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Abstract Cell interactions with biomaterials are affected

by surface topographic and chemical cues. Although it is

well-known that nanometrical grooves/ridges structure

modulates cellular spreading, elongation, and alignment,

the combinational influence of surface topographic and

chemical cues is not well studied. In this study, nano-tex-

tured silicon substrata with parallel ridges of 90, 250, or

500 nm wide, separated by grooves with equal width, were

fabricated by electron beam lithography and dry etching

techniques. Osteoblast-like cells, MG-63, were cultured on

the patterned substrata with or without pre-adsorption of

fibronectin. The cell morphology was imaged by scanning

electron microscopy, and analyzed by image software. We

found that FN coating initially modulated cellular spread-

ing, length, and orientation on all types of grooved

surfaces. However, after 24 h of culture, the cell mor-

phology was not affected by FN coating on the 250-nm and

500-nm surfaces, while FN decreased cell alignment on the

90-nm surfaces. Our results suggest that surface chemical

cues influence the initial cell-substratum contact, while the

long-term cellular morphology is dictated by surface

topographic cues.

1 Introduction

In multicellular animals, most of the cells are specialized

and cooperatively organized into tissues, which in turn are

associated in various combinations to form organs. The

extracellular matrix (ECM) helps to hold cells in tissues,

and provides an organized lattice within which cells can

migrate and interact with one another. The ECM supplies a

variety of chemical, topographical, and mechanical cues,

that modulate cell morphology, migratory behavior, cel-

lular adhesion, proliferation, differentiation, and apoptosis

[1, 2]. For example, epithelial cell sheets reside above a

flexible, thin (40–120 nm thick), mat-like ECM—basement

membranes, which are consisted of several types of ECM

macromolecules including type IV collagen, laminin,

entactin, and perlecan [3]. These biomacromolecules pro-

vide various bio-signals guiding cellular behavior. For

example, laminin possesses the chemical cue to connect

epithelial or endothelial cells to the base membrane [4].

Furthermore, the mesh-like structure of basement mem-

branes, consisted of interwound fibers with pores and

elevations of nanometric dimensions, provides topograph-

ical cues for cell responses [5].

ECM adhesion proteins such as fibronectin (FN), vitro-

nectin, laminin, and collagen provide biochemical signals

to mediate cell attachment. A large family of cellular

transmembrane receptors, integrins, recognizes these

adhesion signals and plays as cellular anchors to dock onto

the ECM [6]. One subfamily of the heterodimeric integrins
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binds fibronectin and vitronectin with a specific peptide

sequence Arg-Gly-Asp (RGD) in these adhesion proteins,

while other integrins recognize various peptide sequences.

The binding between integrins and their ligands plays a key

role in many physiological events, including embryonic

development, immune response, leukocyte trafficking, and

tumor transfer. Integrin–ligand interactions are also

important for in vitro cell culture. In culturing anchorage

cells in serum-contained media, serum vitronectin, and

fibronectin when adsorbed to the plastic substratum medi-

ate cell attachment on the artificial substrates [7, 8].

Integrins make transmembrane connection between the

ECM and the intracellular component—cytoskeleton. The

extracellular domain of an integrin is linked to ECM

adhesion molecules, while the cytoplasmic domain is

linked to stress fibers, which are organized contractile

bundles of actin filaments and myosin-II filaments. The

ligand-bound integrins first aggregate as clusters at the cell-

substratum contact sites, and form small focal complexes

that can dynamically disappear or evolve into a specialized

sites of adhesion, focal contacts [9, 10]. The integrin

complex is linked to actin filament via multiple attachment

proteins such as talin and vinculin, and initiates the

assembly of cytoskeleton which is composed of actin,

myosin, actinin, and tropomyosin. The assembly of actin

filaments generates tension that is conveyed to the ECM or

the underlying substrata at focal contacts. Cytoskeletal

re-organization occurs with progressive spreading of the

cells on the substrata to increase attachment strength. One

end of a stress fiber is connected to a focal contact and the

other end can bind to a second focal contact or a meshwork

of intermediate filaments that surrounds the nucleus. Stress

fibers would disappear rapidly if tension is released by

suddenly detaching one end of a stress fiber from the site of

focal contact.

The topography of the ECM is believed to be a critical

parameter in guiding cell morphology and migratory

behavior in several developmental situations [11]. The

fibrillar structure of collagen molecule contributes to the

basic topographical feature of the ECM. The basic topo-

graphical feature of ECM is composed by collagen fibrils

with diameters ranging from 50 to 300 nm, which could

assemble into larger cable-like collagen fibers around

1–4 lm in diameter [12]. The alignment of collagen fibers

has been shown to be critical for guiding in vivo cell

proliferation and migration [13]. The tendency of cells to

align, to grow, or to move along a specific orientation

defined by some physical properties of substrata, is

described as contact guidance [14].

For the past 20 years, cell biologists have systematically

investigated cell responses to artificial substrates with well-

defined anisotropic micrometric topographies, thanks to the

lithographic and dry etching techniques widely used in the

microelectronic industry [15]. The most studied topo-

graphical features have been parallel grooves/ridges with

micrometric dimensions. It has become well documented

that many cell types react strongly to micrometric grooves

with alteration in many cellular features, such as mor-

phology, orientation, cytoskeleton, and focal contacts

arrangement, cellular movement, and gene expression [11,

16, 17]. The most noteworthy feature of cell morphology

on grooves/ridges structure is cellular elongation and

alignment along the grooves, in contrast to disoriented

cellular spreading on flat substrates [11, 18, 19]. Previous

studies showed that cells react to the pattern of grooves/

ridges with feature dimensions as small as 70 nm in width

and 400 nm in pitch spacing [18, 20].

We previously showed that MG-63 cells elongated and

aligned on the nano-grooved silicon substrates [21].

However, cell adhesion to the substrates is mainly medi-

ated by the adsorbed serum adhesive proteins from the

culture media. This study is aimed to investigate a further

question: how cells respond to nano-grooves/ridges under

elevated surface concentration of serum adhesion proteins.

Fibronectin, the major adhesion protein found in ECM and

serum, helps cells to attach to matrix [22], so is selected as

the model adhesion protein. In this study, FN was coated to

a series of grooved silicon surfaces (groove/ridge widths of

90, 250, and 500 nm; 215 nm in depth) prior to cell

adhesion. The dimension of the nano-grooved substrates

was close to the dimension of collagen fibrils. The impacts

of FN adsorption on the morphology and cytoskeleton

arrangement of MG-63 cells were evaluated on these pat-

terned surfaces in a time-dependent manner.

2 Materials and methods

2.1 Fabrication of grooved silicon substrata

Silicon is not ordinarily considered to be a biomaterial as

that term is usually used. However, due to its relatively

ease of nano-topographic fabrication, grooved silicon

substrata were applied in this study. Textured silicon sub-

strates were fabricated by both electron beam (EB)

lithography and dry etching techniques [21]. Silicon wafers

were cleaned by a standard RCA cleaning procedure [23]

which removes organic contaminants, any oxide layer that

may have built up, and any ionic or heavy metal contam-

inants from the wafer surface, followed by a dip in diluted

HF solution before being rinsed in deionized water and

spin-dried. The wafers were then spin-coated with an EB

photoresist and then sequentially patterned by EB lithog-

raphy. EB exposure was carried out according to target

pattern layouts by using Leica Weprint200 stepper. The

pattern on the silicon wafer was fabricated by silicon
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anisotropic etching in a ratio of 35:125 sccm Cl2/HBr

mixed plasma at a process pressure of 12 mtorr by an

inductively coupled plasma system. The EB photoresist on

the etched wafer was then removed by an ozone asher. The

wafer was cleaned with the mixture of concentrated H2SO4

and H2O2 (3:1 in volume ratio) at 120�C for 10 min to

remove surface organic contamination. Next, the wafer was

immersed into an aqueous solution of Buffered Oxide

Etchant (a combination of 40% NH4F and 49% HF in a

ratio of 7:1) for 2 min to remove native oxide.

The design of nano-grooved silicon substrates is illus-

trated in Fig. 1a. The dimensions of the grooves/ridges were

determined by scanning electronic microscopy (SEM) and

atomic force microscopy using tapping mode (AFM;

NanoScope IIIa, Digital Instruments). Figure 1b shows an

AFM image of nano-grooves/ridges with 500 nm wide and

215 nm deep. The silicon wafers contained patterned areas

with grooves/ridges of different widths (90, 250, and

500 nm) and 215 nm in depth. The patterned areas were

separated by flat regions (blank area in Fig. 1a). The pat-

terned wafers were cut with a diamond knife into small chips

and then cleaned by immersing in piranha solution (7/3 v/v

of 98% H2SO4/30% H2O2) at 90�C for 20 min, followed by

several rinses with deionized water. This procedure removes

the oxidized layer on both the groove and the ridge areas.

The average surface roughness, determined by AFM, was

not found significant change after the chemical treatment

(from 0.30 nm to 1.73 nm). Prior to cell culture, the samples

were soaked in 70% ethanol overnight and then rinsed twice

for 10 min with sterile phosphate buffered saline (PBS;

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and

1.8 mM KH2PO4, pH 7.4).

2.2 Fibronectin purification and adsorption

to the patterned surfaces

Fibronectin (FN) was purified from human plasma

according to a previous procedure [24]. The plasma first

flew through a Sepharose 2B column (Sigma), followed by

a gelatin Sepharose 4B column (Amersham). The bound

FN was eluted by 6 M urea/TBS solution (0.8 g NaCl and

0.156 g Tris–HCl in 100 ml de-ionized H2O, pH 7.6). The

eluted FN was de-salted and concentrated by centrifugation

through a filter (Millipore, UFC910008).

The silicon chips were dipped in 0.1 mg/ml FN/PBS for

60 min and then were rinsed with PBS for 5 min twice. FN

absorption to the flat silicon chips was verified by ELISA

(enzyme-linked immunosorbent assay). After FN adsorp-

tion, the samples were blocked in 1% BSA/PBS for 30 min

and then rinsed with PBS. The samples were incubated

with rabbit anti-FN polyclonal antibody (1:1000, Sigma) at

37�C for 1 h, and then incubated with horseradish peroxi-

dase conjugated anti-rabbit IgG antibody (1:1000, Sigma)

at 37�C for 1 h. Unbound antibodies were rinsed away with

PBST (0.05% Tween 20 in PBS) twice. 3,30,5,50-tetra-

methylbenzidine/H2O2 was incubated with the samples at

room temperature for 10 min. The reaction was stopped by

2 N H2SO4, and the absorbance at 450 nm was read in an

ELISA reader.

2.3 Cell culture

Osteoblast-like cells (MG-63) were seeded at a density of

5 9 104 cells/well in 24-well TCPS plates containing the

silicon chips, and then incubated in Minimum Essential

Medium (MEM) with 10% fetal bovine serum at 37�C and

5% CO2 for a certain period of time. The substrates without

FN coating were used as the controls. After the culture

media were aspirated, the samples were rinsed with 0.25%

glutaraldehyde in PBS, and were then fixed with 2.5%

glutaraldehyde for 60 min twice, followed by 1 h of post-

fixation in 1% osmium tetroxide. After three rinses with

PBS, the samples were then dehydrated in a graded series

of ethanol: 30, 50, 70, 80, 90, 95, 100, 100%, and were

treated with CO2 critical point drying. After sputtered with

platinum the samples were observed under a scanning

electronic microscope (SEM; JOEL, JSM-5310). Six SEM

images were captured randomly on each type of substrata

for cell morphology analysis.

2.4 Quantification of cell morphology and orientation

from the SEM images

The outlines of the cells in the SEM images were traced

manually and the enclosed cell areas were quantified by

NIH Image J software. The software also fits each cell to a

fittest ellipse (Fig. 2). The lengths of the major and the

minor axes of the fittest ellipse represent cell length and

width in this study, respectively. Elongation, describing the

extent of cell stretch, is the quotient of the major axis

divided by the minor axis. Orientation, which is described

by the angle between the major axis of the fittest ellipse

and the grooves, represents the alignment of an individual

cell along the aspect of grooves. The cell of which orien-

tation angle is smaller than 10� is defined as ‘‘alignment

with groove direction’’ according to the alignment criterion

suggested by Clark et al. [11].

2.5 Fluorescence staining of F-actin, vinculin,

and nuclei

After cell culture, the samples were fixed by 4% parafor-

maldehyde for 15 min and then permeated with 0.1%

Triton X-100 in 50 mM glycine for 10 min, followed by

two rinses with PBS. The samples were blocked in 2.5%

BSA solution for 20 min before staining. F-actin was
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stained with 500 nM phalloidin-TRITC (Sigma) for

30 min. Vinculin was first recognized by anti-vinculin

monoclonal antibody (Sigma; 2009 dilution in 1% Triton

X-100 in PBS) for 60 min at 37�C, followed by labeling

with anti-mouse IgG-FITC antibody (Sigma; 909 dilution

in 1% Triton X-100 in PBS) for 60 min at 37�C. Cell

nuclei were stained with 100 nM DAPI (Invitrogen) for

30 min. The fluorescent images were taken with a confocal

spectral microscopy (Leica TCS SP2). Excitation wave

lengths were 488 nm for both TRITC and FITC, and

Fig. 1 a Design of the nano-

grooved silicon substrates. Each

chip consisted of an array of

300 lm wide and 1 cm long

stripes of patterned fields,

separated by smooth areas. The

patterns in each field are

consisted of ridges (R) and

grooves (G) with equal widths

which are listed in the figure.

The depth (H) of the grooves

was approximately 215 nm,

determined by atomic force

microscope. An example of

SEM images of the nano-

grooved surfaces (500 nm) is

shown on the top-right corner.

Scale bar = 1 lm. b An AFM

image of nano-grooves/ridges

with 500 nm wide and 215 nm

deep. The measured depth and

period of the pattern were listed

in the lower right box and

indicated by the arrows
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400 nm for DAPI, while emission wavelengths were

577–700 nm for TRITC, 520 nm for FITC, and 430–

460 nm for DAPI.

2.6 Statistics

All statistical data were performed with the GraphPad

InStat software (GraphPad Software, USA). Statistical

significance is obtained from Student’s t-test and ANOVA.

The P values less than 0.05 were considered significant.

3 Results

FN adsorption to the silicon substrates was verified by

ELISA. The absorbance for the FN-coated substrate

(0.075 ± 0.002, n = 4) was significantly higher than those

for the substrate pre-incubated in cell culture medium

(0.045 ± 0.001) and the blank sample (0.044 ± 0.000)

(P \ 0.001). The results indicated that pre-adsorption of

FN increased the amount of surface-bound FN on the sil-

icon substrates.

The impact of FN adsorption on the morphology of

MG-63 cells on the grooved surfaces was first observed by

using SEM. After 2 h of incubation, the cells on the sur-

faces pre-coated with FN spread more than the controls.

Figure 3a shows that most of the cells attached to the

control flat surface remained spherical morphology after 2-

h culture, while many cells already spread out on the FN-

coated flat silicon substrate (Fig. 3b). Similar phenomenon

was found on the nano-grooved surfaces (Fig. 3c–f).

Besides, there were more spread and elongated cells on the

control nano-grooved surfaces than the control flat surface

(comparing Fig. 3c, e to a). Furthermore, cells were less

aligned on the FN-coated grooved substrates compared to

the control ones (comparing Fig. 3c, e to d, f, respectively).

After 8 h of incubation, most of the cells spread out on all

types of substrates. While the cells cultured on the flat

surfaces displayed random orientation, the cells cultured on

the nano-grooved surfaces became elongated and aligned

morphology along the ridges. Figure 3g shows that many

cells on the control 90-nm surface were in an ellipse shape

and were aligned in a direction, but with FN coating cells

seemed to be less aligned (Fig. 3h). However, on the 250

and 500-nm surfaces, the impact of FN seems less obvious

(Fig. 3i, j). After 24 h, most of the cells on the 250-FN and

500-FN surfaces were elongated and aligned with the

ridges (Fig. 3k), while there were still considerable dis-

oriented cells on the 90-FN surface (Fig. 3l).

The cell morphology was further analyzed by five

parameters: cell length, cell width, cell area, elongation,

and orientation. After 2-h incubation the cells on the

FN-coated surfaces exhibited longer morphology compared

to the controls with the same topographical features

(Fig. 4A). The cell length was also increased with

increasing ridge widths. The enhancement of FN on cell

length was diminished with time. After 8 h of incubation,

the cell lengths at the control substrates were increased to a

level comparable to the FN-coated substrates. After 24 h of

culture, the cell lengths were only dependent on the

dimensions of the patterns: 500 nm [ 250 nm [ 90 nm [
flat, but not on FN coating.

The 2-h cell widths on the control 250-nm and 500-nm

surfaces were significantly lower than those on the control

flat and 90-nm surfaces (Fig. 4B). Similar to the trend for

cell length, FN enhanced initial cell width, while the cells

were still wider on the flat and the 90-nm surfaces than the

250-nm and 500-nm ones. The cell widths on the grooved

surfaces were decreased with time. After 24 h of culture,

the cell widths on the 250 and 500 nm surfaces were not

affected by FN coating, but the cell width on the 90-nm

substrates was still enhanced by FN coating (P \ 0.05).

FN coating greatly enhanced initial cell spreading on all

the types of substrates (Fig. 4C). After 2 h of culture, the

average spreading areas of the cells on the FN-precoated

grooved surfaces were more than 350 lm2, while those on

the controls were only about 200 lm2. After 8 h of culture,

the spreading areas on the FN-coated surfaces were still

higher than those on the corresponding control substrates,

but the difference was decreased. After 24 h of incubation,

the cell spreading areas on the control grooved surfaces

were regardless of FN coating.

Cell elongation is the ratio of cell length to cell width.

After 2 h of incubation, cell elongation was increased with

increasing groove widths, and cell elongation was not

affected by FN coating (Fig. 4D). Cell elongation was

Fig. 2 Schematic of characteristic parameters of cell morphology.

The ellipse in dashed line represents the fittest ellipse of cell shape,

determined by software Image J. Elongation is given from dividing

the length of the major axis of the fittest ellipse by the length of the

minor axis. Orientation angle is obtained from the angle between the

direction of the underlying grooves and the major axis of the fitted

ellipse
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increased with time on all the grooved surfaces, but the

increasing rates were smaller on the FN-coated 90 and 250-

nm surfaces than those on the controls. After 24 h of

incubation, no significant difference in cell elongation was

found between the FN-coated and the control substrates.

Our results indicate that FN coating exerts little effect on

cell elongation.

Cell alignment on the grooved substrates was evaluated

by two parameters: average orientation and proportion of the

aligned cells. The average cellular orientation on the flat

surfaces was around 45�, indicating no preferred orientation

no matter whether FN was coated or not (Fig. 5A). On the

other hand, cell alignment was apparent on all the nano-

grooved surfaces (P \ 0.001 vs. the flat substrate). FN

coating seemed to enhance initial alignment on the 250-nm

and 500-nm surfaces, but retarded cell alignment on the

90-nm surface. Furthermore, cell alignment was improved

with time on the grooved surfaces. For most of the grooved

surfaces, the average cell orientations were decreased to less

than 10� after 24 h of incubation, except on the 90-nm FN

surface. The final cell orientation on the 90-nm surface was

apparently lessened by FN coating (P \ 0.05 vs. the control

90-nm surface). We also counted the proportion of aligned

cells (\10�) on the grooved surfaces (Fig. 5B). Since the

cells cultured on the flat surface did not show any preferred

direction, we did not calculate the proportion of aligned cells

on the flat surface. The population of oriented cells was

enhanced by increasing groove widths after 2-h culture, and

was increased with time on all the substrates. After 8 h of

incubation, the fraction of the aligned cells was much lower

on all the FN-coated surfaces compared to their controls. It is

noteworthy that the MG-63 cells maintained less oriented

population on 90-nm FN surface than on the other wider

ridges. After 24 h of incubation, only *50% of the cells on

the 90-nm FN surface were aligned along the direction of

grooves, in contrast to over 70% on the other substrates.

Fig. 3 Scanning electron

micrographs of MG-63 cells on

the flat or grooved silicon

surfaces. The condition in each

image is indicated by surface

type—FN adsorption—

incubation time: a Flat: 2 h; b
Flat–FN: 2 h; c 90 nm: 2 h; d
90 nm–FN: 2 h; e 500 nm: 2 h;

f 500 nm–FN: 2 h; g 90 nm:

8 h; h 90 nm–FN: 8 h; i
500 nm: 8 h; j 500 nm–FN: 8 h;

k 90 nm: 24 h; l 90 nm–FN:

24 h. The scale bars represent

25 lm, except in L (10 lm).

The direction of the ridges/

grooves in C–J and L is

horizontal, while that in K is

indicated by the arrow
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We next examined the formation of actin filaments and

focal contacts inside the cells cultured on the patterned

substrates. After 2 h of incubation, the formation of actin

filaments was not apparent yet. After 4 h, actin filaments

were still not clear on the control 90-nm surface (Fig. 6a),

while visible actin filaments and focal contacts were

established on the 90-nm FN surface (Fig. 6b, c). The

locations of the focal contacts were superimposed on the

actin filaments. Similarly, actin filaments and focal con-

tacts were formed in the cells cultured on the 250 and

500 nm surfaces precoated with FN (Fig. 6d, e).We found

that the actin filaments formed on the 90-nm FN surface

were thinner than those formed on the F-FN surface, 250-

nm FN and 500-nm FN substrates. Furthermore, most of

the actin filaments on the 500-nm surface was aligned with

the ridge direction (Fig. 6d). On the other hand, it is

interesting to note that on the 90-nm FN surface, some cells

possessed unaligned actin filaments (the star sign in

Fig. 6b), and some cells possessing aligned actin filaments

did not orient along the ridge direction (the triangle sign in

Fig. 6b). After 24 h most cells cultured on the smooth

substrates and on the patterned surfaces displayed larger

stress fibers (Fig. 6f, g). We found that most of the cells on

the 90-nm FN substrates displayed aligned actin filaments

at that time, but the actin filaments were still thinner than

those on the flat and the other nano-grooved surfaces.

Nucleus deformation could be induced by micro-

grooved surfaces and has been linked to changes in gene

expression [25]. It is suggested that the tensile forces

causing cell elongation can also be imparted to the nucleus

through the actin-intermediate filament system, and cause

nucleus deformation [26]. From the fluorescent images of

the nuclei, the cells cultured on the nano-grooved surfaces

possess more elongated and oriented nuclei than those on

the flat surface (Fig. 7a, b). The nuclei on the flat surface

did not have any preferred orientation and did not extend as

Fig. 3 continued
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large as those on the patterned substrates (Fig. 7c, d).

Nevertheless, the difference in orientation and elongation

between the FN-coated and the control grooved substrates

was not significant after 24 h of incubation.

4 Discussion

Both topography and chemistry of the substrate affect cell

behavior, so it is critical to ascertain whether the surface

chemistry in the grooves and on the ridges is similar before

we interpret the effects of nano-grooved structures and

adhesive proteins on cell adhesion. In this study, the oxi-

dized silicon surfaces in both groove and ridge regions

were removed by piranha solution prior to cell experi-

ments. We expect that the same level of oxidation will be

developed on both regions afterwards. Thus, similar sur-

face chemistry (oxidized silicon) will be created on the

groove and ridge surfaces.

Previous studies on micro-grooved surfaces show that

the most notable impacts on cell morphology are inhibition

of cellular lateral expansion across the grooves and pro-

motion of marginal expansion on the ridges [27]. Similar

tendency was found on the nano-grooves/ridges structures

used in this study (Fig. 4a, b). Since thick actin filaments

were not found after 2 h of incubation, initial cell width

may reflect the probability of cellular traversing the

grooves. The 2-h cell widths on the flat and the 90-nm

surfaces were similar, suggesting that the 90-nm gaps do

not hamper initial cellular lateral expansion. On the other

hand, the cell widths on the 250-nm and 500-nm surfaces

were significantly smaller than those on the flat and 90-nm

surfaces at that time, showing that the gaps over 250 nm

act as effective trenches for reducing cellular lateral

extension. An increase in surface FN concentration pro-

vides more integrin anchorage sites for lamellipodia to

traverse grooves, so the cell widths are enhanced on all the

grooved substrates by FN coating. Nevertheless, even with

FN coating the cells were still narrower on the 250 nm and

the 500 nm surfaces than on the flat and 90-nm surfaces.

Similarly, FN coating also increases the cell length

(Fig. 4a). As a result, cell spreading area is greatly enlarged

by FN coating (Fig. 4c). It is interesting to note that cell

elongation on a substrate was little affected by FN coating

at 2 h (Fig. 4d), suggesting that FN bolsters up initial

cellular expansion in both directions to a similar extent.

After initial cell attachment, the cells are transformed

with time: decrease in cell widths and increase in cell

Fig. 4 Quantitative analysis of the morphology of MG-63 cells

cultured on the flat and the grooved substrata: A cell length, B cell

width, C cell area and D average elongation. The data are presented as

mean ± standard error of the mean, n = 57–124. This experiment

has been repeated three times. The symbols for statistical significance:
aP \ 0.001; bP \ 0.01; and cP \ 0.05 compared with the controls

without FN coating at the same incubation time; aP \ 0.001,
bP \ 0.01 and cP \ 0.05 compared with the corresponding flat

surfaces at the same incubation time; *P \ 0.001, @P \ 0.01 and
#P \ 0.05 compared with the corresponding 90-nm surfaces at the

same incubation time
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lengths. The time-dependence of cell morphological tran-

sition could be explained in terms of re-organization of

focal contacts and intracellular cytoskeleton [28]. It is

generally thought that focal contacts are mainly confined

on the ridges of micro-grooved surfaces, especially narrow

grooves (\2 lm) which cells cannot penetrate in [29, 30].

On the other hand, grooves prevent the formation of stable

focal contacts and stress fibers in the direction perpendic-

ular to the ridges. Therefore, focal contacts, actin

microfilament bundles and microtubules have found to

align on the ridges [19, 31]. The direction generated by the

actin filaments are correspondent to the long axis of focal

contacts [32]. Similarly, the anisotropic formation of the

actin filaments on the nano-grooved surface generates

stronger tension in the direction parallel to the ridges

than in the perpendicular direction. Thus, the tug-of-war

between the two orthogonal forces leads to the elongation

of stress fibers along the ridges and the withdrawal of

lamellipodia from the lateral edges (Fig. 8).

The transition of cell morphology depends on the

dimensions of grooves/ridges and the surface FN concen-

trations. Cellular elongation and alignment along the

direction of grooves/ridges is determined by several topo-

graphic parameters such as ridge width, groove width,

groove depth, and pattern frequency [33]. The impact of

the ridge width on cellular elongation and alignment might

be related to the organization of focal contacts and stress

fibers. Several studies have shown that the measured width

of the focal contacts is dictated by the ridge widths on the

underlying substrata [18, 28, 34]. Focal contact plaques are

proposed as elongated structures of 0.25–0.5 lm wide and

2.0–10.0 lm long [34]. When the sizes of ridges are close

to or less than the width of focal contact plaques, the for-

mation of mature focal contacts and stress fibers is retarded

[18]. A previous study also showed that stress fibers were

abundant on the cells cultured on the microscale patterns

but were rare on 70 nm wide ridges with a 400-nm pitch

[18]. We found that the actin microfilaments formed on the

surface with 90-nm ridges, which are smaller than the

widths of focal contacts, were obviously thinner than on

the flat surface and the wider patterns. We suggest that the

retardation of the formation of actin filaments on the 90-nm

ridges without FN coating renders smaller cell elongation

than on the 250-nm and 500-nm surfaces initially.

Similarly, cell alignment with the grooves/ridges is

induced by the formation of focal contacts and actin fila-

ments along the ridges. It has been proposed that the

narrow strips of substrata limit the orientation of the long

axe of focal contacts and induce their alignment, thus

influencing the local direction of cell spreading [34]. It is

previously suggested that ridge width accounts for *90%

of cellular alignment response [27]. On the patterns with

ridges of 250 nm in width and wider, approximately 70%

of keratocytes were aligned along the patterns compared to

only 45% on a substrate with 70-nm ridges after 12 h of

incubation [18]. We also found that higher percentages of

MG-63 cells were aligned on the wider ridges than on the

90-nm surface after 2 h of incubation, although the

difference was diminished after 8 h of incubation. Appar-

ently, the formation of thinner actin filaments on the 90-nm

surfaces delays cell alignment. From the observation in

these two studies, cell alignment is retarded on the ridge

dimensions less than 100 nm. Therefore, the ridge widths

determine cellular alignment.

An increase in FN adsorption enhances the total amount

of integrin–ligand bonds, and thus cell–substrate interac-

tions. The increased density of integrin-FN binding is

likely to facilitate formation of focal contacts and stress

fibers, and thus influences the time-dependent changes in

Fig. 5 Cellular alignment. A Average cell orientation: the angle

between the major axis of the fittest ellipse and the grooves. The data

in Fig. 5A are presented as mean ± standard error of the mean,

n = 57–124. aP \ 0.001, bP \ 0.01 and cP \ 0.05 compared with the

controls without FN coating at the same incubation time; *P \ 0.001,
@P \ 0.01 and #P \ 0.05 compared with the corresponding 90-nm

surfaces at the same incubation time. B The proportion of aligned

cells: when the angle between the directions of the major axis of the

fittest ellipse of a cell and of the grooves is smaller than 10�, the cell

is defined as ‘‘align’’ with the grooves. Cells did not show any

preferred orientation on flat substrates, the data for the percentage of

aligned cells on the flat surfaces are not included
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cellular morphology. The most profound impact of FN

coating found in this study is to delay cell lateral retraction

(Fig. 4c). The cell widths on the control grooved surfaces

were reduced to a minimum about 10 lm after 8 h of

incubation, while the duration for reducing cell widths to

this value is prolonged on the FN-coated grooved surfaces,

Fig. 6 The cytoskeleton development in the MG-63 cells cultured on

the flat and grooved surfaces. Actin filaments (AF) were stained by

phalloidin-TRITC (red), vinculin (VN) was immuno-stained by anti-

vinculin monoclonal antibody and FITC-conjugated anti-mouse IgG

antibody (green). The condition in each image is indicated by surface

type—FN adsorption—incubation time—image types: (a) 90 nm—

4 h—AF; (b) 90 nm—FN—4 h—AF; (c) 90 nm—FN—4 h—VN;

(d) 500 nm—FN—4 h—AF; (e) 500 nm—FN—4 h—VN; (f)
90 nm—FN—24 h—AF; (g) Flat—FN—24 h—AF. The scale bars

represent 10 lm (a, c, and f) or 20 lm (b, d, e), and the arrows

indicate the direction of grooves/ridges

Fig. 7 Morphology of cell

nuclei. a The fluorescent image

of cell nuclei on the 500 nm FN

surface and b the fluorescent

image of cell nuclei on the flat-

FN surface after 24 h of

incubation; c the average angles

between the directions of nuclei

and the grooves and d nucleus

elongation. The data present as

mean ± standard error of the

mean, n = 50–80
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depending on ridge widths. Cellular lateral retraction was

not delayed on the 500-nm FN surfaces, while cell widths

on the 90-nm FN and 250-nm FN surfaces were still much

larger than the minimal values after 8 h of incubation. The

retraction of lateral lamellipodia may depend on two

counter forces: the tension generated by the stress fibers on

the ridge (solid arrows in Fig. 8), which extends the major

axis of the cells, and the attachment force of focal contacts

to the substrates on the lateral lamellipodia (open arrows in

Fig. 8), which maintains cell width. The increased inte-

grin–FN binding might increase the formation of stable

focal contacts, and thus the cell–substrate attachment

strength. It is reported that the magnitude of the force

generated by the actin filaments are correspondent to the

size of the mature focal contacts [32]. Therefore, the force

generated on the 500-nm surface should be larger than

those on the 90-nm and 250-nm surfaces, resulting in

quicker retraction of the lateral lamellipodia on the 500-nm

substrate. On the other hand, the tension generated on the

90-nm surface may be not enough to counteract on the

increased lateral attachment forces due to FN coating.

Thus, we found that the cell width on the FN-coated 90-nm

surfaces was still higher than that on the control after 24 h

of incubation. Nevertheless, we cannot exclude the role of

grooves acting as barriers to inhibit cellular lateral

expansion. It is generally expected that the difficulty in

traversing grooves would be enhanced with increasing

groove width [27]. Therefore, the 500-nm gap is less

favorable for cellular lateral expansion than the smaller

gaps, which may partly contribute to the quick lateral

retraction on the 500-nm surface. Nevertheless, the actual

cellular mechanism for the FN-induced changes in cellular

morphology needs more investigation.

Similarly, FN coating affects cell alignment most sig-

nificantly on the 90-nm surfaces. Cell alignment was

decreased on the 90-nm surfaces by FN adsorption, while

cell alignment on the 250-nm and 500-nm substrates was

not affected by FN coating after 24 h of culture. The dis-

orientation of C3A cells on the 90-nm substrate might be

due to weak stress fibers on such small ridges. As observed

in Fig. 6b, c, although FN enhances the formation of focal

contacts and actin filaments on the 90-nm substrate, some

cells formed unaligned actin filaments, and some cells with

aligned actin filaments did not exhibit morphology com-

plying with the ridge direction. Such phenomenon was

seldom found on the 250-nm FN and the 500-nm FN sur-

faces. Similar to the reasoning in cell elongation, the force

generated by the thin actin filaments on the 90-nm surface

may be not enough to orientate cells when the cell-sub-

stratum contacts are enhanced by increased FN surface

concentration.

5 Conclusion

Understanding the surface chemical and topographic fea-

tures that influence cell adhesion and alignment is of great

importance not only for developmental biology, but also

for cell-based biomedical devices and tissue-engineered

products. This study shows that both surface topographical

and chemical cues modulate cell morphology and orien-

tation. The chemical cues merely influence the initial

Fig. 8 The schematic

presentation of the mechanism

of cellular morphologic changes

on grooved surfaces
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cell-substratum contact, while the long-term cellular mor-

phology is dictated by the surface topographic cues. Our

results might reflect the mechanism of cell arrangement in

tissue and organs. The adhesive signals, such as fibronectin

and laminin, are responsible for facilitating initial cell

attachment, while the topography of ECM woven by col-

lagen fibers decides the cell morphology.
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