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Abstract

:

Molecular surface gradients can constitute electric field landscapes and serve to control local cell adhesion and migration. Cellular responses to electric field landscapes may allow the discovery of routes to improve osseointegration of implants. Flat molecule aggregate landscapes of amine- or carboxyl-teminated dendrimers, amine-containing protein and polyelectrolytes were prepared on glass to provide lateral electric field gradients through their differing zeta potentials compared to the glass substrate. The local as well as the mesoscopic morphological responses of adhered osteoblasts (MG-63) with respect to the stripes were studied by means of Scanning Ion Conductance Microscopy (SICM) and Fluorescence Microscopy, in situ. A distinct spindle shape oriented parallel to the surface pattern as well as a preferential adhesion of the cells on the glass site have been observed at a stripe and spacing width of 20  μ m. Excessive ruffling is observed at the spindle poles, where the cells extend. To explain this effect of material preference and electro-deformation, we put forward a retraction mechanism, a localized form of double-sided cathodic taxis.
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1. Introduction


In the initial phase, after insertion of joint prostheses, the speed of covering the material surface by adhering osteoblasts is a critical factor in avoiding inflammation. Electric fields can help to aid faster adhesion and spreading of cells. To understand how fields act on cell adhesion behavior in vitro experiments are conducted using electrostimulation chambers. Such chambers are based on a planar resistive electrode with adequate sheet resistance [1] or a design based on a capacitor configuration with vertically arranged graphite electrode pairs arranged in a multi-well plate [2,3]. Moreover, they can be operated at DC or AC.



To check the effect of DC electric fields, it is possible to use intrinsic surface potentials, directly. Most material surfaces, due to electron spill-out, exhibit more or less negative  ζ  potentials. The  ζ  potential is the residual unscreened surface potential at the hydrodynamic distance or shear plane. The surface charge can be rendered towards the positive direction by attachment of molecular groups, which bind protons or by cationic dissociable groups. More difficult is the shift of the charge to more negative values than typical materials surfaces. In an aqueous medium, such a proton-binding molecular group is an amine. Amine groups will increase the  ζ  potential, i.e., the residual surface potential at the hydrodynamic distance. The  ζ  potentials of surfaces with amine-terminated molecules attached are usually determined in a fluid channel via the streaming current or potential, depending on whether the substrate has conductivity or not [4,5]. At the relevant pH of 7, the  ζ  potential is raised by more than ≈50 mV upon application of a polyallylamine layer [6,7].



Laterally, a  ζ  potential difference of 30 mV at the transition between a molecular monolayer and glass, adapting over a distance of two protein diameters (≈10 nm) will already give rise to local electric fields of more than 10   6   V/m. This field is quite localized, but at least three orders of magnitude higher than the fields typically applied or operative in electrotaxis or electrostimulation chambers [8]. It should be noted, that in the literature, the externally applied field is most often given, while the field actually operative in the chamber may be more than 10 times weaker, depending on geometry, ion current, electrode material and medium permittivity [9]. Since the  ζ  potentials on surfaces are already obtained at the shear plane the respective fields do indeed represent the actual fields.



Molecule landscapes for the purpose of cell adhesion, however, must be as flat as possible, because height differences and asperities would give rise to contact guidance and filopodia formation. The aim is to extract the adhesion response due to the electric fields present between regions with different  ζ  potential. If the cell responds to more cues at the same time, attribution of effects will stay ambiguous. The smallest topographic trigger was reported to be as shallow as 14 nm for bovine corneal epithelial cells [10]. However, the threshold seems to depend on the specific cell-type. For osteoblasts it appears to be ∼33 nm [11,12], filopodia typically are initiated at sharp corners and already at heights of 30 nm. To achieve molecular landscapes with a smallest possible topographic height, amine- and carboxyl-terminated dendrimers (PAMAM, generation 1 and TMP, generation 1, respectively), bovine serum albumin (BSA) and polyelectrolytes (polystyrene sulfonate (PSS) and polydialyldimethylammonium (PDADMA)) were deposited in a stripe pattern on glass cover slips by direct microcontact printing [13,14]. Natively, albumin is not present in the extracellular matrix (ECM). We wish to mention that albumin is not fully innocent. It mainly occurs in the blood where it has the task to aid thromboresistance by passivating blood vessel surfaces and suppressing platelet adhesion and fibrinogen adsorption. In non-native environments, it can also promote cell adhesion or be innocent [15,16,17,18]. For osteoblast-like cells, enhanced adhesion on BSA is observed compared to heat-denatured BSA [19], which can be further increased if the BSA is treated with Ca. The dendrimers are synthetic, and in principle they can damage the cell membrane or even enter the cell. However, this is unlikely at diameters as small as chosen here [20].



Studies with MG-63 osteoblasts on homogeneous amine-terminated molecular layers revealed superior adhesion performance, i.e., the largest adhesion areas and the most vital intracellular Ca    2 +    mobilization on plasma-polymerized polyallylamine and (3-Aminopropyl)triethoxysilane (APTES), in comparison to natively oxidized Ti surfaces [7].



Regarding morphological studies on cell adhesion to surfaces with molecular stripe patterns, the question arises whether topographic or biochemical cues dominate. Therefore, a decisive parameter is the height of the stripes, which is often not explicitly given. In case of few 10 nm high stripes, additionally to a preference for ECM materials, contact guidance can play a role. Most studies use ECM species for stripe patterns, where the cell adhesion behavior is governed by the strong affinity to anchor, even at large topographic heights. Though the situation is distinct from our study, where we aim to explore other types of mechanisms and use “innocent molecular species” for stripe patterns, we provide a brief summary of findings on stripe patterns with ECM species [21,22,23,24,25,26,27,28]: Spindle shapes and alignment of fibroblasts inbetween fibronectin island rows have been observed [23]. The islands appear to be quite high, since only the template underneath has been prepared by microcontact printing. Similarly, 2  μ m fibronectin stripes with varying spacing gave rise to elongation and directional migration of fibroblasts in terms of contact guidance [25]. REF52 fibroblasts prefer adhesion on fibronectin stripes, inbetween non-adhesive Polyethylene glycol (PEG) stripes, particularly if the PEG stripe width exceeds 8  μ m [29]. Since the fibronectin is adsorbed to photolithographically prepared Au structures, these regions may protrude. Extremely high structures (pillars) lead to reduced adhesion area, in terms of formation of bridges and traction forces [27]. Muscle cells and murine myoblasts adhered to microprinted, assumingly flat, stripes of fibronectin or lamilin took the characteristic spindle shape and aligned [22,28]. Human vena saphena cells, at large stripe distances, also adhere to fibronectin stripes and adopt a spindle shape [21]. Non-adhesive (hydrophobic) and adhesive stripes have been constituted by methyl termination and untreated regions of fused quartz, respectively, fabricated photo-lithographically [24]. The height differences should be in the region of the dimension of one methyl group, thus below one nanometer. Beyond 24  μ m stripe period a spindle shape and orientation have been observed with hamster (BHK) and canine (MDCK) kidney cells [24]. An interesting option is backfilling inbetween ECM stripes by other materials such as poly-l-lysine (PLL) or PLL-polyethylglycol [26]. PLL has positive charges, and the observation is that cells adhere to ECM stripes with the typical spindle shape and orientation. ECM protein species, such as collagen or fibronectin allow biochemical adhesion, i.e., expression of focal adhesion points, so that one may expect, that with these species any electric field effects or other physical cues are overruled.



In electric DC fields live cells, with their negative  ζ  potential, often migrate towards the cathode, thus in the direction of the electric field [30,31]. Dead systems, such as lipid vesicles with negative  ζ  potential, will drift opposite to the electric field   E →   (thus towards the anode). The speed of electrophoresis [32] is    v →  =  ϵ 0  ϵ ζ  E →  / η   with   ϵ 0   denoting the permittivity of vacuum,  ϵ  the relative permittivity of the medium, and  η  its viscosity. Thus, live cells most often move opposite to electrophoresis. Electrophoresis is a passive process, while cell migration is active. The directions of electrotaxis may be related to the wound potential, which is negative. In the case of bone tissue, the migration behavior of osteoblasts and osteoclasts appears compatible with the aim to drive bone remodeling at wounds towards excess mineralization [31].




2. Materials and Methods


2.1. Preparation of PDMS Stamps


Polydimethylsiloxane (PDMS) molds were produced by mixing the Sylgard 184 elastomer (Biesterfeld Spezialchemie, Hamburg, Germany) with the curing agent at a weight ratio of 10:1. The mixture was then poured over 1 × 1 cm   2   glass masters (Center for Microtechnologies, Technical University of Chemnitz, Chemnitz, Germany) in a Petri dish. Afterwards, it was placed under vacuum to remove air bubbles. Curing of the PDMS took place in an oven (Universal Oven UF30, Memmert, Schwabach, Germany) at 40    ∘  C for 24 h. Afterwards, the PDMS was peeled off the glass masters and cut into molds with ≈1 × 1 cm   2   base area.




2.2. Microcontact Printing of Molecules on Glass


To transfer molecules to the PDMS stamps they were immersed for 24 h in 0.15 mM bovine serum albumin (BSA), 1.4 mM amine dendrimer (PAMAM generation 1, Sigma-Aldrich, St. Louis, MO, USA), 1.5 mM carboxyl dendrimer (Polymer Factory, Stockholm, Sweden), 1 mM polystyrene sulfonate (PSS) (Polymer Standard Service, Mainz, Germany) (molecular weight: 14.9 kDa) and 1 mM polydialyldimethylammonium (PDADMA) (Polymer Standard Service, Mainz, Germany) (molecular weight: 35 kDa) solutions, respectively. For the polyelectrolytes (PSS and PDADMA) 100 mM NaCl was used as a solvent while for the other molecules double-distilled water was sufficient.



The immersed PDMS stamps were shortly rinsed with double-distilled water and afterwards dried with nitrogen gas before bringing them into contact with glass slides to transfer the respective molecules (see Figure 1).



Borosilicate glass coverslips with dimensions of 22 × 22 mm   2   (Menzel cover slips, VWR International, Darmstadt, Germany) served as samples. Prior to the printing process, they were cleaned with isopropanol in an ultrasonic bath for 10 min. Subsequently, they were dried and treated with ozone for 60 min in a UV-ozone cleaner (Novascan Technologies, Ames, IA, USA) to remove organic residuals and to make the sample more hydrophilic.




2.3. SICM & AFM Topography Measurements


For Atomic Force Microscopy and Scanning Ion Conductance Microscopy measurements, a commercial AFM/SICM (NX-bio, Park Systems, Suwon, South Korea) was used. Regarding AFM, the samples were measured in Non-contact-mode (also referred to as dynamic mode) with ACTA cantilevers (nominal spring constant: 37 N/m) (AppNano, Mountain View, CA, USA) at ambient conditions (in air). SICM measurements of the molecular patterns were performed in phosphate-buffered saline (PBS) (ROTI Cell PBS, Carl Roth, Karlsruhe, Germany) at room temperature in a continuous scanning mode, meaning the ion current was held constant while scanning. For measurements of the cell morphology at the poles, the scan mode was switched to an approach–retract scheme. Here, the pipette reapproaches the sample for every measurement point and retracts before moving to the next one. This ensures the integrity of the nanopipette and cells since the ion current is only sensitive to vertical approaches. Any measurements were performed with the slow scan direction from bottom to top. The pipette and bath electrodes were non-polarizable (Ag/AgCl). A bias voltage of ≈100 mV was applied between them (pipette electrode being grounded). The nanopipettes with opening diameters of ≈50 nm were produced by heating borosilicate capillary tubes (inner diameter 0.58 mm) with a CO   2   laser puller (Sutter P-2000, Sutter Instrument, Novato, CA, USA). The program parameters were: Heat: 260, Filament: 4, Velocity: 50, Delay: 225, and Pull: 140.




2.4. Cell Culture


To study cellular responses to the molecular landscapes, human osteoblast-like cells of the cell line MG-63 (American Type Culture Collection ATCC®, CRL1427™, Bethesda, MD, USA) were used. Culturing was performed under humidified conditions at 37    ∘  C and 5% CO   2   atmosphere in Dulbecco’s modified Eagle’s medium (DMEM, 31966-021, Life Technologies Limited, Paisley, UK) with 10% fetal calf serum (FCS, Biochrom FCS Superior, Merck, Darmstadt, Germany) and 1% antibiotics (Gentamicin, Ratiopharm, Ulm, Germany). The  μ CP glass slides were immersed for 10 min in PBS before seeding cells with a density of 4000/cm   2   and culturing them for 24 h. For SICM-topography measurements, the cells were fixed by applying 4% paraformaldehyde (Sigma-Aldrich, MO, USA) for 10 min at room temperature.




2.5. Fluorescence Microscopy


Fluorescence (UV-filter cube) microscopy (Olympus IX73, Tokio, Japan) was performed under atmospheric conditions to ensure the successful molecule transfer and the integrity of the molecule landscape on the macroscopic scale. After seeding, the response of the cells as well as the molecular layers (via GFP (green fluorescent protein)-filter cube) were observed optically in situ (Nikon ECLIPSE Ti-U, Tokio, Japan). Due to low auto-fluorescence intensity of the molecular layers (BSA and Polyamidoamine (PAMAM)) the culture medium was replaced by isotonic 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES) [33].




2.6. Statistics


Student’s t-tests with the software GraphPad Prism version 8.0 for Windows (GraphPad Software, La Jolla, CA, USA) were performed for the respective two groups (unoriented vs. oriented cells and glass- vs. molecule-monolayer-adhered cells). The differences on p-values < 0.05 were considered significant. The cell preference results are presented in mean ± sem (standard error of the mean).





3. Results and Discussion


3.1. Characterization of Molecular Stripe Patterns


The mesoscopic characterization of the stripes was performed by fluorescence microscopy since we noticed a rather faint luminescence of the various molecules. We attribute this effect to aggregation-induced emission [34]. An example of the amine-dendrimer can be seen in Figure 2c. For these amine-terminated dendrimers as well as the other molecule types we noticed a homogeneous fluorescence intensity. This points to uniform molecular stripes that only occasionally show defects. The topography of the various  μ CP samples on cover slip glass slides was characterized by AFM to ensure the low stripe height so that contact guidance will not play a role when seeding cells on. A representative AFM image of amine-dendrimer stripes is shown in Figure 2a. The topographic height of the stripes turns out to be 2 nm from the averaged line profile (see Figure 2e).



Compared to the apparent root mean square roughness of the topographically lower stripe areas (   R  r m s   ≈   10 nm, which we attribute to the glass substrate) the roughness of the molecular stripes is lower (≈9 nm). This in addition to the homogeneous distribution of the high (white) spots in Figure 2a indicates that they result from the bare glass substrate and that we achieved homogeneous monolayer stripe patterns of amine-dendrimers by  μ CP. The corresponding AFM phase image (Figure 2b) shows a lower absolute phase value at topographically high positions, revealing that the molecules indeed cover only 20  μ m wide stripes, and in between these stripes the bare glass substrate is still visible.



To validate the integrity of the molecular layers in liquid (PBS) we performed SICM measurements. The stripe-patterned molecular layers stayed intact and in case of the amine-dendrimer heights of 2 nm (see Figure 2d) were measured which is similar in ambient conditions. It should be noticed that the sample appears to have a lower roughness (   R  r m s   ≈   2 nm) in liquid. This is due to the lower lateral resolution of the SICM (≈50 nm) compared to AFM (a few nm) [35,36]. The height analysis was conducted for the various molecule types. The results are shown in Table 1. The AFM-data correspond well to the respective molecule monolayer heights [37,38,39]. All measured heights fall in the regime between 0.5 and 4 nm. Interestingly, the heights of the molecular layers differ by up to a factor of three between AFM and SICM measurements. The deviations can stem for several reasons. In ambient conditions (air), which were present for AFM-measurements it is well known that a thin film of water adsorbs onto the surface. The film is usually not measured by AFM but might lead to a swelling behavior of the molecule-films. In contrast, SICM is performed in liquid (PBS) containing a number of dissolved salt species. The molecule layers might be ion-conductive, leading to a higher ionic current and, therefore, an artificially lower measured height of the stripe patterns by SICM. This effect seems neither applicable to the COOH-terminated dendrimer and PSS nor other dominating effects present. The swelling in liquid environment is especially known for polyelectrolytes and results in a few multilayers in height changes of a few nanometers [40]. However, the swelling is usually ≈30% and the effect noticed here is larger. More likely there are only weak binding sites formed between the negatively charged PSS and glass, so polymer fragments protude out into the liquid (loops and tails). This would explain the layer thickness increase in liquid. In contrast, layers of positively charged molecules (e.g., PDADMA) are equally thin or thinner in liquid compared to bare atmosphere because the positive monomers are electrostatically attracted to the glass.



The rectifying behavior of the ion current through a nanopipette due to the different  ζ  potentials of the molecular layer and glass can be neglected here, since the Debye length is ≈0.7 nm in high ionic environment (PBS) [41]. The edge sharpness of the stripes is in the regime of 25 nm according to AFM measurements at the transition between glass and stripe.




3.2. Cell Response to Molecular Landscapes


MG-63 osteoblastic cells were seeded on BSA and NH   2  -terminated dendrimer printed glass samples and incubated for 24 h, allowing them to adhere and migrate to preferred locations. Subsequently, the cell culture medium was exchanged by HEPES to localize the molecular stripes by luminescence (GFP-filtercube).



In areas where molecular stripe patterns were present, a significant amount of single cells ((89 ± 3)% for BSA and (78 ± 6)% for NH   2  -dendrimer-samples) adopted a distinct spindle shape, aligning parallel to the stripes (Figure 3). This observation remained true only when cells were separated from each other. In case of connected cells (e.g., via filopodia) the response to the molecular patterns seemed to be largely absent. Furthermore, the cells were often randomly oriented and did not necessarily maintain a spindle shape.



Taking only separated cells into account, we noticed a significant adhesion preference onto glass sites (see Figure 4). While for the BSA-samples (87 ± 5)% of single cells residing on glass, the preference seemed to be sightly lower in case of PAMAM-samples with (70 ± 5)%.



We can exclude that this observation is due to different adhesion probabilities on glass or flat molecule layers. When we offered a flat unstructured layer of BSA or NH   2  -terminated dendrimer, the glass preference vanished. A similar amount of cells were then found on the glass and molecule site after 24 h incubation (see Figure 5). This may also serve to dispel doubts with respect to the fact that albumin is not fully innocent in terms of adhesion [15,16,17,18]. The apparent glass preference when molecular layers are offered in the direct vicinity of cells is not explainable by means of  ζ  potentials of the different species: the potential of glass is strongly negative (≈−80 mV), BSA films on glass raise its potential by a few 10 mV. The amine groups of the dendrimer exposed to aqueous medium tend to bind a proton and become positively charged, resulting in a positive  ζ  potential of 22 mV [42]. This would give rise to a preference to the molecular layers since  ζ  potentials in the regime around 0 mV are favourable for MG-63 activity [7]. Especially on larger, covalently bound NH   2   terminated dendrimers (gen. 5) the osteoblasts exhibited tight cell attachment with well-organized actin stress fibers and well-spread morphology [42]. However, if a chemical gradient would be operative, the cells could sense and mistake/regard the amine for presence of cells or extracellular matrix. In terms of (pseudo-)tissue formation priority, i.e., swiftly covering a surface, it would make sense, that cells fill voids, i.e., the space inbetween the molecule stripes. The observation of mini-tissue, i.e., accumulation of two or more cells, that did not reside on the glass site supports this scenario. The UV-ozone pre-treatment of the glass slides as a reason for the cell response could be excluded since experiments without treatment yielded similar results.



Contact guidance occurs beyond a threshold of ≈33 nm deep grooves [11,12] for osteoblasts. For fibroblasts, the threshold for contact guidance was reported to be 35 nm with groove structures at 1:1 pitch ratio [11]. Therefore, we regard contact guidance as an unlikely process in our experiment since our structures are less than 4 nm in height. We suggest that the different  ζ  potentials between glass and the respective molecular layer give rise to a horizontal electric field localized at the molecule-glass transition lines. Considering the low distance over which the electric potential drops (e.g., roughly assuming twice the molecule diameter), the electric field already amounts to the order of 10   6   V/m. Such high field strengths are usually not present in conventional electric chambers [8,43]. In case of the BSA and NH   2  -terminated dendrimer landscapes, the electric field vectors would point in-plane, perpendicularly from the stripe edges towards the glass site, which is the retraction (or deformation) direction of osteoblastic cells in our experiments (see Figure 6). Often, mammalian cells appear to show cathodic taxis [30,31], among them are keratinocytes [44], neuronal growth cones [45], meniscus cells [46], and SaOS-2 osteoblast-like cells [43,47]. Some cell types show anodic taxis, e.g., osteoclasts [43] and dermal fibroblasts [44]. Furthermore primary, patient-derived osteoblasts [48] and calvarial osteosarcoma osteoblasts [47] show anodic taxis. A paucity of literature exists on the behavior of the osteosarcoma cell line MG-63 [8,9]. This type of osteoblastic cell appears not to migrate to one or the other electrode, however, MG-63 adopts a crescent shape with the convex side towards the cathode [8], as has also been observed for migrating RCJ.1.20 osteoblastic cells [43]. This may possibly represent an attempt to minimize electric potential differences along the cell body. This is in agreement with our observation, since the cells adhered along the glass and thus avoided the horizontal electric field at the glass–molecule interface.



To corroborate that the glass preference is due to electro-deformation, we assessed the cell response to COOH-terminated dendrimers, PDADMA and PSS landscapes. PSS shows a slightly lower  ζ  potential (−88 mV) than glass (if we assume −80 mV for glass), which may allow us to alter the electric field vectors in comparison to BSA and NH   2  -terminated dendrimer printed glass samples [7]. COOH-terminated dendrimers and PDADMA were chosen to vary the electric field strength due to their  ζ  potential (−47 mV and 51 mV, respectively) [7,42]. Through brightfield microscopy, we noticed an alignment and orientation of single cells, similar to previous observations with positively charged stripes. Unfortunately, the auto-fluorescence of the three molecule types was too faint to observe in liquid conditions, which is why we could only conduct spot checks to investigate the cell’s preference with SICM. Of the three cells chosen on each molecule species sample (COOH-dendrimer, PSS, and PDADMA), none of them were located on the molecule stripe. Thus, the orientation of the electric field vector at the glass–molecule interface (COOH and PSS) either might not be the dominating factor that controls the adhesion preference or the lowering of the  ζ  potential was not successful. Since the  ζ  potentials of glass and PSS are very similar, reversal of the electric field vector at the transition lines might not have taken place. In general, the error of  ζ  potentials with molecule coating is ≈±10 mV. It is much more difficult to increase the negativity of already negative surfaces compared to the charging of negative surfaces towards the positive direction. This is due to the electron spill-out, i.e., the fact that electrons are less localized in atoms than the positive nuclei.



Three cells for each molecule-type were chosen and their topography as well as location were checked via SICM. The cell topography at the poles featured membrane protrusions, so called ruffles (see Figure 7). Strikingly, the amount of ruffles is higher than at the rim of cells which did not adopt the spindle shape [49]. Since ruffles act among other functions as membrane storage, the spindle-shaped cells apparently provide additional membrane at the poles. This shows that the apical membrane morphology indicates the spreading direction (along the poles). In all cases, the cell alignment was along the stripe-patterns and the cells chose to adhere at the glass site.



If we were to assume cathodic taxis of the osteoblasts, the movement could be explained by the push–pull model [50] or the directional sensing model [51]. Both suggest the Ca    2 +   -flow being essential for the mechanism. A transcellular Ca    2 +    current may pass from the rear to the leading edge, resulting in a Ca    2 +    concentration gradient along the cell. The low Ca    2 +    concentration towards the anode leads to depolymerization of actin while an increased Ca    2 +    level at the cathodic side leads to a promotion of polymerization. The concentration gradient also comes along with actomyosin exertion and thus to a migration towards the cathode [50]. Since, in our experiment, there is no uniform cathodic side due to altering electric field directions, we suggest a double-sided retraction of cells in the direction of the electric field vectors being responsible for the observed behavior.





4. Conclusions


Monolayer-striped patterns with 40  μ m periodicity and 20  μ m stripe width have been prepared by  μ CP and characterized by AFM and SICM. The heights are found to range between 0.5 and 4 nm with the largest apparent height observed with BSA stripes in ambient (air) and the smallest with COOH-terminated dendrimers G1 in physiologic medium. Taking into account the sharpness of the molecule stripe pattern edges and the zeta potential difference between molecules and glass, the electric field lines at the interface should amount to 10   6   V/m. Indeed, osteoblasts preferentially adhere to the glass (with an abundance of 87 ± 5% and 70 ± 5%) and orient along the molecular stripes, adopting a spindle shape. The spindle poles exhibit excessive ruffling, pointing towards a membrane reservoir for the purpose of longitudinal spreading. The deformation is compatible with a cathodic taxis mechanism, where Ca    2 +    ions flow into the cell at the anodic side and lead to retraction.
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The following abbreviations are used in this manuscript:



	AFM
	Atomic force microscopy



	APTES
	(3-Aminopropyl)triethoxysilane



	BSA
	Bovine serum albumine



	ECM
	Extracellular matrix



	GFP
	Green fluorescent protein



	HEPES
	Isotonic 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer



	 μ CP
	Microcontact printing



	PAMAM
	Polyamidoamine



	PBS
	Phosphate-buffered saline



	PDADMA
	Polydialyldimethylammonium



	PDMS
	Polydimethylsiloxane



	PEG
	Polyethylene glycol



	PSS
	Polystyrene sulfonate



	SICM
	Scanning ion conductance microscopy



	TMP
	Trimethylol propane
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Figure 1. Cross section view of the  μ CP-Process scheme. 1. Production of micro-structured PDMS-stamps by pouring Sylgard 184 elastomer on glass masters. 2. & 3. Immersion of stamp in molecule solution for 24 h. Molecules weakly adsorb onto PDMS stamp. 4. & 5. Transfer of molecular monolayers by pressing the PDMS stamp on the glass surface. 
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Figure 2. Characterization of molecular landscapes (in this case NH   2  -terminated (PAMAM) dendrimer monolayers) on glass upon  μ CP. (a) AFM-topography image of 20  μ m wide molecule stripes with 20  μ m spacing in between them in ambient condition (air). Bright colors indicate topographically high locations. The white spots partly originate from instrumental noise. (b) Corresponding Phase-image. One can see that topographically higher areas show lower absolute phase values than the lower areas. This indicates different mechanical properties between those areas and, therefore, points to different materials being present, namely NH   2  -terminated dendrimers and glass. (c) Fluorescence-image, obtained with a UV-filtercube in ambient. The molecule stripe patterns, which are bright, are macroscopically intact and seem to only occasionally show defects. (d) SICM-topography image of an NH   2   dendrimer/glass sample in PBS. Bright colors show higher areas similar to (a). The molecule stripes (high areas) stay intact in liquid environment. (e) Horizontal line profile of the AFM-topography image (a) averaged over the whole area. The height of the molecular layer (2 nm) is prominently visible. 
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Figure 3. Optical microscopy images of MG-63 cells after 24 h adhesion time on glass with molecule stripe landscapes. The scalebars in the bottom right corner show 100  μ m or 50  μ m for images (a,b) and (c,d), respectively. (a) Brightfield image of adhered cells. Most cells escpecially the ones in the lower half of the image orient diagonally and adopt a spindle shape. (b) Corresponding auto-fluorescence image, obtained by using a GFP-filtercube. The bright stripes (indicating NH   2  -terminated dendrimer layers) are oriented in the same direction as the cells. At spots where the stripe pattern is absent (top right) the cells orient randomly and do not necessarily take on a spindle shape. (c) Brightfield image of adhered MG-63 cells on BSA  μ CP glass. The cell clusters (marked in blue) are oriented in the same way as the separated cells (marked in red). However, it is visible that the adhesion area is not so well defined for the cell-clusters. (d) Corresponding auto-fluorescence image. The separated cells orient along the bright BSA stripes, but adhere on the dark glass-stripes. In case of the cell clusters (marked in blue), orientation and confinement onto the glass site is largely absent. 
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Figure 4. Percentage of separated cells on glass samples with structured molecular landscapes after 24 h adhesion time. Cells either oriented along the structures (adhered on molecule layer or glass) or they did not respond to the landscape and remained unoriented. At least 4 independent experiments were performed, all graphs show significance (mean ± sem) between oriented (glass and molecule layer) vs. unoriented cells and molecule layer vs. glass (Student’s t-test, p < 0.05). (a) Cell-distribution on BSA  μ CP structured glass. (b) Cell-distribution on NH   2  -terminated dendrimer  μ CP structured glass. 
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Figure 5. MG-63 cells 24 h after seeding onto a BSA  μ CP glass surface. The scalebars in the bottom right corner indicate 100  μ m (a) Brightfield image of a representative spot at the transition from glass- to BSA-surface. A homogeneous cell distribution is present. (b) Corresponding auto-fluorescence image. The bright area (bottom half) shows the presence of a BSA-layer. A total of 36 cells are adhered on glass while 43 reside on the BSA-layer. Considering the area of the molecule layer vs. glass (0.74 mm   2   and 0.65 mm   2  , respectively) the cell density is similar. This shows that there is no glass preference in terms of cell adhesion when unstructured BSA-layers are offered. 
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Figure 6. Depicted is the cross section of an NH   2  -terminated dendrimer printed glass sample where MG-63 osteoblastic cells are adhered. The difference in  ζ  potential between the molecules and glass (illustrated in green) lead to an alternating lateral electric field (red) at the glass–molecule interface. We put a double-sided cathodic taxis ansatz forward to explain the apparent cell preference on glass. 
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Figure 7. Fixed MG-63 cell after 24 h adhesion time on BSA  μ CP glass in PBS. (a) Brightfield image of a spindle-shaped cell oriented parallel to the molecule stripes. The blue square at the cell pole shows the area of investigation by SICM. (b) SICM-topography image of the cell pole. Bright colors mark high spots. Extensive membrane ruffling is visible. The ruffles (peripheral) at the edges are several  μ m higher compared to the surrounding cell membrane, indicating that the cell either folded back its membrane or that the cell attempted to spread further and, therefore, provided membrane at the pole. 
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Table 1. In ambient conditions (AFM) and in liquid (SICM) measured molecule layer thicknesses microcontact printed on glass.
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	AFM [nm]
	SICM [nm]





	BSA
	4
	2



	  NH 2  -terminated dendrimer (PAMAM, gen. 1)
	2
	2



	COOH-terminated dendrimer
	1
	2–3



	PDADMA
	1–3
	0.5–1



	PSS
	1
	2
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