaterial interaction,

such as contact area, adsorbed proteins, culture time, and

cell shape [36–38]. The adhesion strength of rat osteosar-

coma cells (ROS 17/2.8) on fibronectin adsorbed onto

bioactive glass or borosilicate control glass was three-fold

higher than that of cells on bioactive and non-reactive glass

[37]. Cytodetachment results show that the initial hFOB

cell adhesion force ranged from 48.4 to 136.6 nN after

30 min of incubation. Yamamoto et al. cultured murine

fibroblast L929 on a glass dish for 24 h and found that the

shear adhesion force ranged from 310 to 390 nN by

applying a lateral load using a micro-cantilever system

[16]. The adhesion force of individual chondrocytes cul-

tured on a polymer surface ranged from 8 to 50 nN for 8-h,

12-h, 24-h, and 5-day cultures [38]. For our experiments,

the measured adhesion force ranged from a few to hun-

dreds of nN, which is consistent with values reported by

other researchers.

As shown in Fig. 10, the cell adhesion forces were 48.4,

136.6, and 103.3 nN for the smooth specimen, T1-CP, and

T2-CP after 30-min culture, respectively. The results

can be attributed to the topography of the specimens.

After adhesion to the substrate, the cells arranged their
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cytoskeleton to exert force against their adhesive contacts

and to structurally support the cell interiors. SEM obser-

vation shows that the micropattern could control the cell

shape and then change the cell area and elongation index,

which indicates different cytoskeletal structures. As shown

in Fig. 7, the average cell areas were 164, 273, and

170 lm2 for the smooth specimen, T1-CP, and T2-CP,

respectively. The higher cell adhesion force for T1-CP can

be explained by the larger cell adhesion area. The study of

Yamamoto et al. indicated that cells with a larger cell

adhesion area tend to need larger forces to be detached

from the glass surface.

It is interesting that there was no significant difference

between the cell areas of the smooth and T2-CP specimens.

Although the elongation indices of the smooth and T2-CP

specimens are similar after 30-min culture, the cells on the

T2-CP specimen tended to elongate in the direction of the

grooves compared to the randomly flat cell morphology on

the smooth specimen after 1-h and 3-h cultures. The

elongated cell morphology on the T2-CP specimen shows

that its cytoskeletal structure is different than that of the

smooth specimen. The cells on the T2-CP specimen had

better cell adhesion area and cell adhesion force than those

of the smooth specimen.

Cell adhesion strength is also an important parameter for

evaluating cell adhesion quality. The cell adhesive strength

is defined as the cell adhesion force divided by cell adhe-

sive area. In the present study, the values of cell adhesion

strength were 294, 501, and 590 Pa for the smooth speci-

men, T1-CP, and T2-CP, respectively. The values of cell

adhesion strength are not constant among the three types of

specimen, which disagrees with the results of the study by

Yamamoto et al. In their study, the cell adhesion strength

tended to be constant irrespective of the size of the cell

adhesive area on the glass substrate. The cell adhesion

strength represents the quality of the cell adhesion on a

substrate, the micropattern alters the cytoskeletal structure,

which further changes the quality of cell adhesion.

The present study is a pilot-study of evaluating the cell

affinity for grooved patterns and the ability to control cell

shape. The experimental system is a sensitive method for

quantifying and analyzing cell adhesion to substrates. For

biomaterials such as artificial dental implants or artificial

hip joints, the shear strength of cell–biomaterial adhesion is

important because a shear force acts on the interface

between cells and the implanted device under a loading

condition. In addition, our results provide insight into how

grooved patterns influence cell response in terms of the cell

adhesion force, morphology, area, elongation, and prolif-

eration. These results can be used to design the surface

morphology of implants in clinical applications. The

cytoskeleton and osteogenic markers, such as osteocalcin

or osteopontin, are also important to investigate single cell

adhesion. As to further study, the effect of micropattern on

cytoskeleton and osteogenic markers still need further

investigation.

5 Conclusion

The effect of Ti-coated groove patterns on the cell mor-

phology, area, elongation, adhesion, and proliferation was

investigated. SEM results show that hFOB cells on a grooved

surface have better spreading and adhesion morphologies

than those on smooth specimens. For grooved specimens,

T1-CP had a higher hFOB cell area and elongation index than

those of T2-CP, which indicates surface topography affects

the cell behavior in this study. The grooved pattern also

altered hFOB cell proliferation after 5- and 15-day cultures.

The proliferation of hFOB cells on grooved specimens is

significantly higher than that on smooth specimens. Cells

cultured on the grooved specimens had stronger initial

adhesion forces and cell adhesion strengths. The high cell

adhesion to a grooved surface resulted from an enhancement

in the elongation of cell shape. A previous study found that a

micropatterned substrate can mediate cell adhesion and

control cell growth and viability. In the present study, the

micropattern altered the cytoskeletal structure, which chan-

ged the quality of cell adhesion in terms of cell adhesion

force and cell adhesion strength. The quality of cell adhesion

affects cell proliferation. The surface morphology thus

affects the cell shape, adhesion force, and proliferation.

The strength of cell adhesion is considered a reliable mea-

surement for cytocompatibility.
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