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Making Meso Matter: Bone morphogenetic protein-2 (BMP-2) mesopattern created by Dip-

pen Nanolithography and Microcontact Printing were applied to cell differentiation.  
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Dip-pen Nanolithography and Microcontact printing were used to fabricate mesopatterned 

substrates for cell differentiation experiments. Biotin-thiol was patterned on gold substrates 

and functionalised with streptavidin and biotinylated bone morphogenetic protein-2 (BMP-2). 

The feasibility of mesopattern containing immobilised BMP-2 was proven by obtaining similar 

differentiation outcomes compared to the growth factor in solution. Therefore, these substrates 

might be suitable for replacing conventional experiments with BMP-2 in solution. 

Introduction 

Chemical surface modifications for cell adhesion, migration 

and differentiation experiments have been extensively 

described for both microscale (from 20 µm upwards) and 

nanoscale (from 500 nm downwards). By definition,[1,2] 

micropatterning or also “cell patterning” is used to place cells 

in a certain manner on the substrate or dictate their shape, 

which, in turn, has been shown to highly influence cell fate (see 

the review of M. Thery for a detailed summary[3]). On the other 

hand, nanopatterns are usually applied for controlling cell-

substrate interactions and are known to influence cell 

adhesion[4], proliferation and differentiation[5]. Nevertheless, 

few examples so far are located in the “gap” between micro- 

and nanoscale features. Graham and co-workers denominated 

patterns with features smaller than 10 µm mesopatterns to 

clearly distinguish them from conventional micropatterns.[6] On 

these mesopatterns cells are able to spread across various 

features and overcome possible pattern restrictions.[7,8] This 

characteristic allows for tuning and controlling the 

concentration and spatial arrangement of an immobilised 

molecule.[9] Protein patterns with features between 1 and 10 µm 

are easily obtained by Microcontact Printing (µCP), even 

though inefficient molecule transfer can be a drawback. [1] For 

patterning with µCP, a silicon master is fabricated via 

Photolithography and subsequently used to produce a PDMS 

stamp. The molecule transfer occurs by placing an inked stamp 

in contact with a surface. A very interesting alternative for the 

fabrication of protein mesopattern is the nanofabrication 

technique Dip-pen Nanolithography (DPN),[6,10] which allows 

direct and controlled deposition of biomolecules. DPN is an 

AFM-based direct-writing technique where a sharp cantilever is 

used to deposit molecules via a water meniscus or as ink 

droplets. In contrast to µCP, DPN is a maskless technique and 

time and cost expensive fabrication of masters is not necessary, 

thus providing easy flexibility in pattern design. DPN 

furthermore permits multiplexing, i.e. writing with different 

inks at the same time.[11] To our knowledge, mesopatterns have 

to date been used exclusively for studying cell adhesion, 

migration and guidance, mostly by immobilising extra cellular 

matrix (ECM) proteins or their components.[7,12] Other 

biologically relevant molecules, like growth factors, have not 

yet been applied to mesopatterns. Influencing cellular growth, 

proliferation and differentiation, growth factors are known to 

not only have dose-dependent effects on cells, but also their 

distribution and spatial organisation are crucial. Therefore, cell 

differentiation experiments call for enhanced control over 

distribution and local density of the respective factor. For 

example, bone morphogenetic protein-2 (BMP-2) is known to 

have a dose-dependent effect.[13] Surface immobilisation is 

thought to have advantages over presenting a growth factor in 

solution. Immobilised BMP-2 can in principle bind their 

receptors on the cell surface without being internalised, thus 

extending the signalling time.[14] Pohl et al. mention as 

advantages targeted presentation and control over the local 

density of a factor.[15] Furthermore, the loss of the signalling 

molecule due to diffusion in the culture medium can be 

avoided, which leads to its sustained influence.[16] Our group 

has successfully applied a sandwich complex, for the covalent 

immobilisation of BMP-2 on substrates, most importantly 

maintaining its biological activity.[17,18] 

In this communication, we present the proof of concept that 

mesopatterns are suitable for cell differentiation experiments. 

For the fabrication of the mesopatterns, DPN was employed as 

well as µCP, which served as a reference patterning technique. 

Both techniques were used to deposit a biotin-thiol molecule.[19] 

Gold substrates with a homogeneous layer of biotin-thiol were 

used as control. Further derivatisation with streptavidin and 

lastly biotinylated bone morphogenetic protein-2 (BMP-2) 

ensured that BMP-2 was anchored in a stable and directional 

manner on the substrate (see Figure 1). The response of 

myoblastic C2C12 cells to the immobilised BMP-2 was 

analysed and quantified by staining for the early differentiation 

marker osterix. 
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Fig. 1: Schematic representation of the functionalisation steps for the gold substrates: biotin-thiol, streptavidin and bone 

morphogenetic protein-2 (BMP-2). 

 

Results and discussion 

Deposition of biotin-thiol via µCP was straight-forward: the 

elastomeric stamp with round features of 5 µm in diameter was 

incubated in solution of biotin-thiol in ethanol. The biotin-thiol 

was transferred onto the gold by placing the stamp in contact 

with the surface. The remaining free space between the pattern 

was passivated against unspecific cell adhesion with 

polyethylene-glycol. For deposition of biotin-thiol via DPN, a 

carrier molecule was used, namely 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC). This strategy was chosen because the 

deposition rate of biotin-thiol without a carrier molecule was 

very slow (see Figure S2).[20] By using DOPC as a carrier, 

dwell times of 0.2 s could be obtained (compared to around  

60 s without the use of DOPC). As stated by Derda et al.,[21] 

substrates suitable for cell experiments have to have a patterned 

area of minimum 0.25 mm². Due to the vast reduction in needed 

dwell time by utilising the carrier ink DOPC instead of pure 

biotin-thiol (0.2 s instead of 60 s), patterning on this area size 

scale became feasible, with typical writing times of 30-40 min 

per sample of 2.36 mm². After allowing the biotin-thiol to bind 

to the gold, the carrier lipid was washed away. Though DPN, in 

contrast to µCP, can pattern only comparably small areas in one 

writing step, patterning of sufficiently large areas for cell 

culture experiments can be achieved by using cantilever arrays 

and an adequate writing strategy. The fabrication process, 

reaching a homogeneous mesopattern over a large area, is given 

in Figures S3 – S6. Figure S7 shows the darkfield microscopy 

image of an optimised mesopattern of DOPC containing biotin-

thiol on gold, with a total pattern area of 2.36 mm². The 

homogeneity of the pattern is satisfying, because all dots have 

similar diameters with a narrow distribution. The mean dot size 

was determined to be 4.01 ± 0.90 µm in diameter. 

An overview over all the substrates used for cell experiments 

can be found in the Supporting Information (Table 1). 

Experiments with BMP-2 in solution have been carried out in a 

representative experiment.[18] 

 

Table 1: Pattern parameters for all substrates. 

 Homogeneous µCP DPN 

Method Immersion 
Microcontact 

printing 

Dip-pen Nano-

lithography 

Feature 

size 
Monolayer 5 µm round 4 µm dots 

Spacing - 5 µm 22 µm 

 

After immobilising biotin-thiol on the substrates, they were 

incubated with streptavidin, leading to a transformation of the 

biotin pattern into a streptavidin pattern. Subsequently, half of 

the substrates were functionalised with biotinylated BMP-2 

binding to the streptavidin features, while the other half, 

without BMP-2, served as negative control. For cell 

differentiation experiments, C2C12 myoblastic cells were 

seeded on the substrates. BMP-2 is known to play a very 

important role in the C2C12 cell fate: in the presence of BMP-2 

they will differentiate towards osteoblasts.[22] Without BMP-2, 

they will stay in the myoblastic lineage. Quantification of 

osteogenic differentiation was performed as described below 

(see Figure 7): cells with a “hollow”, i.e. black nucleus have 

not started to differentiate towards osteoblast lineage cells. 

Cells which are homogeneously stained or have a pronounced 

green nucleus have started to differentiate towards osteoblasts. 

Figure 2 shows a representative fluorescence image of C2C12 

cells on a substrate prepared by µCP with (+) and without (-) 

BMP-2. The solid white arrows indicate cells which have 

started to differentiate towards osteoblast lineage cells. The 

dashed white arrows indicate cells which are not in the 

osteoblastic regime. As expected, more cells have differentiated 

towards osteoblast lineage cells on the BMP-2 containing 

substrates. 

 

 
Fig. 2. Fluorescence microscopy images of C2C12 myoblastic 

cells on microcontact printed substrates with BMP-2 (+) and 

without BMP-2 (-). (Dashed) white arrows indicate cells which 
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have (not) differentiated towards the osteoblastic regime. The 

scale bars equal 50 µm. 

For the substrates without BMP-2 (-), less cells adhered to the 

substrate. This might be explained by the fact that streptavidin 

slows down cell adhesion, acting as an anti-adhesive matrix 

towards both proteins and cells: cell adhesion was found to be 

initiated after 18 h.[23] Since staining for osterix was performed 

after 24h, the cells had only little time to adhere and spread. 

This was also observed for cells on the other substrates without 

BMP-2 (DPN and homogeneous). Figure 3 shows the 

fluorescence images of C2C12 cells on substrates fabricated 

with DPN. The substrate containing BMP-2 (+) clearly shows 

that all cells in the image have osterix located inside the 

nucleus, whereas the substrate without BMP-2 (-) shows only 

empty nuclei. Nevertheless, the efficiency of the DPN 

substrates did not reach 100%: apart from differentiated cells, 

there were also many cells with an empty nucleus, even though 

located on top of the BMP-2 pattern (data not shown). 

 

 
Fig. 3. Fluorescence microscopy images of C2C12 myoblastic 

cells on substrates fabricated by Dip-pen Nanolithography, with 

BMP-2 (+) and without BMP-2 (-).The scale bars equal 50 µm. 

 

On the basis of evaluated images for all substrates, the 

percentage of differentiated cells was calculated and is 

represented in Figure 4. Significant differences were obtained 

between respective substrates with/without BMP-2. Precise 

values for the percentage of cell differentiation towards 

osteoblast lineage cells are given in Table 2. For comparison, 

when working with BMP-2 in solution, the reported 

percentages are around 90%.[24] 

 

 
Fig. 4. Graph representing the percentage of the fluorescently 

marked protein Osterix (OSX) localised in the cytosol (light 

grey), cytosol and nucleus (grey) and mostly in the nucleus 

(dark grey). The left side shows the substrates with BMP-2, the 

right side the substrates without BMP-2. At least 80 cells were 

evaluated per substrate and all substrates were prepared 

triplicate. For statistical purposes ANOVA was performed with 

a value of α= 0.05. 

 

The obtained values for the percentage of differentiated cells 

can all be attributed to the differences in BMP-2 surface 

density. The values for the respective BMP-2 surface density 

were estimated (see Experimental section below) and are 

presented in Table 2. Overall density refers to the amount of 

BMP-2 molecules on the whole substrate; local density refers to 

the density of BMP-2 molecules in one pattern feature, i.e. per 

round feature or per dot (for detailed definition see Figure 6 

below). For “homogeneous” (therefore featureless) substrates, 

both densities are the same, because, in contrast to the spatially 

confined localisation of BMP-2 on the patterned substrates, the 

homogeneous substrates are assumed to have a random BMP-2 

distribution. 

 

Table 2. Percentage of differentiated C2C12 myoblastic cells 

towards osteoblast lineage cells in comparison to the values of 

BMP-2 surface coverage and density for the three substrates 

used in cell culture experiments: Dip-pen Nanolithography 

(DPN), microcontact printing (µCP) and without pattern feature 

(homogeneous). 

Substrate (+ BMP-2) 
Homo-

geneous 
µCP DPN 

Percentage of differentiated 

cells (%) 
82 ± 3 91 ± 1 61 ± 3 

Overall surface coverage 

BMP-2 
35.5% 28.3% 2.6% 

Overall BMP-2 density 

(pmol/cm²) 
4.44 3.53 0.33 

Local surface coverage 

BMP-2 
35.5% 100% 100% 

Local BMP-2 density 

(amol/µm²) 
0.04 0.13 0.13 
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The lower percentage of cell differentiation found for DPN 

substrates in comparison to µCP substrates might be attributed 

to the different overall BMP-2 density, since the local density 

in one “pattern feature (round or dot)” of the array and the 

feature size are comparable. The only difference is the spacing 

between the features, leading to a smaller overall density and a 

decrease of the cell surface area stimulated by the BMP-2. 

Also, it has been shown in our group that by applying a BMP-2 

surface concentration gradient, differences in cell 

differentiation are obtained. Differentiation values higher than 

80% are obtained for overall BMP-2 surface concentrations of 

≥2 pmol/cm2,[18] being in accordance with the values reported 

here. 

The lower percentage for cell differentiation on the 

homogeneous substrates (~82%) when compared to the µCP 

substrates (~91%) can most likely be attributed to the 

differences in local BMP-2 density. When administered in 

solution, it has been reported that the concentration of BMP-2 

has an effect on the cell differentiation outcome.[13] When 

immobilised on surfaces, BMP-2 surface density is also known 

to play an important role in stem cell differentiation.[25] BMP-2 

receptors naturally exist in the cell membrane in multiple forms 

of pre-assembled oligomers and monomers.[26] BMP-2 surface 

immobilisation can lead to regions with high ligand local 

densities (like in the microcontact printed spots), which can 

improve dramatically the occupancy of BMP-2 receptors. 

Furthermore, surface immobilisation restricts BMP-2 diffusion 

and avoids its complete detachment from the receptor.[27] 

Interaction of BMP-2 with a single receptor, in turn, can lead to 

receptor oligomerisation[28] and thus increase the overall 

signaling. The percentage of cell differentiation for the 

microcontact printed substrates corresponds to what has been 

found for cell differentiation in solution (90%), leading to the 

conclusion that this type of substrates could replace cell 

experiments with BMP-2 in solution. 

To further evaluate the differences among the values of cell 

differentiation for all substrates containing BMP-2, a frequency 

analysis was performed. The best result was obtained for DPN 

prepared substrates (see Figure 5). 

 

 
Fig. 5. Frequency analysis for the values of cell differentiation, 

comparing the microcontact printed substrates (µCP) to the 

ones prepared with Dip-pen Nanolithography (DPN). 

 

All cells identified as positive for differentiation are completely 

differentiated, being reflected in the cells having a green 

nucleus (as shown in the images of Figure 5). This result may 

be related with a better performance of the DPN technique in 

terms of pattern homogeneity when compared to µCP.[1] 

 

Conclusions 

In conclusion, we have shown that mesopatterned substrates are 

suitable for cell differentiation experiments. µCP is a fast and 

reproducible patterning method for a total pattern area of 

around 1 cm². These substrates are suitable to replace 

conventional experiments with BMP-2 in solution. On the other 

hand, DPN allows the facile and flexible variation of the pattern 

spacing, because it is a maskless technique. Even though cell 

differentiation for the substrates fabricated with DPN is not as 

high as reported for BMP-2 in solution, this approach is very 

promising and has a lot of potential as flexible platform for this 

kind of cell response studies. While patterns can be changed on 

the go without the need of fabricating new masters, the main 

argument often brought forward against using DPN for large 

area cell studies is the intrinsic limited area throughput. 

However, the presented study shows that adequate area sizes 

can be produced with reasonable expenditure of time thanks to 

the reduced dwell times enabled by the use of carrier inks. 

 

 

Experimental 

Estimating the BMP-2 surface density 

The estimations started from the underlying biotin-thiol layer. It 

was assumed that both, the homogeneous (homo) and the 

Microcontact printed (µCP) substrates have a monolayer of 

biotin-thiol. For the substrates fabricated with Dip-pen 

Nanolithography (DPN), prior calculations had to be done: In 

order to estimate the approximate quantity of deposited DOPC 

and biotin- thiol, the mean dot size for the arrays was 

determined as 4.01 ± 0.90 µm (mean dot area  

53.20 ± 23.89 µm²; determined from 100 random dots in the 

array). Furthermore, a recently published work determined the 

mass transfer of DOPC doing Dip-pen Nanolithography.[29] 

Following these calculations, we take into account that dot 

areas > 65 µm² have a mass transfer of 1.59 ± 0.10 pg ink/dot 

and dot areas < 65 µm² have a mass transfer of 0.08 ± 0.02 pg 

ink/dot, since the dots are bigger at the beginning of the array 

and get smaller during patterning because of ink loss (for the 

calculated dots, 72% are bigger than 65 µm² and 28% smaller). 

The estimated number of molecules is therefore 2.48 x 108 (for 

bigger dots) and 1.25 x 107 (for smaller dots). Thus it can be 

deduced that for bigger dots 411.82 amol of biotin-PEG-thiol 

are deposited and for smaller dots 20.72 amol. These values are 

only estimated since the humidity during deposition varied and 

ranged from 35 % to 55% and was therefore not fixed as for the 

work of Fuchs and co-workers. 

Further combination of the obtained values for number of 

molecules deposited and dot areas obtained from the images 

leads to the estimation of biotin-PEG-thiol molecules per 

surface area: around 2.5 x 106 molecules/µm² for all dots, 

which corresponds to 4.1 amol/µm² biotin- thiol (in more detail: 

3.1 x 105 molecules/µm² for small droplets and  

2.7 x 106 molecules/µm² for big droplets). 

In order to be able to calculate if a monolayer of biotin-PEG-

thiol was formed in the spots, the stearic acid molecule was 
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chosen as approach. This comparison is based on the structural 

similarity which both molecules present due to their aliphatic 

chain and they should very likely arrange themselves in a 

similar way. If we estimate that one molecule of stearic acid 

(M = 284 g/mol) occupies 21 Å² (taken from reference 30) we 

can calculate that there is a density of 4.76 x 106 molecules/µm² 

for the stearic acid. For the biotin-PEG-thiol, the values for 

large droplets correspond to a closed monolayer whereas the 

values for the smaller droplets correspond to a spaced-out 

monolayer. 

Assuming furthermore, that even if there was no complete 

monolayer (substrates DPN), the size of the protein streptavidin 

(4.5 x 4.5 x 5.3 nm³)[31] will be able to overcome possible 

“holes” in the monolayer. Since a sufficient amount of 

streptavidin was provided during incubation, the calculated 

values are based on a monolayer of streptavidin for all 

substrates. 

We hypothesise that each molecule of streptavidin will bind 1 

molecule of BMP-2 since their dimensions are very similar 

(BMP-2[32]: 7 x 3.5 x 2.5 nm³). Therefore, the density of BMP-2 

depends only on the amount of BMP-2 provided during 

incubation. The local values indicate the density of BMP-2 on 

the pattern features. Since the homogeneous substrate does not 

have any areas where BMP-2 could not bind and a random but 

homogeneous distribution is assumed for the whole surface, the 

local and the overall densities are the same. The patterned 

substrates, on the other hand, exhibit regions without 

streptavidin (the passivated areas), where BMP-2 cannot bind. 

Therefore, the overall area for BMP-2 attachment is smaller. 

This area was calculated taking into account the pattern 

parameters and is reflected in the overall surface coverage of 

BMP-2. The resulting values for the overall density of BMP-2 

show a decrease in the density from the substrates homo to µCP 

to DPN. An interesting point to highlight here is that the 

assembly of BMP-2 on the substrates homo is random, whereas 

on the substrates µCP and DPN, the assembly is guided by the 

pattern features and most accurately localised. 

The terms local and overall density are also depicted in 

Figure 6, whereas local density is indicated in red, referring to 

the density of BMP-2 molecules in 1 pattern feature (round or 

dot). Overall density refers to the amount of BMP-2 on the 

whole substrate. Since the homogeneous substrates (homo) 

don’t have pattern features and the BMP-2 distribution is 

random, both densities are the same. 

 

Fig. 6: Schematic figure representing the BMP-2 densities of the 

substrates homo, 5-R and dots. The red color indicates the local 

density of BMP-2. 

 

Osterix as early differentiation marker 

Quantification of osteogenic differentiation was performed by 

staining for a so called “early differentiation” marker. It has 

been reported that Osterix (OSX) is induced rapidly in  

C2C12 cells by BMP-2 during the first 24 h of 

administration,[33] making it an ideal candidate for fast 

assessment of cell differentiation. The quantification of OSX 

positive cells (i.e. cells starting to have differentiated towards 

osteoblasts) was based on the criteria defined by the group of 

Polak who reported that OSX was activated and translocated 

from the cell cytosol into the nucleus during preosteoblast 

stages of osteoblastic lineage differentiation.[34] Therefore, all 

cells with a void nucleus are counted as negative and all cells 

with a homogeneous colouring or a pronounced green nucleus 

are counted as positive for differentiation towards the 

osteoblastic regime (see Figure 7). 

 

Fig. 7: Osterix staining of C2C12 myoblastic cells. The cell on 

the left side (A) shows an empty nucleus and is considered 

negative for differentiation. On the other hand, the cells on the 

right side are positive for differentiation because they are 

homogeneously green (B) or have a brighter green nucleus (C). 

The scale bars equal 25 µm. 

 

Frequency analysis 

A frequency analysis is based on the individual analysed 

images (at least 18 images per sample) and their respective 

differentiation rates. This means that each of the images taken 

into account are evaluated for their respective differentiation 

percentages and, in the case of 100% differentiation, classified 

as yes (100%) or no (<100%). 
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