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Abstract Single-cell force spectroscopy was used to

investigate the initial adhesion of L929 fibroblasts onto

periodically grooved titanium microstructures (height

*6 lm, groove width 20 lm). The position-dependent

local adhesion strength of the cells was correlated with

their rheological behavior. Spherical cells exhibited a sig-

nificantly lower Young’s modulus (\1 kPa) than that

reported for spread cells, and their elastic properties can

roughly be explained by the Hertz model for an elastic

sphere. While in contact with the planar regions of the

substrate, the cells started to adapt their shape through

slight ventral flattening. The process was found to be

independent of the applied contact force for values between

100 and 1,000 pN. The degree of flattening correlated with

the adhesion strength during the first 60 s. Adhesion

strength can be described by fast exponential kinetics

as C1 1� exp �C2 � tð Þ½ � with C1 = 2.34 ± 0.19 nN and

C2 = 0.09 ± 0.02 s-1. A significant drop in the adhesion

strength of up to 50% was found near the groove edges.

The effect can be interpreted by the geometric decrease of

the contact area, which indicates the inability of the

fibroblasts to adapt to the shape of the substrate. Our results

explain the role of the substrate’s topography in contact

guidance and suggest that rheological cell properties must

be considered in cell adhesion modeling.

Keywords Cell adhesion � Cell elasticity � Atomic force

microscopy � Hertz model

Introduction

A major task in biomaterials research is functionalization

of implant surfaces to adjust their biocompatibility for

specific applications. Besides numerous chemical modifi-

cations, topographic variations are frequently employed,

which leads to a correlation between surface structures and

the biosystem (Breme et al. 2007; Lange et al. 2007). As a

prominent example, artificial hip joints and dental implants

are frequently provided with stochastic surface roughness

to improve osseointegration (Boyan et al. 2001). Beyond

stochastic roughness modifications, well-defined micro-

structures can induce contact guidance and result in

directed cell migration and alignment of cells along the

topography (Weiss 1958; Brunette 1986; Clark et al. 1987,

1990; Lange et al. 2010). Based on this discovery, surface

designs with regular microstructures such as specially

contoured grooves have been proposed for a number of

clinical applications, e.g., for dental implants to prevent

epithelial downgrowth (Rompen and Domken 2006).

However, the relationship between the surface properties

and the reaction of a biological system is very complex,

and modifications are still based mainly on trial and error.

Therefore, a more detailed understanding of the mechanism

of how biological cells interact with surface topography is

in great demand.

One of the first events observed when a foreign material

comes into contact with a living body is adsorption of
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molecules of the extracellular matrix (ECM), which forms

a complex meshwork of proteoglycans, collagens, and

other glycoproteins such as fibronectin and laminins

(Bosman and Stamenkovic 2003). Besides unspecific

interactions, the subsequent cell adhesion is mediated by

specific (so-called lock-and-key) interactions between

receptors of the cell and molecules of the ECM, and

adhesion involves a number of cell adhesion molecules

(CAMs) such as cadherins, selectins, and a/b-heterodi-

meric integrins (Schwartz and Ginsberg 2002; Hynes 1992;

Kemmler 1992). With time, the latter often form highly

organized structures such as fibrillar adhesions, focal

complexes, and focal adhesions (Geiger et al. 2001). The

formation of specific bonds is frequently described by a

steady-state approach with an equilibrium determined by

balancing the forward and reverse reactions (Bell 1978,

1981; Zhu 2000; Evans and Ritchie 1997; Dembo et al.

1988). A simple formulation for the average number of

active bonds can be derived from Poisson statistics if the

number of bonds is much smaller than the number of

receptors and corresponding ligands. The expression can

be written as (Chesla et al. 1998)

nh i ¼ Acnrnl

kf

kr

1� exp �krtð Þ½ �; ð1Þ

where ‹n› is the average number of active bonds, Ac is the

contact area, nr and nl are the surface densities of recep-

tors and ligands, and kf and kr are the rate constants for the

forward and reverse reactions, respectively. More detailed

descriptions also take the rheological properties of the

cell into account, which can substantially influence cell

adhesion by determining the capability of the cell to adapt

its contact area to the substrate; for example, a compu-

tational multiscale approach was introduced by combining

the steady-state models of CAMs with the elastic and

geometric properties of the cell (N’Dri et al. 2003).

However, the description of the initial cell adhesion on

topographically microstructured substrates is more com-

plex, and more details have to be considered; for instance,

the contact area will depend on the topography, the cell

size, and the exact location of the cell. Moreover, geo-

metric and electrostatic effects near the edges of a topo-

graphic structure have been shown to locally affect the

adsorption of ECM molecules and result in a location-

dependent ligand density (Roach et al. 2006; Galli et al.

2002; Elter et al. 2010; Chen et al. 2007; Song and Chen

2007). Consequently, a detailed understanding of the

influence of topography on biological cells must deal with

the important question of whether the cells are primarily

influenced by selective adhesion or by mechanical/rheo-

logical limitations. To elucidate this, an individual

examination of the cells in their local environment is

useful, and the results for cells with different sizes or

positions would ideally not be mixed in surface-integral

parameters.

In this study, the co-action of contact area adaptation

and specific bond formation has been investigated during

the initial adhesion of L929 fibroblasts on titanium

microstructures. A suitable method to observe both

parameters simultaneously is atomic force microscopy

(AFM)-based single-cell force spectroscopy (SCFS). In a

SCFS experiment, a living cell is attached to a function-

alized AFM cantilever and brought into contact with a

substrate (Benoit et al. 2000; Zhang et al. 2002; Benoit and

Gaub 2002; Taubenberger et al. 2007; Helenius et al.

2008). After a defined contact time, the cell is retracted

from the surface and the adhesion forces are derived from

the vertical cantilever deflection. Employing the lateral

displacement capabilities of the AFM, the local adhesion of

a single cell can be compared at different positions on the

substrate. L929 mouse fibroblasts are widely used for

biocompatibility tests and well known for their reproduc-

ible growth rates and biological responses (ISO 1992; ISO

1997). A number of papers have shown that fibroblasts

are strongly influenced by contact guidance on grooved

microstructures with dimensions of micrometers in height

and tens of micrometers in width (Scheideler et al. 2003;

Brunette 1986). Hence, this combination represents an

interesting model system for detailed analysis by SCFS.

Here we have used SCFS to map the initial cell adhesion on

a grooved titanium microstructure and to correlate the

results with the formation of specific bonds and the rheo-

logical properties of the cell.

Materials and methods

Substrate preparation and characterization

Silicon wafer pieces (1 9 1 cm2) with thickness of 500 lm

were microstructured using deep reactive-ion etching

(Center for Microtechnologies ZFM, Chemnitz, Germany).

A periodically grooved topography (Fig. 1a) with plateau

and groove width of 20 lm and step height of *6 lm was

fabricated on the chip and sputter-coated with 50 nm tita-

nium to provide a uniform, biocompatible (Bogner et al.

2006) surface chemistry. The dimensions of the topography

were selected such that the cells and the surface structures

were of similar size and were in the range where contact

guidance has been observed in a number of other studies

(Scheideler et al. 2003; Brunette 1986). Moreover, the

length of a full topographical period perpendicular to

the grooves did not exceed the lateral scanning limits of the

AFM (100 9 100 lm2), and only the cell (and not the

cantilever) came into contact with the substrate. Each

sample had a small planar area in one corner for reference
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measurements. Overview images of the samples were made

using field-emission scanning electron microscopy (Supra

25; Zeiss, Germany), and cross-sectional profiles were

recorded by AFM (see below) in intermittent contact mode

using NCH cantilevers (doped silicon, 42 N/m spring

constant; NanoWorld, Neuchâtel, Switzerland).

Cell culture

Murine L929 fibroblasts (cat. no. CCL-1; ATCC, Rock-

ville, MD, USA) were grown in Dulbecco’s modified

Eagle’s medium (DMEM; Biochrom, Berlin, Germany)

supplemented with 10% horse serum (Biochrom), L-gluta-

mine, 100 IU/ml penicillin, and 100 lg/ml streptomycin

(Biochrom) in a humidified 5% CO2 atmosphere at 37�C

and were passaged every third day. Before the SCFS

experiments, cells were transferred to serum-free, CO2-

independent medium [DMEM containing 20 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)]

and were detached after a period of 60 min by incubation

with Accutase (PAA, Pasching, Germany). SCFS mea-

surements were performed at 37�C in serum-free CO2-

independent medium after dilution of the cells to a low

concentration of *100 cells/ml.

SCFS experiments

SCFS experiments were carried out using a Nanowizard II

AFM (JPK Instruments, Berlin, Germany) mounted on top

of an Axiovert 200 inverted microscope (Zeiss, Jena,

Germany). The device is equipped with a special SCFS

stage (CellHesion, JPK Instruments) to provide an exten-

ded z-range of 100 lm and a mini-incubator for measure-

ments at 37�C in a closed volume (PetriDishHeater, JPK

Instruments; TPP 93040 Petri dishes). The structured sub-

strate chips were sonicated in acetone, isopropyl alcohol,

70% ethanol, and distilled water and immersed overnight in

serum-containing cell medium (see above) to produce an

adsorbed ECM on the surface (Kothari et al. 1995; Kurrat

et al. 1998), which is comparable to common in vitro cell

cultivation experiments in serum-containing medium. At

the beginning of the SCFS experiments, the chips were

transferred to the cell chamber while taking care that the

surface of the chip always remained wet. A fresh tipless

AFM cantilever (Arrow-TL1, doped silicon, 0.03 N/m

spring constant; NanoWorld, Neuchâtel, Switzerland) was

cleaned in 70% ethanol and distilled water and function-

alized with 25 lg/ml bovine fibronectin (Sigma–Aldrich,

Munich, Germany) in phosphate buffered saline (PBS:

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

1.76 mM KH2PO4; pH 7.4) for 25 min. To convert the

vertical deflection of the cantilever into units of force, the

sensitivity of the optical lever and the spring constant were

calibrated in situ. The optical lever was determined by

fitting the slope of a force–distance curve obtained on the

bottom of the Petri dish, and the spring constant was cal-

ibrated using the thermal noise method (Hutter and Bech-

hoefer 1993). Due to the lower noise, the second resonance

peak was used with a correction factor of 0.251 (Butt and

Jaschke 1995). All spring constants were found to be

within the manufacturer’s specifications. The cell was

captured by pressing the cantilever at constant force of

500 pN onto a round, suspended fibroblast. After 5 s, the

cantilever with the attached cell was lifted from the sur-

face, followed by a waiting period of 30 min to ensure firm

adhesion. In all of the experiments in this study, the cell

was approached and retracted at constant speed of 5 lm/s

using the maximal pulling range (100 lm), and the system

was operated in constant force mode during the contact

with the substrate. Cantilever drift was compensated auto-

matically by adjustment of the baseline in the force–dis-

tance curve before each scan, which ensured a constant

Fig. 1 Illustration of the experiment. a Schematic setup: the adhesion

strength is mapped for different positions perpendicular to the grooves

on the microstructure. b Force–distance curve of an L929 fibroblast

on a planar titanium substrate (10 s contact time, 500 pN contact

force, 5 lm/s retraction speed). Sections (1)–(3) correspond to the

approach of the cell to the substrate, while sections (4)–(7) correspond

to the retraction. (1) Baseline of the free cell, (2) contact point, (3)

height at the contact force, (4) reduced height after the contact period,

(5) maximal adhesion strength, (6) rupture events of receptors/tethers,

(7) baseline of the free cell. Inset phase-contrast image of an L929

fibroblast attached to a tipless Arrow TL-1 cantilever
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contact force even after a large number of scans. After each

SCFS scan, a recovery time of 60 s was allowed, and each

location on the substrate was measured only once to pre-

vent the local ECM from being altered by a previous

adhesion process. The radius of each spherical fibroblast

was obtained from the optical microscopy image.

Interpreting the results of SCFS experiments

A SCFS cycle consisted of three sections, which were

repeated periodically: the approach of the cell to the sub-

strate, the contact with the substrate for a defined time, and

the retraction of the cell while a characteristic adhesion

signature was measured. An example of the resulting

force–distance curve is illustrated in Fig. 1b. Region (1)

corresponds to the approach of the cell, which came into

contact with the substrate at the contact point (2). Beyond

this point, a further reduction of the substrate–tip distance

caused an increase in the measured force, which was

determined by the elastic compression of the cell and the

bending of the cantilever. When a user-defined contact

force (3) of a few hundred piconewtons was reached, the

system remained in closed-loop mode for a preselected

contact time, in either the constant force or the constant

height mode. Subsequently, the cantilever with the cell was

retracted, which resulted in an inversion of the force acting

on the cell (4)–(5). An important parameter is the maximal

strength of the cell–substrate binding, which is given by the

minimum of the force–distance curve (5). With increasing

distance, the detachment of individual cell receptors and

tethers became visible by a step signature in the force–

distance curve (5)–(7). In contrast to single-molecule force

spectroscopy, a variety of receptors may be simultaneously

involved in adhesion, and the related forces may result

from different mechanisms; for example, rupture events

with sawtooth shape at low distances are frequently

assigned to mechanically stressed and ruptured receptors,

which are anchored to the cell cortex. In contrast, rupture

events preceded by a long plateau (up to 100 lm) are

believed to originate from purely membrane-bound recep-

tors at the tip of a nanotube, which is pulled out of the cell

membrane (see Müller et al. 2009 for more detailed

information about SCFS signatures). After a recovery time,

the sequence (1)-(7) was repeated.

Rheological properties

The rheological cell properties were studied in detail using

a single spherical fibroblast and were compared with the

elastic behavior resulting from many cells. The vertical

compression (distance between the contact point and the

z-height at the desired contact force), the height decrease

during contact (viscoelastic relaxation and beginning of

cell spreading), and the associated adhesion strength of a

round L929 fibroblast were observed for different contact

forces in the planar region of the substrate. A total number

of 40 SCFS scans (10 scans each at 100, 300, 500, and

1,000 pN) were made with a constant contact time of 20 s

using a single cell. The contact point was determined

manually by visually analyzing each force–distance curve

(instead of extracting it from the indentation slope) to

obtain model-independent values for the vertical com-

pression. The vertical compression was corrected for can-

tilever bending (Lin et al. 2007) and compared with the

Hertz model for an elastic sphere (Hertz 1881). Once the

data matched the model, the Young’s modulus was cal-

culated by assuming a Poisson ratio of 0.5 (Wu et al. 1998)

and equal compressions of the cell on the cantilever and

substrate sides. Inversely, the contact force was left con-

stant at 500 pN and the contact time was varied over a total

number of 70 SCFS scans (10 scans each at 1, 2, 5, 10, 20,

30, and 60 s) using a single cell. The distribution of the

Young’s moduli for L929 fibroblasts was determined by

fitting the approach/extension curves of 497 scans from 24

cells. The distribution of the cell radii was determined

from 80 spherical cells using optical light microscopy.

After each series of SCFS cycles, the spreading state of the

cantilever-attached fibroblasts was analyzed using optical

light microscopy [Fig. S1 in the Electronic Supplementary

Material (ESM)], and the data were only used if the cells

were still in the round state and no changes in cell shape

were detected.

Influence of topography

The initial cell adhesion was investigated at different

positions on the grooved titanium surface. At the beginning

of the experiments, the scanning angle was adjusted to the

orientation of the substrate. The cantilever was moved

above the edge of the chip using the outline function of the

AFM software, and the scanning angle was adjusted in

1� steps until the edge and movement were congruent.

Because the grooves of the surface structure were aligned

perpendicularly to the edge of the substrate, the measuring

points could be oriented perpendicular to the topographic

structure. A low contact force of only 250 pN and a

moderate contact time of 10 s were used to ensure that the

cell was not damaged by the edges of the microstructure

and remained viable even after a high number of SCFS

cycles. At different locations on the substrate (Fig. 1a), 10

perpendicular lines of points were measured with 32

equally spaced positions per line over a line length of

50 lm. The exact position of each data point was deter-

mined by analyzing the measured topography for each line.

The positions were chosen based on the z-positions at the

end of the approach curve where the contact force was
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reached and represent the convolution of the surface

structure with the shape of the cell. The maximal adhesion

strength, the number of unbinding events (i.e., the number

of rupture steps in the force–distance curve), and the step

height distribution of the individual rupture events were

evaluated using the JPK data processing software. The

adhesion strength and the associated (zeroth-order leveled)

height of each line were arranged into 25 different bins

depending on their topographical location perpendicular to

the grooved microstructure. Each bin had a width of

1.56 lm (50 lm divided by 32 points), which corresponds

to the distance between the measured points. Hence, a full

period was analyzed. The measured line length (50 lm)

was slightly longer than a full topographic period (40 lm),

which allowed more detailed supervision of the cell during

the measurements; for example, possible alterations in cell

shape (e.g., cell spreading) or position (e.g., cell migration

on the cantilever) on the cantilever could be detected

simply from the changes in the measured height profile.

Data were only used if none of these confounding effects

were observed during the measurement time. Moreover,

the cell was monitored after the experiments by using

optical light microscopy. The cells always detached from

the substrate and not from the cantilever, showing firm

adhesion at the same spot on the cantilever after the

experiments. Time-dependent alterations in the adhesion

behavior of the fibroblasts were detected by comparing the

average adhesion strengths of the plateau points for dif-

ferent scan lines. The fibroblasts usually exhibited a slight

decrease in their average adhesion strength during the first

few SCFS cycles, followed by a constant adhesion

behavior for the remaining measurement time (see Fig. S2

in the ESM for a detailed discussion). It was assumed that

this effect was due to the formation of a balance between

worn and regenerated receptors of the cell and did not

provide relevant position-dependent contributions to the

results.

Simple geometric considerations

As an aid to interpreting the results, the substrate topog-

raphy of a scan with a hard sphere with the same radius as

the cell was calculated using a simple numerical algorithm.

The sphere was triangulated with 1002 surface elements,

and the contact point was calculated for each lateral posi-

tion by shifting the sphere towards the substrate until one

of the elements overlapped with part of the microstructured

surface (see Fig. S6 in the ESM for a graphical represen-

tation). Moreover, the local contact area between a flat-

tened sphere and the grooved microstructure was

estimated. The substrate was discretized using cubic finite

elements with edge length of 0.05 lm. The areas of the

boundary elements that overlapped with the sphere after an

additional vertical shift beyond the contact point were

summed (see Fig. S7 in the ESM for a graphical repre-

sentation). In this estimation, infinite stiffness of the sub-

strate was assumed, and the lateral contraction of the cell

was neglected. The value for the additional vertical shift

was obtained from the measured compression of the cell.

Results and discussion

Substrate characterization

Figure 2 shows scanning electron micrographs of the mi-

crostructured substrate and the profile measured by AFM.

The titanium-coated structure exhibits a well-defined

periodic geometry consisting of parallel grooves with ditch

and plateau width of 20.2 ± 0.3 lm and step height of

6.3 ± 0.4 lm. A stochastic nanoroughness Ra of 25.2 ±

4.2 nm (10 9 10 lm2 scan area, planar region) was

superimposed on the regular microstructure due to the

titanium coating process and slight irregularities from the

dry etching procedure. The influence of the nanoroughness

on cell adhesion was assumed to be constant and position

independent in this study.

Rheological properties

In the initial experiments, the rheological behavior of the

fibroblasts was characterized in the planar regions of

the titanium-coated substrate using SCFS. To this end, the

vertical compression (the distance between the contact

point and the measured height at the desired contact force

in the approach curve corrected for cantilever deflection)

was analyzed for different contact forces. Figure 3a pre-

sents the results for a round, cantilever-attached fibroblast

with radius of 9.2 lm. The data point at 0 N was obtained

by assuming that zero force will result in zero compression.

With increasing contact force, the vertical compression

shows a nonlinear increase, which can be explained by the

Hertz model (Hertz 1881) prediction of a 2/3-power

behavior for the elastic compression of a sphere between

two planes. The relationship between the compression a of

a hemisphere and the contact force F is given by

a ¼ 3

4

� �2=3

F2=3 1� v2

E

� �2=3
1

R

� �1=3

ð2Þ

where R is the radius of the cell, E is its Young’s modulus,

and v is the Poisson ratio. We must note that the Hertz

model is related to elastic materials, whereas cells are

viscoelastic. The agreement of the data with the 2/3-power

behavior of the Hertz model indicates that the initial

compression phase of an SCFS cycle is primarily governed
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by elastic effects. This finding is understandable consid-

ering the high compression rate of 5 lm/s. Clearly, the

resulting compression time was too short for significant

viscoelastic relaxation of the cell. Neglecting the visco-

elastic relaxation during compression and assuming both a

Poisson ratio of 0.5 (Wu et al. 1998) and equal compres-

sion of the cellular hemispheres on the cantilever and

substrate sides, the Young’s modulus can be estimated by

an error-weighted linear regression of a3/2 versus F. The

resulting value of 267 ± 89 Pa is significantly lower than

the data obtained for the center of spread fibroblasts (Wu

et al. 1998) but is consistent with other reports on round

cells (Bacabac et al. 2008; Rosenbluth et al. 2006; Guilak

et al. 1999); for example, an elastic constant between 200

and 263 Pa was found for partially adherent round MLO-

Y4 osteocytes, which increased to 4.3 kPa during the

spreading process (Bacabac et al. 2008). The distribution

of the Young’s moduli and the cell radii for multiple cells

is displayed in Figs. 3b and c, respectively. Almost all of

the round cells were found to have Young’s modulus below

1 kPa. Nevertheless, their elastic properties and radii dif-

fered considerably from cell to cell.

Cell elasticity and cell dimensions will influence the

contact area and hence the number of receptors partici-

pating in adhesion to the substrate. According to the Hertz

model, the contact area between a round elastic cell and a

planar substrate is proportional to the cell’s vertical com-

pression (Puttock and Thwaite 1969). However, in our

SCFS experiments we usually observed a further reduction

of the tip–substrate distance during the subsequent contact

period at constant force. Besides very slight contributions

of cantilever drift (for silicon cantilevers), this height

decrease must be ascribed to flattening of the cell by vis-

coelastic relaxation and an initial cell spreading phase. Cell

flattening leads to a further time-dependent increase of the

contact area (see Figs. S3 and S4 in the ESM for a corre-

lation with light microscopy images). Figure 3d shows the

height decrease of an L929 fibroblast during a constant

contact period of 20 s for different contact forces (i.e.,

alterations in cell height subsequent to the initial com-

pression phase). No significant differences were found for

forces up to 1,000 pN. Hence, the height decrease appears

to be independent of the contact force for the measured

interval and outweighs the previous (force-dependent)

compression for low contact forces. The maximal adhesion

strength (Fig. 3e, 20 s contact time) rose significantly with

increasing contact force. Because cell flattening during the

contact period was independent of the force, this effect was

obviously caused by the larger contact area that was

induced in the initial compression stage.

In a different set of experiments, the contact force was

left constant (500 pN) and the contact time was varied

between 1 and 60 s. In these experiments, the initial ver-

tical compression was constant, and the total height

decreased with increasing contact time. In Fig. 4a, the

adhesion strength (left scale) of an L929 fibroblast is

compared with the height decrease (right scale) for dif-

ferent contact times. The adhesion strength displays a

nonlinear increase and can be described during the first

60 s by an exponential convergence as C1 1� exp½
�C2 � tð Þ�; where t is the time, C1 is a fit parameter defining

the plateau height (2.34 ± 0.19 nN), and C2 is a time

Fig. 2 Characterization of the substrate structure. a SEM image at

1009 magnification (100 lm scale bar). b SEM image at 1,0009

magnification (10 lm scale bar). c Profile scanned with AFM (filled
squares trace, open circles retrace)
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constant that determines the slope of the curve

(0.09 ± 0.02 s-1). Interestingly, the total height decrease

of the cell exhibits almost the same characteristics (except

for a constant offset) and correlates linearly with the

adhesion strength (Fig. 4b, R2 = 0.94). A height decrease

during the contact period results from a change in cell

shape (see also Fig. S4 in the ESM). Consequently, the

adaptation of the cell shape and the development of bonds

are correlated during the first 60 s. However, note that cell

adhesion forces frequently grow in a sigmoidal pattern and

will increase further with contact times significantly longer

than 60 s.

Influence of topography

The influence of the topography on the initial fibroblast

adhesion parameters was studied by comparing the SCFS

results at different positions on the microstructured tita-

nium surface. Figure 5 shows the schematic profile of the

substrate (a), the measured topography (b), the measured

adhesion strength (c), and the calculated contact area (d) at

different positions perpendicular to the groove. The pre-

sented data were obtained from a spherical cell with radius

of 7.5 lm using a low contact force of only 250 pN and a

10 s contact time (see ‘‘Materials and methods’’ for

details). The topography (Fig. 5b) resulting from the

measured height at the contact force of 250 pN is deter-

mined by the convolution of the microstructure with the

shape of the cell. Accordingly, the groove in the center of

the graph and the plateau appear narrowed and broadened,

respectively, depending on the size of the cell. The solid

line illustrates the calculated profile for a hard sphere with

the same radius as the cell. The comparison between the

calculated and the measured profiles suggests that the cell

remains spheroidal despite the applied contact force. The

cell exhibited only slight shape deviations near the groove

flanks, where the contact area is small; hence, the local

pressure was increased.

The adhesion strength (Fig. 5c, hatched bars) shows no

differences between the planar regions of the plateau and

the valley, but it significantly decreases near the groove

flanks of the substrate (P \ 0.05 for unpaired t test, normal

distribution confirmed by Shapiro–Wilk test). A drop of the

adhesion strength occurred according to the uncertainty of

the measurements at these positions, where the computer

simulations predicted a small contact area for a vertically

flattened sphere (Fig. 5d, solid line). The position-depen-

dent contact area decreases near the flanks of the groove

after crossing the edge of the plateau until the cell comes

into contact with the base of the groove. The agreement of

the predicted positions with the decrease in the measured

data indicates that the results can be interpreted by geo-

metric/elastic effects in which the cell is less able to adapt

its shape to the edge of the plateau. To establish equal

contact areas at these positions, the cell deformation must

be increased. Because cell deformation was found to be a

time-dependent process, the contact area that develops

after the same time is smaller and leads to a smaller total

adhesion strength. The black bars in Fig. 5c denote the

average number of unbinding events (sawtooth shape and

Fig. 3 Rheological properties

of L929 fibroblasts on a

titanium substrate. a Vertical

compression [mean ± standard

deviation (SD)] for a round

L929 fibroblast with radius of

9.2 lm. The line indicates the

vertical compression according

to the Hertz model for an elastic

sphere (Eq. 2 with E = 267 Pa,

v = 0.5, and R = 9.2 lm).

b Distribution of the Young’s

moduli (rel. counts ± Poisson

error) for 24 cantilever-attached

cells. c Distribution of the cell

radii for 80 cells (rel.

counts ± Poisson error).

d Height decrease of the cell

(mean ± SD, cell radius

9.2 lm) during the contact

period for different contact

forces. e Maximal adhesion

strength (mean ± SD) for

different contact forces. The

results in (a), (d), and

(e) originate from the same cell
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tethers) in the force–distance curves, which also decreases

near the flanks. The results point out that the reduced

contact area is directly related to a decrease in the number

of unbinding events. Nevertheless, the computer simula-

tions predicted a decrease of the contact area by *79%,

whereas an adhesion drop of only *50% was observed.

This difference can be explained by the increased local

pressure near the flanks (see above), which leads to higher

compression and counteracts the observed decrease of the

adhesion strength.

Geometric and electrostatic effects near the edges of a

topographic structure may locally affect the adsorption of

proteins and result in a location-dependent ligand density

(Elter et al. 2010). Therefore, altered protein adsorption

properties would have affected the adhesion strength only

when parts of the cell came into contact with the edges,

which should already be the case for the outer regions in

Fig. 5c (vertical arrows). However, in these regions neither

significant positive nor negative influences on cell adhesion

were found.

Flattening of the cell near the edge will allow the

establishment of a contact area with the side-walls of the

groove (Fig. 5d, dotted line). The breaking of specific

bonds in the horizontal or vertical directions may provide

different contributions to the total adhesion. Therefore, the

individual force–distance curves were analyzed for possi-

ble contributions from the side-walls. Figure 6 shows the

force–distance curves for a position on top of a plateau

with maximal horizontal contact area and for a position

near the groove flanks with maximal vertical contact area.

Both curves exhibit an initial peak in the retraction curve,

Fig. 4 a Kinetics of initial cell adhesion of an L929 fibroblast on a

planar titanium substrate (contact force 500 pN, 5 lm/s retraction

speed, cell radius 7 lm). Filled squares represent the maximal

adhesion strength (left ordinate, mean ± SD), and open circles
denote the height decrease of the cell during the contact period (right
ordinate, mean ± SD). b Correlation between the average height

decrease and the average adhesion strength (mean ± SD)

Fig. 5 Influence of topography on initial cell adhesion. a Schematic

profile of the grooved substrate. b Measured profile (mean ± SD)

with a cell attached to the cantilever. The solid line represents a

computer simulation for the profile of a hard sphere. c The hatched
bars show the local cell adhesion (mean ± SD) of an L929 fibroblast

with radius of 7.5 lm. The small black bars represent the average

number of unbinding events in the force–distance curves. The contact

time was 10 s, the contact force was 250 pN, and the retraction speed

was 5 lm/s. The vertical arrows denote the position where parts of

the contact area came into contact with the edge of the plateau.

d Estimated contact area of the cell (radius 7.5 lm) from computer

simulations for a vertically flattened sphere. The solid line represents

the total contact area, and the dashed line is the horizontal part and

the dotted line is the vertical part of the contact area

324 Eur Biophys J (2011) 40:317–327

123



which obviously resulted from nonspecific interactions

between the cell and the substrate, as well as a rupture of

the specific bonds connected to the horizontal contact area.

However, a subsequent plateau with sawtooth shape was

frequently observed, which was significantly extended for

the positions with the maximal vertical contact area and

exhibited a length which roughly corresponds to the groove

depth (Fig. 6b). The results can be interpreted in two ways.

First, the cell was still in contact with the side-walls for the

first 1.2 s of the retraction period (5 lm/s retraction speed

and 6 lm groove depth). Hence, new bonds could be

formed during retraction, leading to the sawtooth shape of

the curve, which was determined by additional increases of

the cell–substrate interaction and the subsequent breakage

of the bonds. Second, cell membranes are frequently con-

sidered to be a continuous fluid in which membrane pro-

teins are free to move by diffusion (Zagyansky and Edidin

1976; Swaisgood and Schindler 1989; Hirata et al. 2005;

Singer and Nicolson 1972) as long as no focal contacts are

formed (Duband et al. 1988). When the cell was retracted

in the vertical direction, the bonds to the horizontal pla-

teaus of the substrate would be loaded almost simulta-

neously, whereas the receptors attached to the side-walls

would be exposed to a smaller force because the lipids of

the cell membrane might be able to slide around them.

Hence, their full contribution to the measured adhesion

strength was observed only when the respective receptors

reached the leading edge of the cell: each time a receptor

reached the leading edge, the cell–substrate interaction

increased, followed by the subsequent rupture of the bond;

this process results in the observed sawtooth structure.

Figure 6c displays the local adhesion energy (area under

the force–distance curve) for different positions on the

grooved microstructure. The data originate from the same

cell used in Fig. 5. In contrast to the maximal adhesion

force, the adhesion energy is also sensitive to the tip–

sample separation distance of the individual unbinding

events. For positions near the groove flanks (Figure 6c,

arrows) the adhesion energy decreases less than the adhe-

sion force (Fig. 5c), which leads to a significantly broad-

ened peak in the center of the diagram. The smaller

decrease of the adhesion energy indicates a shift of some of

the unbinding events to greater distances for these posi-

tions. The results support our interpretation that some

unbinding events occur at greater tip–sample separations

due to the contact with the side-walls and do not contribute

with their full magnitude to the maximal adhesion force.

Nevertheless, a missing contribution of the side-walls to

the measured maximal adhesion strength cannot be the

only reason for its decrease near the flanks, because the

total number of unbinding events decreased near the flanks

(Fig. 5c, black bars) and the contact area to the side-walls

is too small to explain the full effect (only *20% vertical

contact area versus *50% decrease of adhesion, see

Fig. 5c and d). Hence, the total contact area must decrease

due to the limited elasticity of the cell.

Fig. 6 Force–distance curves of an L929 fibroblast at different

positions on the microstructured substrate. The data originate from the

same cell used in Fig. 5. The contact time was 10 s, the contact force

was 250 pN, and the retraction speed was 5 lm/s. a Curve measured

on top with primarily horizontal contact area. b Curve measured near

the flanks with maximal vertical contact area. A long plateau with

sawtooth shape was frequently observed for this position. Inset
Magnification of the plateau. c Local adhesion energy (area under the

force–distance curve) for different positions on the grooved micro-

structure. The groove is located in the center of the diagram (see

Fig. 5b for the profile). The hatched bars show the local adhesion

energy (mean ± SD, left scale); the solid line represents the

calculated local contact area (right scale). The arrows denote the

positions near the groove flanks where a high adhesion energy but a

low adhesion force was found
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Conclusions

In this study, the initial adhesion of L929 fibroblasts on

periodically grooved titanium microstructures was investi-

gated. SCFS allowed us, for the first time, to directly com-

pare the local adhesion strength of the same cell at different

positions on a topographical microstructure. It was shown

that initial cell adhesion is governed by two processes: spe-

cific bond development, and contact area enlargement by cell

flattening. The latter is influenced by the rheological prop-

erties of the cell, is independent of the contact force for

values up to 1,000 pN, and determines the number of

receptors participating in adhesion. The results of this study

prove that these two processes are correlated for L929

fibroblasts, which confirms the importance of including the

rheological properties in cell adhesion models. On the peri-

odically grooved microstructure, the local cell adhesion

strength significantly decreased near the groove flanks as

soon as the edge of the plateau was crossed. This effect may

be explained by a decrease of the contact area due to the

limited elasticity of the cell. Our study suggests that it is more

favorable for the fibroblasts to adapt their contact area to the

planar regions of the substrate than around the sharp edge of

the microstructure. No indirect influence of the edges on cell

adhesion by a local impact on protein adsorption was

detected. Consequently, to tailor functional microstructures

on implant surfaces, the mechanical properties of the cells

must be considered in relation with their local deformation.

However, we only addressed initial cell adhesion. For longer

contact times, the development of focal adhesion complexes,

the formation of protrusions, and cell migration may have a

considerable impact on cell behavior. Furthermore, the

topography that a cell senses is the convolution of the sub-

strate’s structure with its own shape. Accordingly, averaging

the results from multiple cells with different radii and dif-

ferent elastic properties may disturb the detection of posi-

tion-dependent effects. Consequently, the resolution for such

experiments will always be limited.
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