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Abstract It was hypothesized that human mesenchymal

stromal cell (hMSC) can be guided by patterned and plain

amorphous diamond (AD), titanium (Ti), tantalum (Ta) and

chromium (Cr) coatings, produced on silicon wafer using

physical vapour deposition and photolithography. At 7.5 h

hMSCs density was 3.0–3.59 higher (P \ 0.0003, except

Ti) and cells were smaller (68 vs. 102 lm, P 0.000006–0.02)

on patterns than on silicon background. HMSC-covered

surface of the background silicon was lower on Ti than AD

patterns (P = 0.015), but at 5 days this had reversed

(P = 0.006). At 7.5 h focal vinculin adhesions and actin

cytoskeleton were outgoing from pattern edges so cells

assumed geometric square shapes. Patterns allowed induced

osteogenesis, but less effectively than plain surfaces, except

for AD, which could be used to avoid osseointegration. All

these biomaterial patterns exert direct early, intermediate and

late guidance on hMSCs and osteogenic differentiation, but

indirect interactions exist with cells on silicon background.

1 Introduction

The effect of the surface texture produced by various

etching and laser micromachining techniques has been

mostly studied in the micrometer and sub-micrometer scale

[1–3]. Surface texture has been employed in attempts to

control cellular adhesion, proliferation, differentiation and

contact guidance of cells [4, 5]. Recently much attention has

been paid to human mesenchymal stromal cells (hMSC) due

to their role in tissue repair and their potential in regener-

ative medicine and tissue engineering applications. They

are able to undergo asymmetric cell divisions to maintain

themselves and to provide progenitors to several differen-

tiated mesenchymal cells [6]. In tissue engineering appli-

cations such cells are grown on biomaterial scaffold, which

provides structural support and substrate for cellular adhe-

sion. Therefore, knowledge on cell–biomaterial interactions

has become increasingly important. In this study effects of

metals (commonly used as such or as alloys in implants and

scaffolds) on the hMSCs were studied and compared to in

house produced amorphous diamond (AD), which has been

developed for potential use as implant coating [7, 8].
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Stiehler et al. has earlier reported results on the effect of

tantalum (Ta), titanium (Ti), and chromium (Cr) coatings on

cells using plain surfaces [9]. This was a solid base in the

present work extended by producing 75 lm 9 75 lm

square patterns of these metals using physical vapour

deposition combined with photolithography. In addition,

these metals were compared to similarly patterned AD.

Apart from tissue engineering applications, cell–biomate-

rial interactions assume importance due to the biomaterial–

cell contacts, which develop upon implantation of any

prosthesis, stent, shunt or other implant. It is envisioned that

in the future the use of intelligent implants, like bio micro-

electro-mechanical-systems (bio-MEMS implants), which

are typically produced on silicon background, will increase.

Therefore, silicon was used as the background material for

the patterned and plain material surfaces analyzed in this

study. From another point of view, hMSCs can be regarded

as sensitive and versatile cellular sensors, which can be used

to explore the biocompatibility of biomaterials. Cellular

adhesion, spreading and differentiation act then as indica-

tors of the quality of the cell–biomaterial interactions and

provide information on eventual differences between dif-

ferent textured and plain materials. Previous studies of

hMSCs on micropatterned surfaces have focused on poly-

mers or functionalized patterns [10–17] and nanotopogra-

phy of Ti on hMSCs [18]. This is the first study focusing on

the morphology, adhesion, spreading and osteogenic dif-

ferentiation of hMSC on well-characterized, micro-pat-

terned metallic (Ti, Ta, Cr) and ceramic (AD) coatings on

silicon background. It was hypothesized that micro-pat-

terned materials differently guide hMSC behaviour.

2 Materials and methods

2.1 Sample fabrication

Silicon wafers (p-type, 200, h100i, Si-Mat, Landsberg am

Lech, Germany) were used as substrate material. Ti, Ta and

Cr depositions were carried out by magnetron sputtering

technique and AD depositions by filtered pulsed plasma arc

discharge method [7, 8]. Samples were photo-lithographi-

cally patterned via a lift-off process. The size of each

sample was 10 mm 9 10 mm in which the micropatterned

area was 8 mm 9 8 mm. Patterns consisted of 75 lm

squares with 100 lm spacing between squares in two

orthogonal directions. Thus, the pattern/background surface

area ratio is about 0.18 in the patterned (8 mm 9 8 mm)

region. Patterns were designed by CleWin layout software

(Wieweb Software, Hengelo, The Netherlands). Chrome-

plated soda lime glass photomasks were supplied by Mik-

cell Ltd. (Ii, Finland). Samples without patterning were

fabricated for osteogenic differentiation.

Silicon wafers were dry-baked and coated with 20%

hexamethyldisilazane (Riedel-de Haen Laborchemikalien,

Seelze, Germany) in xylene to remove moisture and to

improve the adhesion between photoresist and silicon. A

negative photoresist (ma-N 1420, Microresist Technology

GmbH, Berlin, Germany) was spun at 5000 rpm for 30 s

and pre-baked on a hot plate for 2 min at 100�C. The

exposure was carried out by Karl Suss MA45 exposure tool

(Suss Microtec Inc., Waterbury Center, VT, USA) through

the photomask for 14 s at 365 nm. Unexposed ma-N 1420

was removed by developing 1.5 min in ma-D 533s devel-

oper (Microresist Technology GmbH). Samples were

rinsed in deionized water to remove organic residues.

Magnetron sputtering (Stiletto Serie ST20, AJA Interna-

tional Inc., North Scituate, MA, USA) in argon plasma was

used to deposit metal films from high purity (99.6% or better)

target materials (Goodfellow Metals, Huntingdon, England).

Acceleration voltage of 400–500 V and 3–4 9 10-4 mbar

argon pressure were used for 5 min to deposit 200 nm thick

films. In the filtered pulsed plasma arc discharge method to

deposit AD coatings [19, 20] carbon plasma pulses were

produced by discharging the capacitor bank between the

graphite cathode and anode. Plasma pulses of 1–7 Hz fre-

quency were steered and deflected with electric coils to the

sample surface. An extremely thin adhesion layer was pro-

duced by high energy plasma accelerated using a capacitor

(C = 16 lF) voltage of 6000 V followed by a low energy

deposition run at 500 V to produce a 200 nm thick coating.

After deposition the wafers were ultrasonicated in mr-

Rem 660 resist remover (Microresist Technology GmbH)

at room temperature to remove the ma-N 1420 resist. Thin

film deposited on the top of photoresist was washed away

revealing the final micropatterns, which were cut to

10 mm 9 10 mm pieces before sonication for a few min-

utes in 79 detergent (OneMed Ltd., Vantaa, Finland),

ethanol and deionized water to remove photoresist residues

and silicon dust from scribing and cutting.

2.2 Sample sterilization

Samples were immersed in Petri-dishes for 30 min in 70%

ethanol, which was removed by pouring and evaporation

before packaging in sterile bags and sterilization using

31.8 kGy gamma irradiation from a Co-60 source (Gam-

macell 220, Atomic Energy of Canada Limited, Mississauga,

Canada).

2.3 Atomic force microscopy (AFM)

The nanometer scale surface topography was analyzed

using a PSIA XE-100 (Park Systems Corp., Suwon, Korea)

atomic force microscope at ambient temperature and

humidity. Aluminum coated silicon cantilevers (Acta-10,
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ST Instruments B.V., LE Groot-Ammers, The Netherlands)

were used in a non-contact mode to scan the surface across

an area of 2 9 2 lm with a scanning rate of 0.25 Hz.

Average surface roughness (Ra) and peak-to-valley

roughness (Rpv) were determined from 6 random AFM

images using the instrument analysis software (XIA).

2.4 Contact angle and surface energy measurements

Samples were ultrasonicated in ethanol and deionized

water and dried. Contact angles were measured using the

sessile drop (15 ll) method with a custom made apparatus

using an optical SZ-PT Olympus microscope equipped

with a Olympus Camedia C-3030ZOOM digital camera

(Olympus Corp., Tokyo, Japan). To access the total surface

energy and its polar/dispersive component, contact angles

for water (polar) and diiodomethane (non-polar) were

measured within 5 s after placement of the drop at ?22�C

and 45% relative humidity. The spreading pressure was not

taken into account. The drop image was stored and an

image analysis software GIMP (www.gimp.org) was used

to determine the left and right margin contact angles of five

sessile drops for calculation of the average contact angle.

The dispersive cD
S and polar cP

S components were esti-

mated using the geometrical equation [21]:

1þ cos hð Þc
L
¼ 2 cD

S cD
L

� �1=2þ cP
S cP

L

� �1=2
� �

; ð1Þ

where (h) is measured (averaged) contact angle value,

superscript D labels the dispersive component and P the

polar component of the surface tension and the subscripts S

and L stand for solid and liquid, respectively. cL, cD
L and cP

L

stand for total surface energy of liquid, its dispersive

component and its polar component, respectively [22].

Total surface energy (cS) is the sum of its dispersive and

polar components.

2.5 Cell cultures

Human hMSC (PoieticsTM, Lonza, Basel, Switzerland)

were cultured on 10 cm Petri dishes (Corning Inc., New

York, USA) using Lonza Mesenchymal Stem Cell Basal

Medium with Mesenchymal Cell Growth Supplement

(MSCGM) containing L-glutamine and penicillin (SEM

experiment) or GA-1000 (Gentamicin/Amphotericin-B).

The cells were cultured at ?37�C in humid 5% CO2-in-air.

The cell monolayer was washed twice with phosphate

buffered 140 mM saline (PBS, pH 7.4) and the cells

were detached using 2.5 mg/ml trypsin in PBS-EDTA

(0.05 ml/cm2) at room temperature for 5 min. An equal

volume of temperature equilibrated MSCGM was added.

The suspension was transferred to a Falcon tube and

trypsin was removed by centrifuging the cells at 6009g for

5 min. Cells were resuspended in culture medium and

seeded onto the biomaterial surfaces at 0.52 9 104 cm-2

density. The cells were cultured for 7.5 h or 5 days (80%

confluence).

For osteogenic induction the 7th passage cells were see-

ded at 0.31 9 104 cm-2. Half of the samples were induced

24 h after seeding by replacing MSCGM with Osteogenesis

Induction Medium (Lonza). Induced hMSCs were fed every

3–4 days with fresh Osteogenesis Induction Medium. Non-

induced control hMSCs were fed with MSCGM using the

same schedule. The development of the osteoblastic phe-

notype was followed using differentiation markers.

TC-treated polystyrene 12-well microplates (Corning Inc.)

were used in all experiments. The markers used were alka-

line phosphatase activity as an early day 14 marker, osteo-

calcin as an intermediate day 17 marker and mineralization

as late day 21 marker [23].

2.6 Scanning electron microscopy

At least three parallel hMSC samples were analyzed at 7.5 h

and at 5 days. After incubation, samples were transferred to

new tissue culture plates, washed twice with PBS and fixed

in 2.5% glutaraldehyde (Sigma Chemical, St. Louis, MO,

USA) for overnight at ?4�C. Samples were washed

3 9 10 min with PBS, dehydrated in ethanol/water mix-

tures of 50, 70, 80, and 90% for 5 min each and in 96% and

twice in 100% for 10 min. Dehydration was completed

using Bal-Tec CPD 030 Critical point drying unit (BAL-

TEC AG, Balzers, Liechtenstein). Samples were mounted

on SEM stubs, coated with platinum with an Agar sputter

device (AGAR, Stansted, England) and examined using a

Zeiss DSM 962 scanning electron microscope (Carl Zeiss,

Oberkochen, Germany) at an accelerating voltage of 8 kV

with four images being taken from each sample.

At 7.5 h cells on patterns or on background were marked

with a different color and counted using a Matlab (The

MathWorks Inc., Natick, USA) script. The surface area

covered by cells at 7.5 h and 5 days was calculated semi-

automatically using Matlab. From each image a 0.490 mm2

area containing 16 square patterns (0.097 mm2 of patterns)

was selected. The cells and patterned material squares

(‘‘objects’’) could be separated from the uncovered silicon

background by identifying their edges with Canny edge

detection operator. The areas inside the edges represent

either cells or patterned material. Surface covered by

objects smaller than 250 pixels (less than 230 lm2, too

small to represent cells) was considered uncovered. Edges

were marked on the image that contained object pixels (a

cell or a pattern) and uncovered silicon background. This

image was compared to the original image and uncovered

square pattern surface was manually separated from cell–

covered surface. Some images needed extra manual seg-

mentation. The accuracy of the method is not 100%, but the
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eventual errors are systematic, meaning that different

samples can be compared against each other.

2.7 Staining of focal adhesions

All steps in staining described below 2.7–2.10 were con-

ducted at room temperature unless otherwise mentioned.

One of the patterned Ti, Ta, Cr, and AD samples cultured for

7.5 h and 5 days were used for staining of focal adhesions.

After two washes in PBS the samples were fixed in 4%

paraformaldehyde (PFA) in PBS for 10 min. Samples were

washed twice in PBS, permeabilized for 10 min in 0.1%

Triton X-100 in PBS and then washed twice in the same

solution. Non-specific binding sites were blocked using

normal goat serum diluted 1:10 in 0.1% bovine serum

albumin (BSA) in PBS for 1 h. After normal goat serum was

blotted away, samples were incubated in monoclonal mouse

anti-human vinculin IgG [24] for 1 h and washed 39 in

Triton X-100 in PBS. From this point forward all steps were

performed in the dark. Samples were incubated for 30 min in

Alexa-Fluor 488 conjugated goat anti–mouse IgG (Molec-

ular Probes, Eugene, USA; 1:400 in BSA–PBS) and Phal-

loidin-586 (Invitrogen, Carlsbad, USA; 1:30 in BSA–PBS),

washed 39 in PBS and counterstained with DAPI (1:1000 in

dH2O; Sigma) nuclear stain for 10 min. Samples were

washed twice in PBS and once in dH2O before mounting.

2.8 Alkaline phosphatase (ALP) staining

Fourteen day samples were washed twice in PBS and

incubated for 1 h in Naphthol-AS-MX phosphate sodium

salt (Sigma, 1 mg/ml) substrate and Fast red TR (Sigma,

1 mg/ml) chromogen in 0.1 M Tris buffer (pH 8). Samples

were washed twice in PBS, fixed in 4% PFA in PBS for

15 min, washed 39 in dH2O, permeabilized in Triton

X-100 in PBS for 10 min, washed 39 in PBS, counter-

stained in DAPI (1:1000 in dH2O) for 10 min, washed

twice in PBS and once in dH2O before mounting.

2.9 OC staining

Seventeen day samples were washed 39 in PBS and fixed

in 4% PFA in PBS for 20 min. Samples were washed twice

in PBS, permeabilized in Triton X-100 in PBS for 10 min

and washed 39 in PBS before blocking in normal donkey

serum (1:10 in 0.1% BSA–PBS) for 1 h. Samples were

incubated in rabbit anti-human osteocalcin IgG (AbD Se-

rotec 7060-1515; 1:40 in BSA–PBS) overnight at ?4�C.

After this all steps were performed in the dark. Samples

were washed 39 in PBS and incubated in Alexa-Fluor 488-

conjugated donkey anti-rabbit IgG diluted 1:100 in 0.1%

BSA–PBS for 60 min. Samples were washed 39 in PBS

and labeled for F-actin using Phalloidin-586 diluted 1:30 in

0.1% BSA–PBS for 20 min. Samples were washed twice

with PBS and once in dH2O before mounting.

2.10 Staining of bone mineral

Twenty-one day samples were washed twice with PBS and

fixed in 4% PFA in PBS for 15 min. Samples were trans-

ferred to a glass Petri dish (acetone and xylene used in

washes are strong solvents), washed 39 in dH2O and

stained in 2% Alizarin Red S (Sigma) for 2 min, rinsed

209 in acetone, 209 in acetone–xylene (1:1) and cleared

in xylene before mounting.

2.11 Microscopy and photographing

After staining samples were picked up from the Petri dishes

(mineralization assay) or 12-well microculture plates (all

other assays) and gently dried by tipping their edge to paper.

They were fixed to objective slides using superglue and

mounted in Vectashield (vinculin, ALP and OC staining;

Vector Laboratories, Ltd., Peterborough, England) or

Mountex (bone mineral staining; Histolab, Göteborg,

Sweden) and coverslipped. Cells were observed using Leitz

Diaplan microscope (mineralization assay, Wetzlar, Ger-

many) or Olympus fluorescence microscope (all other

assays, Olympus, Tokyo, Japan) and appropriate fluoro-

chromes filters. Same exposure times were used so that the

images could be compared. ALP activity was imaged using

excitation wavelength of 510–550 nm and Olympus filter

U-MWG2, nucleus using 330–285 nm and U-MWU2 and

osteocalcin using 460–495 nm and U-MWIBA3.

2.12 Statistical analysis

Error estimate was based on the standard deviation of the

mean and statistically significant differences were tested

using ANOVA. The number of samples was 16 for Ta, Ti

and Cr and 12 for AD. All results are expressed as mean ±

standard deviation of the mean.

3 Results

Statistically significant difference of one material against

two of the other materials is denoted with the number sign

(#) and against only one of the other materials with the plus

sign (?) with the figure legends specifying which material

differences were significant.

3.1 Sample characterization

At the nanometer level the average surface roughness (Ra)

and the peak-to-valley roughness (Rpv) values of AD were
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statistically significantly lower compared to all other

coatings (P \ 0.001). Differences between Cr and Ta or Ti

were statistically significant (P \ 0.001) (Table 1). How-

ever, differences are very small and all the studied surfaces

are very smooth, i.e. they have mirror finish. Contact

angles and surface energy components of coatings and pure

p-type silicon are shown in Table 1.

3.2 Early adhesion of hMSCs

Based on visual inspection (Fig. 1a–d) of early 7.5 h

adhesion hMCS seemed to prefer the patterns to the

background and they tended to be aligned along the edges

of the patterns often assuming a squared shape. The guid-

ing effect is clear on all materials and is analyzed in more

detailed below.

3.2.1 Cell number density

Figure 2a presents the cell density on the patterns and on

the silicon background at 7.5 h. On all materials, except for

Ti, the density of the cells was 3.0–3.5 times higher than on

the background (P \ 0.0003 for all). Thus, the guiding

effect of the patterns on adherence was clear for all other

materials, but the density of the cells on the Ti patterns did

not differ from the density of the cells on the silicon

background (P = 0.14). The only difference between dif-

ferent materials was the marginal difference of the cell

density on the Ti patterns compared to Cr and Ta patterns

(P \ 0.06). The average MSC density shown in the Fig. 2a

seems to be low when compared to cells grown on the

patterns. It is to be noted that the MSCs preferred the

biomaterials tested over the silicon background, but that

the area of the background formed *80% of the sample

areas whereas the squared patterns formed only *20% of

the sample area. However, also the average cell number

densities were calculated and they demonstrate that there

were no statistically significant differences in the average

cell number densities (P-value range 0.32–0.93), which

indicates that the seeding of the cells had been successful

and uniform on all samples.

3.2.2 Surface area covered by the cells

The analysis of the surface area (of patterns and silicon

background) covered by the cells at 7.5 h (Fig. 2b) gave

results congruent with the analysis of the cell density

described above. The guiding effect was also in this respect

clear on all the materials (P \ 0.02) except for Ti

(P = 0.46). Furthermore, the coverage analysis disclosed

significant differences between materials. The surface area

of the Ti patterns covered by cells was smaller than that of

the Cr and Ta patterns (P \ 0.03 for both). The surface

area of the silicon background covered by hMSCs was

lower on samples containing Ti patterns than on samples

containing AD patterns (P \ 0.02).

3.2.3 Size of the cells

The mean diameter of the cell on the silicon background,

assuming in these calculations a round shape, was 102 lm

(corresponding to the surface area of approximately

Table 1 Surface roughness values (peak-to-valley roughness (Rpv) and average surface roughness (Ra)), contact angles and surface free energy

components for the surfaces of different test materials

Materials Roughness Contact angle, h (�) Surface free energy components (mJ/m2)

Rpv (nm)a Ra (nm)a hwater hdiiodomethane cD
S cP

S cS

AD, smooth 2.4 ± 1.0 0.3 ± 0.1 67.4 ± 2.0 36.1 ± 1.0 41.5 ± 0.5 8.1 ± 0.8 49.6 ± 1.2

AD, patterned 63.6 ± 1.6b 45.5 ± 1.3b 36.7 ± 0.7b 11.6 ± 0.8b 48.3 ± 1.0

Ti, smooth 11.1 ± 1.5 1.8 ± 0.2 67.6 ± 2.0 35.4 ± 1.2 41.8 ± 0.5 7.9 ± 0.9 49.7 ± 1.1

Ti, patterned 65.1 ± 1.1 48.9 ± 1.2b,c 34.9 ± 0.7b,c 11.4 ± 0.8b,e 46.3 ± 0.3b,c

Ta, smooth 8.5 ± 2.0 1.5 ± 0.3 64.1 ± 1.6c,d,e 33.4 ± 1.4c,e 42.8 ± 0.6c,e 9.3 ± 0.6e 52.1 ± 1.1c,d,e

Ta, patterned 62.7 ± 1.5e 46.7 ± 1.2b 36.1 ± 0.6b 12.3 ± 0.8b,e 48.4 ± 0.9b,d,e

Cr, smooth 5.4 ± 1.0 0.8 ± 0.1 71.2 ± 1.1c,d 37.7 ± 1.5 40.8 ± 0.7 6.6 ± 0.5c 47.3 ± 0.7c,d

Cr, patterned 68.8 ± 1.8c,d 46.6 ± 1.3b 36.1 ± 0.7b 9.1 ± 1.0b,c 45.2 ± 0.7b,c

Silicon 1.4 ± 0.5 0.2 ± 0.1 32.4 ± 1.9 35.6 ± 1.1 41.8 ± 0.5 26.8 ± 0.4 68.5 ± 0.8

Values are the mean ± SD
a P \ 0.005 between all materials
b P \ 0.05 vs. smooth counterpart
c P \ 0.05 vs. AD with the same surface topography (smooth or patterned)
d P \ 0.05 vs. Ti with the same surface topography
e P \ 0.05 vs. Cr with the same surface topography
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8000 lm2) being clearly larger than the 68 lm (surface area

3600 lm2) of the cells on the patterns (Fig. 2c, P \ 0.02 for

all). There were no statistically significant differences

between patterns produced of different materials (P-value

range 0.55–0.96).

3.3 Spreading of hMSCs

To study spreading of the hMSCs they were incubated for

5 days (approximately 80% confluence). According to the

visual inspection at this stage the individual cells had

Fig. 1 Mesenchymal stem cells after 7.5 h incubation (a–d) and

5 days incubation (e–h) on patterned a, e amorphous diamond, b, f
chromium, c, g tantalum and d, h titanium surfaces. Scale bar is

200 lm. Arrows point to some of the cells, which were aligned along

the edges of the patterns and thus assumed squared shapes

334 J Mater Sci: Mater Med (2010) 21:329–341
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apparently already reached a size which greatly exceeds

that of a singular square pattern (which is 5625 lm2).

Because of the large size of the cells and the difficulties

in identification of the edges of the individual cells in

subconfluent cell mats, it was not possible at 5 days to

calculate the cell density or parameters reflecting the size

of the individual cells on samples containing square pat-

terns of different materials (Fig. 1e–h). Only the surface

area of the square patterned materials covered by cells

compared to the surface area of the silicon background

covered by the cells was analyzed to see if perhaps still at

this subconfluent stage some guiding effect could be

discerned.

3.3.1 Surface area covered by the cells

At 5 days the guiding effect of the square patterned

materials was not as clear as it was at 7.5 h. The surface

area of the square patterns covered by the cells (Fig. 2d)

was only 1–1.9 times higher than that of the silicon

background and only the difference between the AD pat-

terns and silicon background was significant (P \ 0.04).

The surface area covered by cells of the silicon background

was higher on samples containing Ta and Ti patterns than

on samples containing AD patterns (P = 0.0005 and

P = 0.006) and on samples containing Cr patterns lower

than on samples containing Ta and Ti patterns (P = 0.014

and P = 0.04). The ranking order of the surface area of the

square patterns covered by cells was now Ti, Ta, AD and

Cr. Differences between AD and Ti or Ta (P \ 0.02), and

between Cr and Ti or Ta (P \ 0.0008) were significant.

3.4 Adhesion of hMSCs—focal adhesion staining

3.4.1 Early adhesion

At 7.5 h the actin filaments had already become well

organized, but vinculin containing focal adhesions were

still relatively few. Cells had already started to spread out

attaching mostly to the corners of the square patterns as can

be seen in Fig. 3a–d.

3.4.2 Spreading of the cells

At 5 days vinculin containing focal adhesions were already

well developed (Fig. 3e–h). Actin cytoskeleton assumed an

orange hue in overlay figures due to the green colored

vinculin. Based on observation of our previous study with

osteoblastic SaOS-2 cells [Kaivosoja et al., unpublished

study] we expected to see preferential localization of vin-

culin containing focal adhesions on the square patterns, but

hMSCs did not show such a preference for the patterns.

3.5 Osteogenic differentiation of hMSCs

Progression of osteogenic differentiation of hMSCs was

confirmed by using well established lineage markers ALP,

OC and bone mineral (Figs. 4, 5 and 6).

3.5.1 ALP activity

Red color represents the ALP activity and blue represents

cell nuclei. At 14 days ALP was seen in all induced cells

a

c

b

d

Fig. 2 a Density, b coverage

and c size of hMSC at 7.5 h and

d 5 days. A marginal (a) or a

significant (b) difference

compared to chromium and

tantalum, and a significant

difference compared to

amorphous diamond and

chromium (d) are denoted with

# and a significant difference

compared to amorphous

diamond is denoted with ? (b)
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(two middle rows), whereas the control hMSC cells did not

stain (Fig. 4). There were no consistent differences

between induced cells cultured on plain surface samples

and induced cells cultured on the square patterns of pat-

terned samples. When materials were compared with each

other Ta containing samples seemed to have the greatest

ALP activity.

3.5.2 Osteocalcin

Green color represent OC immunoreactivity and for clarity

it is shown alone, without the strongly labeled actin cyto-

skeleton (which had red label as in Fig. 3). At 17 days OC

was similarly seen in induced cells cultured on Cr, Ta and

Ti, but not in induced cells cultured on AD, whereas the

control hMSC cells did not stain (Fig. 5). There were

no clear-cut differences between the patterned and plain

samples.

3.5.3 Mineralization

Red color seen in the extracellular matrix represents bone

mineral. At 21 days only induced samples contained

extracellular bone mineral stain, whereas in the hMSC

control cell samples only the cells were outlined without

any extracellular bone mineral deposits (Fig. 6). Cultures

on patterned samples contained much less bone mineral

than cultures on plain surfaces. Bone mineral deposition

was weak in cultures on plain AD surfaces, but Cr, Ta and

Ti containing samples were similarly labeled.

4 Discussion

Surface roughness affects protein adsorption and cellular

responses, for example osteoblastic cells prefer rough

surfaces whereas fibroblasts favor smooth surfaces [25]. To

produce two different types of coatings, metals and dia-

mond ceramic, two different types of PVD methods were

used: magnetron sputtering for metal coating and filtered

pulsed plasma arc discharge for diamond-like carbon

coating. However, roughness of the plain and patterned

samples was in this work characterized in nanoscale, using

AFM. This disclosed that all surfaces used in the present

study were extremely smooth, with Ra values of less than

2 nm. Fibroblast [26] and hMSC [27] filopodia have a

sensory role but the smallest features they sense are 10 nm-

high islands. It thus seems that with Ra value differences

\2 nm the only relevant topographical cues of the samples

studied are the steps between the patterns and the back-

ground (&20 nm). This refutes the risk that the clear-cut

differences seen between different materials and patterns

would have been due to differences in surface topography

and instead suggests that the differences observed and

discussed below are mediated by different chemical com-

positions and physical patterns of the materials studied.

Interestingly, it has been described that pattern edges

influence cell division, cell cytoskeleton and migration

[28–32] and may play a role in hMSC differentiation, with

the geometry of the patterns influencing adipogenesis of

hMSCs [16] and its timing [33], quite in line with the

current osteogenesis studies.

Materials and patterns had jointly a remarkable early

guiding effect on hMSCs, which was reflected as early

differences between the cell numbers on patterns and the

intervening silicon background, mediated by preferential

cellular adhesion to the metallic and AD patterns (and

avoidance of the background silicon). This guiding effect

was further reflected by the different sizes of the cells

derived from the same seeder cells upon their attachment on

different substrates, with small cells predominating on the

biomaterial patterns, whereas cells were larger on the

Fig. 3 Staining of mesenchymal stem cells at 7.5 h (a–d) and 5 days

(e–h). Actin filaments of the cells stain red, cell nuclei blue and

vinculin green. Samples: a, e amorphous diamond; b, f chromium; c,

g tantalum; d, h titanium. Scale bar is 50 lm (a–d) or 200 lm (e–h)
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silicon background. Microtubules keep growing along non-

adhesive edges up to the next adhesive site but stop growing

when they come into contact with an adhesive edge. This

suggests that the shape of individual nonmigrating cells

responds to the geometry and anisotropy of the external cell

adhesive environment [29]. This phenomenon, physical

constraints, might explain the differences in cell sizes on the

relatively small square patterns and on the broader back-

ground. The adhesive nature of the process was confirmed

by guided re-organization of the cellular actin cytoskeleton

and focal adhesions so that cells on patterns preferred the

very edges of these patterns. Guiding effect took therefore a

clear-cut expression in the geometric, ‘‘engineered’’ square

shape, which the generally rounded cells assumed on their

material islands bordering to the silicon background. Sim-

ilar observation has been made by Parker et al. [34], who

used square islands of extracellular matrix in the presence

of motility factors to study the effect of mechanical inter-

actions between cells and their extracellular matrix (cell–

substrate interactions) on cell migration. They observed that

the cells preferentially extended lamellipodia, filopodia, and

microspikes from their corners. These earlier reports and

the current work indicate that these guiding effects are

mediated by a direct physical cell–substrate contact. The

number, size, surface area covered, cytoskeletal re-organi-

zation, vinculin-containing focal adhesions and cell shape

all together indicate that, apart from the chemical compo-

sition of the substrate, also its physical shape and edges

exert an effect on the hMSCs inhabiting them. These

observations could be exploited to guide the migration of

the cells, e.g. triangles could be used to guide the cells to

migrate in a predefined direction.

When the current experiments were planned, it was

thought that the square patterned material-on-silicon

Fig. 4 Alkaline phosphatase

staining of mesenchymal stem

cells. Samples: a–d control cells

and e–h induced cells on a

patterned sample; i–l induced

cells and m–p control cells on a

plain sample. First column

shows amorphous diamond,

second column chromium, third

column tantalum and fourth

column titanium. Scale bar is

200 lm
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samples could also be used to standardize inter-experiment

differences, which are often seen in cell culture experi-

ments. It is a well known phenomenon that some variation

can occur from one cell culture experiment to another

although basically all steps are done following the same

protocol. In other words, if the cells for some reason in one

experiment grow more slowly than in another experiment,

one could in principle correct this difference by calculating

the patterns-to-silicon background ratio for the cell density.

This approach has recently been successfully applied in

bacterial culture experiments [35]. It was therefore some-

what of a surprise that the cell density on the very same

silicon background varied statistically significantly

depending on what type of material islands had been

microfabricated to the sample. At 7.5 h the surface area of

the background silicon covered by hMSCs was signifi-

cantly lower on samples containing Ti than AD patterns,

but by the 5th culture day this had been reversed. This

suggests that apart from direct material-cell interactions,

cells on material islands have remote interactions with cells

growing on silicon background. Probably these interactions

are mediated by some soluble growth regulating molecules

released into the cell culture medium by the hMSC

attached on the square patterns. Naturally cells growing on

the silicon background can also influence cells growing on

the patterned material islands, but because all samples

tested shared this very same silicon background, differ-

ences between different patterned samples cannot be

explained by such ‘‘reverse’’ cellular interactions.

Apart from capability of hMSCs to undergo asymmet-

rical cell divisions to be able to maintain their stemness,

they also have a remarkable capability to differentiate

along various lineages, e.g. to osteoblasts (pluripotency).

Such osteogenic differentiation experiments are relatively

Fig. 5 Osteocalcin staining of

mesenchymal stem cells.

Samples: a–d control cells and

e–h induced cells on a patterned

sample; i–l induced cells and

m–p control cells on a plain

sample. First column shows

amorphous diamond, second

column chromium, third column

tantalum and fourth column

titanium. Scale bar is 200 lm
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time consuming, but provide information on long-term

(weeks) cell–biomaterial/pattern interactions in contrast to

the short-term (hours) and intermediate (days) effects seen

in adhesion and spreading experiments discussed above.

The passage number used in the present experiment seems

high, but is not critical for osteogenic differentiation

experiments because Wagner et al. [36] have shown that

the propensity for osteogenic differentiation increased from

the 7th to the 12th passage. Osteogenic differentiation was

induced and followed by demonstration of well character-

ized osteogenetic markers of various differentiation stages

developing sequentially, starting from the expression of

ALP, followed by synthesis of OC and finally by deposi-

tion of bone mineral. In the checkerboard experiments AD,

Ta, Ti and Cr were analyzed at 14, 17 and 21 days for these

markers, respectively, as patterned and plain material

surfaces. Ontogenesis was induced on patterned Ta, Ti and

Cr samples, but not as effectively as on plain surfaces. The

reason for this difference it not quite clear, but it seems

reasonable to speculate that on plain surfaces the cells have

the space they need to organize themselves to multicellular

bone tissue-type structures, for which process the bio-

compatible Ta, Ti and Cr islands were not quite as good

platforms. The pattern edge phenomenon may play a role

here and can influence differentiation rate [16]. Also based

on the work on microcontact printed fibronectin islands on

polydimethylsiloxane it seems that the differentiation of

hMSCs is controlled by the size of the islands. Adipo-

genesis took place only on small islands (1024 lm2),

whereas osteogenesis occurred only on large islands

(10000 lm2), with mixed results on intermediate-sized

(2025 lm2) islands [11]. We used intermediate pattern size

Fig. 6 Mineral staining of

mesenchymal stem cell cultures.

Mineralization of the cells stains

red. Samples: a–d control cells

and e–h induced cells on a

patterned sample; i–l induced

cells and m–p control cells on a

plain sample. First column

shows amorphous diamond,

second column chromium, third

column tantalum and fourth

column titanium. Scale bar is

400 lm
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(5625 lm2) and can also conclude that the pattern size may

play a role for hMSC guidance and differentiation. Pro-

genitor cells rely on spatial information for differentiation

[17] and the balance between focal adhesion formation and

other cell signaling phenomena may be critical in osteo-

genesis [18].

In spite of relatively competitive initial cell–AD inter-

actions and development of ALP activity, the later stages

of osteogenesis failed in samples containing patterned but

also plain AD. Therefore, it seems that smooth and inert

AD coating could be used for implants, which come into

contact with bone but which need to be removed later, e.g.

various fracture fixation devices, such as plates and screws.

In this setting overgrowth of the implant by bone would

complicate the implant removal. Contact angle measure-

ments were performed to characterize the coatings in terms

of their surface energy and their polar and dispersive

components. Increased wettability with high surface free

energies has been demonstrated to be beneficial regarding

to short-term adhesion [37], spatial growth and minerali-

zation [38] as well as differentiation of bone cells [39]. In

this case, however, differences in surface energy cannot

explain differences observed in hMSC responses.

In conclusion, the chemical composition and patterning

of materials, which can also interact, can be used to reg-

ulate hMSC behaviour.
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