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Biomaterials can be engineered to alter 
cell behavior, often by impinging on 
mechanotransduction signaling pathways, 
resulting in phenotypic changes such as 
in cell morphology and alignment, migra-
tion, proliferation rates, and directed cell 
fate.[1–3] The influence of individual mate-
rial parameters on cell behavior is widely 
studied, often by modifying one property 
of the biomaterial. For example, substrate 
surface chemistries can be varied, from 
synthetic polymers to biomolecules[4,5] 
and bulk material properties such as deg-
radability and elasticity can be modified. 
Furthermore, microcontact printing is 
used to change the size and shape of cell 
adhesive islands. In a seminal paper, Chen 
et al. showed that apoptosis and prolifera-
tion of endothelial cells can be controlled 
by altering the size of the adhesive island 
on which the cell grows.[6] Using a similar 
approach, the same group demonstrated 
a role for Rho-mediated signaling in the 
control of adipogenic and osteogenic dif-
ferentiation. Another relation between a 
biomaterial property and cellular response 
is reported by Swift et al. who demon-
strated that extra cellular matrix stiffness 

correlates to lamin-A conformation and expression levels.[7]

In these, and most other cases, only a very limited part 
of the full biomaterial design space is covered. Moreover, 
in most cases, a relation is found between material proper-
ties and a phenotypical read-out, but the complex molecular 
mechanisms linking this material property to the change in 
phenotype is largely unknown. To address this, state-of-the-art 
high-throughput platforms are used. These systems serve as 
excellent starting points to identify materials which are able to 
induce desirable cell behavior. Comparable to low-throughput 
work, high-throughput systems are used to explore material 
properties such as bulk material chemistry,[8,9] surface chem-
istry,[10] and surface structure. Here, primarily imaging-based 
read-outs are used to screen for one biomarker in the desired 
phenotype because the material libraries are spotted onto glass 
slides or produced as arrays on chemically nonseparated sheets. 
For example, three different platforms are used nowadays to 
screen for bioactive surface topographies in high-throughput: 
multiarchitecture chip (MARC, consisting of isotropic/ani-
sotropic, nano- and micrometer scale, polydimethylsiloxane 

The field of biomaterial engineering is increasingly using high-throughput 
approaches to investigate cell–material interactions. Because most mate-
rial libraries are prepared as chips, immunofluorescence-based read-outs 
are used to uniquely image individual materials. This paper proposes 
to produce libraries of materials using a well-based strategy in which 
each material is physically separated, and thus compatible with standard 
biochemical assays. In this work, the TopoWellPlate, a novel system to 
study cell–surface topography interaction in high-throughput is pre-
sented. From a larger library of topographies, 87 uniquely defined bioac-
tive surface topographies are identified, which induce a wide variety of 
cellular morphologies. Topographically enhanced polystyrene films are 
fabricated in a multistep cleanroom process and served as base for the 
TopoWellPlate. Thermal bonding of the films to bottomless 96-well plates 
results in a cell culture ready, topographically enhanced, 96-well plate. The 
overall metabolic activity of bone marrow-derived human mesenchymal 
stem cells is measured to show the functionality of the TopoWellPlate as 
a screening tool, which showed a 2.5-fold difference range in metabolic 
activity per cell. TopoWellPlates of this and other topographical designs 
can be used to analyze cells using the wealth of standardized molecular 
assays available and thus disclose the mechanisms of biomaterials-induced 
mechanotransduction.
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(PDMS) surface topographies),[11] biosurface structure array 
(BSSA, consisting of topographical features designed using a 
combinatorial approach of lateral and vertical dimensions),[12] 
and the TopoChip.[13] Using MARC, Moe et al. identified a sur-
face structure able to enhance neural differentiation of primary 
murine neural progenitor cells.[11] Lovmand et al. used the 
BSSA to identify surface structures that enhanced mineraliza-
tion as well as the expression of osteogenic markers of a pre-
osteoblastic murine cell line.[12]

On the TopoChip, defined surface structures are created 
by combining circles, squares, and rectangles (Figure 1a) into 
topographical features (Figure 1b) that vary in size, density, 
and roundness. These topographical features are placed in an 
arrayed order in 290 × 290 µm TopoUnits (Figure 1c). In total 
2176 TopoUnits with unique surface topographies are placed in 
duplicate on a 2 × 2 cm polymer cell culture tool, designated 
the TopoChip (Figure 1d). We observed dramatic changes in 
cell and nuclear morphologies correlating to the topographical 
feature design parameters.[14] In present—more application-
driven—work, we identified a bioactive surface that can be used 
to improve the lifespan of orthopedic implants. Here, surface 
topographies are selected that induced osteogenesis in vitro 
and increased bone bonding in vivo (manuscript submitted). 
Furthermore, a set of specific topographical features is identi-
fied which maintained the expression levels of the pluripotency 
markers OCT4 and SOX2, and thus overcomes difficulties in 
xeno-free induced pluripotent stem cell (IPSC) culture.[15]

As most other high-throughput screening systems, the 
TopoChip relies on imaging-based read-outs as it is difficult to 

address individual TopoUnits differently. However, the study 
of topography-induced cellular responses could greatly benefit 
from the realm of molecular biology techniques available, such 
as RNA sequencing, enzyme-linked immunosorbent assays 
(ELISA), mass spectrometry, or other biochemical assays. To 
be able to do so, the cell cultures should meet two criteria; the 
populations exposed to a unique surface topography should 
be isolated, and should be large enough to retrieve sufficient 
amounts of biological material. In order to validate screening 
results, selected hit topographies are further assessed in low-
throughput on larger, isolated replicates. So far, this led to valu-
able insights in cell–surface topography interaction such as 
the regulation of chondrogenic differentiation marker genes 
in ATDC5 cells[16] and M1/M2 differentiation of macrophages 
observed during different phases (manuscript inpreparation). 
Upscaling of topographically enhanced materials is a costly and 
time consuming process, which raises the urge for a system to 
study a wide range of surface topographies, and which has com-
patibility with standard well plate technologies. A few platforms 
are available for screening cell–material interactions in a well 
plate format. Zant and Grijpma designed a method to screen 
hydrogel properties for their influence on cell attachment and 
proliferation. Synthesizing 255 different hydrogels in 96-well 
plates allowed them to quickly assess the individual popula-
tions by collecting culture medium and cell lysates.[9] A second 
example is described by Yang et al. who studied the influence of 
inorganic additives in calcium phosphates on behavior of osteo-
blasts and osteoclasts in a screening manner.[17] Hu et al. intro-
duced a PDMS-based platform to test the influence of multiple 
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Figure 1. TopoWellPlate as a new member of the TopoChip platform. a) Primitive shapes (namely, circles, triangles, and rectangles) are used to design 
b) topographical features. Arrays of a unique topographical feature build c) a 290 × 290 µm square TopoUnit for d) the TopoChip and e) an isolated 
circular TopoUnit of 6.3 mm in diameter for f) the TopoWellPlate. The TopoChip contains 2176 unique surface topographies in duplicate and 4 unpat-
terned units, whereas the TopoWellPlate contains 87 unique surface topographies and 9 unpatterned wells.
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grid and grating conformations in combinations with drugs on 
T cell activity. Using this combinatorial approach, they were 
able to identify both IL-2 secretion enhancing and suppressing 
cell microenvironments.[18]

In this work, we present the TopoWellPlate, a screening tool 
for bioactive surface topographies which allows in-depth anal-
ysis of the involved molecular mechanisms. The TopoWellPlate 
consists of 87 isolated TopoUnits displayed over larger areas of 
surface in the well base (Figure 1e,f). Furthermore, the super-
vised machine learning approach to select the surface topogra-
phies as well as the multistep cleanroom process are described 
in detail. To show the functionality of the TopoWellPlate, we 
measured the metabolized cell culture medium of the indi-
vidual cell populations and observed a wide range of cellular 
reactions to the surface topographies.

To study cell–material interactions by systematic screening 
using techniques other than immunocytochemistry, we devel-
oped the TopoWellPlate. Clearly, the TopoWellPlate had to 
resemble a normal tissue culture 96-well plate, as a leakage-free 
system without cytotoxic chemical contamination of the cell 
culture environment. A supervised machine learning algorithm 
was used to select 87 defined surface topographies in order 
to create a large diversity in cell morphologies on the TopoW-
ellPlate. From the original image database of human mesen-
chymal stromal cells (hMSCs) on a titanium-coated TopoChip 
(manuscript submitted) we selected five distinct cell mor-
phologies. These particular morphologies were eye-catching 
during unautomated image analysis and intuitively labeled as 
“pancakes,” “stretched pancakes,” “sticks,” “multipolar,” and 

“branched” (Figure 2a). Images corresponding to the defined 
cell morphologies were then introduced (supervised) to an algo-
rithm to create binary classifiers for each morphological group 
(Figure 2b). Assessing the complete library of images using the 
obtained binary classifiers allowed us to select multiple unique 
surface topographies which induced similar cell morphologies. 
The percentage of cells classified as the desired morphology per 
image was a measure for the robustness with which the sur-
face topography induced this particular cell morphology. The 
surface topographies included in the TopoWellPlate were all 
selected based on this robustness (data not shown). Addition-
ally, we included topographies inducing three different classes 
of nuclear morphologies as well as three classes of extreme cell 
morphologies that were rarely—however robustly—observed. 
We confirmed a great resemblance of cell morphologies when 
comparing the original images from the TopoChip database 
with the cells cultured in the TopoWellPlate (Figure 2c). With 
this, we created the TopoWellPlate consisting of 87 wells with 
unique surface topographies, which will induce 11 distinct 
classes of cellular and nuclear morphologies in a very repro-
ducible manner, and 9 wells which remain without any surface 
topography.

The fabricated polystyrene films with the selected topogra-
phies distributed to cover the surface areas under the chimneys 
of a bottomless 96-well plate, were cropped to exactly fit the 
bottom region of the well plates. Prior to thermal bonding, the 
bottomless well plates and the two topography enhanced films 
were aligned. Applying 108 °C and 6.4 MPa for 45 s resulted 
in tightly sealed wells, and by this, a ready-to-use cell culture 
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Figure 2. Robust clustering of cellular morphologies. Fluorescence images, obtained in a high-throughput TopoChip screen, were used to identify  
a) five distinct cell morphologies to perform binary classification. b) The classifiers obtained by supervised machine learning in CellProfiler Analyst 
were able to classify cells based on morphology with at least 70% accuracy. c) Testing the complete library of images with the binary classifiers let to 
the identification of multiple surface topographies able to induce the desired described cell morphologies, and in addition extreme morphologies (both 
cellular and nuclear) found to occur on fewer occasions. All described classes were scattered on the design of the TopoWellPlate.
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system (Figure 3). Here, neither the polystyrene base material 
nor the thermal bonding process caused changes in cell via-
bility when compared to standard cell culture plates. And visual 
inspection of the topographical features showed high-quality 
defined surface structure over the entire area of the wells 
before, during and after cell culture (data not shown).

The TopoWellPlate is envisioned to be used as high-
throughput system to study the influence of surface topography 
on cell behavior with nonimaging-based techniques. To show 
this potential, we performed a biochemical assay on the cul-
ture medium of all individual TopoUnits. Here, we measured 
the overall metabolic activity of hMSC populations exposed to 
the 87 defined surface topographies and the populations on the 
unpatterned references. The Presto Blue assay used measures 
the conversion of the nonfluorescent resazurin into the highly 
fluorescent resorufin. This conversion takes mainly place in the 
reducing environment of mitochondria where NADPH/NADH 
(nicotinamide adenine dinucleotide phosphate/nicotinamide 
adenine dinucleotide) dehydrogenase creates the reductant 
NADPH/NADH. Fluorescence intensities measured in the 
Presto Blue assay thus represent the mitochondrial metabolic 

activity. Figure 4a shows the distribution of resazurin conver-
sions in cell populations exposed to unique surface topog-
raphies. We observed a clear 2.5 times difference between 
the lowest and highest scoring populations (Figure 4b) and 
remarkably, cell populations grown in unpatterned wells were 
all among the highest scoring populations. This demonstrated 
the diversity in physical stimuli on the TopoWellPlate and its 
influence on cell behavior.

In this work, we have introduced the TopoWellPlate as 
a valuable tool to study cell–material interaction in a high-
throughput manner. We established the TopoWellPlate produc-
tion flow and set-up cell culture protocols that resemble the 
standard well plate cell culture systems. Our growing database 
on the bioactivity of surface topographies from the TopoChip 
platform in combination with the used fabrication pipeline 
has great potential for further development. First, the surface 
topographies included in the current design of the TopoW-
ellPlate can be replaced by any other topography available in 
our in silico library. Besides the selection of topographies on 
the current TopoWellPlate, which is known to induce a wide 
variety of cell morphologies, one could, for example, include 
a selection of topographies that cover the full spectrum of a 
single design parameter for the topographical features. Second, 
the current 96-well plate design can be transformed into 384 
and even 1536-well formats to cover the range of topograph-
ical features even more comprehensively. Third, recent data  
showed the ability to scale topographical feature sizes down 
from micrometer to nanometer scale while maintaining the 
high topographical feature structures quality and reproduc-
ibility (manuscript submitted). Furthermore, it is shown that 
the effect of surface topography on cell behavior is strongly 
influenced by bulk material chemistry.[19] One specific combi-
nation of surface topography, material chemistry, and cell type 
will give a unique result, and therefore, we foresee the use of 
the TopoWellPlate of various materials to study many more 
mechanobiologically relevant models. To add another layer of 
complexity, well-plate-based system can be developed in which 
a defined 3D cell culture is created. Multiple platforms are 
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Figure 3. The TopoWellPlate. The thermal bonding of the topographically 
enhanced polystyrene film and the bottomless 96-well plate, results in a 
leakage free well plate containing high-quality defined surface structures.
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Figure 4. Topography induced changes in metabolic activity of cells cultured on different topographies in the TopoWellPlate. Metabolic activity of hMSC 
populations in the TopoWellPlate exposed to 87 unique surface topographies and 9 unpatterned surfaces for 3 d measured using Presto Blue. a) Each 
dot represents the average metabolic activity for a cell population cultured on a single unique surface topography (n = 4) (topographically enhanced 
TopoUnits represented by black dots, unpatterned TopoUnits by dark gray, and the light gray fields above and below the dots represents the standard 
deviation), and is ranked from low to high. b) Raw data points of the top and bottom scoring units.
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used to study the influence of an engineered 3D microenvi-
ronment on cell behavior. For example, Ma et al. used a bio-
printing approach to create arrays of 3D cell laden hydrogels 
with gradients of extra cellular matrix components able to alter 
cell behavior of periodontal ligament stem cells.[20] Using rapid 
prototyping, Higuera et al. created defined 3D structures of 
biomaterials in wells which allowed them to study the influ-
ence of the construct in higher throughput both in vitro and 
in vivo.[21]

The proof of principle described in this work shows the 
diversity in cellular responses to surface topography as meas-
ured by the cells their mitochondrial metabolic activity. With 
mitochondria as the main energy producing cell organelles, 
one can hypothesize that changes in mitochondrial abundance 
occur induced by surface topography. The dramatic changes in 
cell morphology—observed on the TopoWellPlate–are accompa-
nied by changes in cell size. With this, a proportionate decrease 
in cell organelles as mitochondria in smaller cells is possible.[22] 
Furthermore, the cell metabolism can be divided in multiple 
pathways, and the TopoWellPlate allows us to investigate the 
effect of surface topography on these pathways in depth.

The use of different omics approaches on the TopoWellPlate 
is in line with our current high-throughput approach. In par-
ticular, transcriptomic profiling using the L1000 technology 
allows us to create a gene expression dataset on cell–mate-
rial interaction which is unique to our knowledge.[23] Besides 
standard gene expression data analysis techniques focusing on 
differentially expressed genes and their functions, other types 
of analysis offer interesting opportunities for further research. 
For example, our transcriptomic data could be used for analysis 
in the Connectivity Map which allows for a comparison of the 
biomaterial-induced gene expression profile with small mole-
cule-induced profiles.[24] In addition, our data can be placed in 
the compendium for biomaterial transcriptomics (cBiT), which 
accumulates biomaterial-based transcriptomics studies along 
with a detailed characterization of the biomaterial properties, 
making comparisons with similar materials possible (https://
cbit.maastrichtuniversity.nl). However, besides transcriptomics, 
many other techniques can be used to obtain valuable infor-
mation. The TopoWellPlate allows us to study surface topog-
raphy induced cytokine secretion by the multiplex ELISA, and 
to create proteomic and metabolomics profiles using mass 
spectrometry.

Recently, the number of mechanobiologically relevant cell 
systems has been growing and future applications of defined 
bioactive surface topographies can be introduced here. We 
aim to target a wide variety of biological models in which 
mechanical stimuli might play an important role. For example, 
corneal endothelium regeneration,[25] macrophage stimula-
tion,[26] activation of the immune responses in mesenchymal 
stromal cells,[27] and tailoring the epigenetic state of cells.[28] We 
also aim to improve standard cell culture protocols by devel-
oping culture plates that overcome current limiting factors. 
For example, IPSC maintenance[5] and differentiation,[29] the 
loss of stemness in stem cell cultures, increase proliferation 
rates for slow growing cell types, disrupting colony formation, 
and stimulating monolayer formation. We recently identified 
a surface topography able to maintain primary hepatocytes 
viable during prolonged periods of in vitro cell culture (work 

progress). Including only this specific topography in a TopoW-
ellPlate system allows us to screen libraries of small molecules 
for drugs discovery in this engineered biological model.

To conclude, the TopoWellPlate allows us to compile large 
datasets on various levels of cell behavior that can be used to 
uncover the “big black box” of signaling cascades in mecha-
nobiology. This knowledge will help us to elucidate the full 
underlying mechanism of mechanotransduction in mechano-
biologically relevant models.

Experimental Section
Topography Selection: Bone marrow derived hMSCs cultured for 

5 d under basic conditions on eight titanium coated poly-lactic-
acid TopoChips were fluorescently stained for DNA (DAPI, Life 
Technologies), actin cytoskeleton (phalloidin, Life Technologies), and 
osteogenic differentiation related protein alkaline phosphatase (ALP, 
sc137213, Santa Cruz Biotech). High content imaging of the cells on 
the TopoChips was performed using the BD pathway. The 2176 unique 
surface topographies (duplicates per chip) and the nonpatterned 
TopoUnits (four replica’s per chip) were captured in individual images of 
all eight TopoChips. Prior to image analysis, a variety of image correction 
steps were performed which included: region of interest (ROI) cropping, 
alignment, and background signal removal.

Image analysis was performed using CellProfiler.[30] After 
segmentation of individual cells in the ROI, a 1000 node cluster 
analysis was performed. With this datasets on most morphological 
parameters were obtained that are available in the CellProfiler software. 
Subsequently, CellProfiler analyst 2.0,[31] a tool for supervised machine 
learning analysis relying on a gently boosting algorithm, was used to 
explore the variety of cell morphologies in the TopoChip data. To initiate 
this algorithm, five eye catching cell morphologies were selected from 
the image database. Subsequently, CellProfiler analyst was used to 
create the five corresponding binary classifiers. Here, at least 100 cells 
per morphological cluster were presented to the program in order to 
create a classification accuracy of 70%. The obtained binary classifiers 
(features used in these classifiers are shown in Table 1) were then 
used to assess the complete dataset, where all images (corresponding 
to one TopoUnit) were scored based on the percentage of cells that 
belong to one of the defined classifiers. The most frequent TopoUnits 
in the 1000 highest scored images were selected as surface topography 
inducing one of the five classified cell morphologies in a robust and 
reproducible way.

Topography Enhanced Polystyrene Film Fabrication Process: Patterns 
of the selected surface topographies were placed in a 96-well plate 
format as the lay-out of the chromium masks for photolithography. 
The micrometer-scale patterns were etched from the silicon wafer by 
directional reactive ion etching (DRIE), generating a silicon master 
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Table 1. Binary classifier parameters for five cellular morphologies. 
(CellProfiler analyst supervised machine learning on five distinct cell 
morphologies led to the description of corresponding binary classifiers. 
The rules for classification are based on few morphological parameters 
all with a different weight in the classification process. Here, orange 
shading represents morphological parameters important in the binary 
classifying process with an accuracy of 70%, green parameters of 
medium importance, and blue of low importance.)

Class 1 Class 2 Class 3 Class 4 Class 5

Eccentricity Area Solidity Eccentricity Area

Compactness Minor axis Eccentricity Area Compactness

Neighbors Solidity Area Solidity

Minor axis Extent

https://cbit.maastrichtuniversity.nl
https://cbit.maastrichtuniversity.nl
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mould. Due to wafer size limitations, two moulds were needed to create 
a lay-out with the size of a 96-well plate. These silicon master moulds 
contained the inverse topography patterns. A three-replication process 
was used to fabricate the surface topography enhanced polystyrene 
films.[32] In these three replications, silicon moulds, PDMS moulds, and 
Ormostamp moulds were subsequently used.

Silicon Master Mould Fabrication: Si 〈100〉 wafers were prepared with 
positive photoresist (907-16, Olin) by spin-coating at 4000 rpm for 
30 min. The prepared substrates were patterned using the designed 
masks in conventional UV lithography (EVG 620). After development 
(OPD 4262) and hard baking on a hotplate at 120 °C for 30 min, the 
wafers were etched by DRIE (Adixen AMS 100 SE) using a Bosch process 
of SF6/C4F8 flow of 250/200 sccm (3/1 s), ICP of 1500 W, CCP of 80 W, 
and a substrate temperature of 80 °C for 3 min and 18 s. By this, a 
feature depth of 10 µm was obtained. The photoresist was then stripped 
in O2 plasma.

PDMS Mould Fabrication: The silicon master moulds (Figure 5a) were 
first cleaned in Piranha solution (H2SO4: H2O2 = 3:1 v/v) for 30 min at 
95 °C, rinsed with deionized water, spun dried with N2, and coated with 
a monolayer of trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (FOTS, 
Sigma-Aldrich) in the gas phase under vacuum in a desiccator. Degassed 
PDMS (curing agent: base = 1:10 w/w, Sylgard 184 silicone elastomer kit, 
Dow Corning Corporation) was casted (Figure 5b) on the full 100 mm 
silicon master mould to create a 1–2 mm thick PDMS mould, and cured 
on a leveled hotplate at 80 °C for at least 8 h (Figure 5c). After curing, 
the PDMS film was peeled from the silicon mould (Figure 5d) and ready 
to be used for the next replication cycle.

Ormostamp Mould Fabrication: Due to thermal expansion and 
mechanical properties of PDMS, the obtained PDMS mould could not 
be used as a proper template for hot embossing. Therefore, a second 
replication step was needed using a much harder polymer. For this, 
Ormostamp (OrmoStamp, Micro Resist Technology GmbH, Germany), 

a UV-curable inorganic–organic hybrid polymer was used. A layer of 
Ormoprime (OrmoPrime08, Micro Resist Technology GmbH, Germany) 
was applied on a clean support Borofloat wafer (Borofloat 33 of 100 mm 
diameter and 500 µm thickness from Schott) via spin-coating for 30 s at 
4000 rpm followed by 5 min on a hot plate at 150 °C. This layer promoted 
adhesion of the Ormostamp and was prepared immediately before 
application. 1.5 mL Ormostamp was slowly dispensed in the middle 
of the PDMS mould (Figure 5e) and carefully brought into contact 
with the Borofloat wafer with the Ormoprime coating. The gap between 
the two substrates was completely filled by capillary force after 30 min 
(Figure 5f). The PDMS/Ormostamp/Borofloat sandwich was exposed to 
365 nm UV light for 300 s with a light intensity of 12 W cm−2 (EVG 620 
i-line exposure system) (Figure 5g), after which the PDMS mould was 
peeled from the Ormostamp mould (Figure 5h). UV curing was followed 
by a hard bake process on a hot plate at 130 °C for 30 min (ramping up 
from room temperature at a ramping speed of 5 °C min−1) to finalize 
this replication cycle.

Polystyrene Hot Embossing: Before the third replication step, the 
Ormostamp mould was treated with a gentle O2 plasma (reactive ion 
etching (home-build) at 10 °C, 50 sccm oxygen flow, 75 mTorr pressure, 
and 50 W CCP power for 30 s) and FOTS coated as described earlier 
(Figure 5i). Commercially available biaxially oriented 190 µm thick 
polystyrene films (Goodfellow, United Kingdom) were used as substrate 
material (Figure 5j) for hot embossing (Obducat Eitre6 Nano Imprint 
Lithography system, Obducat, Sweden) the inverse ORMO stamp 
template at 140 °C and 10 bars for 5 min (Figure 5k). The replication 
process was finalized by separating the Ormostamp template from the 
10 µm high topographical features enhanced polystyrene films at 95 °C 
(Figure 5l). To improve cell adhesion in the later stages of the project, a 
gentle O2 plasma treatment was applied as described above.

TopoWellPlate Assembly: Size adjustment of both produced films 
was needed before substrate alignment for thermal bonding. Here, the 
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Figure 5. Fabrication scheme of PDMS and Ormostamp moulds and hot embossing of topography enhanced polystyrene films. The process of cre-
ating the topography enhanced polystyrene films for the TopoWellPlate consists of the following steps (see the Experimental Section for a more in 
depth description): a) Silicon master mould containing the inverse structures of the selected topographies used to b) cast a layer of PDMS followed by  
c) the curing of the PDMS layer and d) peeling it off the silicon master. e) OrmoPrime08 is applied to a Borofloat wafer and application of Ormostamp 
on the PDMS copy, f) spreading by capillary forces, g) UV curing, and h) peeling off the Ormostamp mould. The hot embossing process starts with  
i) the inverse Ormostamp mould, j) aligning the polystyrene film and the mould, k) hot embossing, and finally l) gently peeling it off the topographically 
enhanced film used as bottom for the TopoWellPlate. Assembling the TopoWellPlate starts by m) aligning the bottomless 96-well plate, topographically 
enhanced polystyrene film and aluminum thermal stamp, followed by n) thermal bonding at 108 °C and 6.4 MPa for 45 s, resulting in o) a leakage-free 
well plate containing high-quality defined surface structures.
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topographically enhanced areas of the polystyrene films were exactly 
aligned (Figure 5m) with the chimneys of a bottomless 96-well plate 
(Greiner Bio-One) and an in-house developed aluminum controlled 
heat transmitting stamp. The stack was placed in a temperature-
controlled press where the temperature of the well plate was increased 
to 50 °C and the aluminum stamp to 108 °C for 4 min, followed by 
45 s at a compression pressure of 6.4 MPa (Figure 5n) and demolding 
immediately afterward (Figure 5o). This resulted in a polystyrene 96-well 
plate with 87 wells that were enhanced with a surface topography and 9 
wells that remained unpatterned.

Cell Culture: A bone marrow aspirate was obtained from a donor 
(D210, female/74 years old) who was undergoing a total hip replacement 
surgery and had given informed consent. In the aspirate, the nucleated 
cells were counted and plated at a density of 500 000 cells cm−2 in 
hMSC proliferation medium which consists of basic medium (a-minimal 
essential medium (a-MEM, Life Technologies), 10% fetal bovine serum 
(Sigma), 0.2 × 10−3 m ascorbic acid (Sigma), 2 × 10−3 m l-glutamine 
(Fisher Scientific) and 100 units mL−1 penicillin with 100 mg mL−1 
streptomycin (Fisher Scientific)) with an additional 1 ng mL−1 basic 
fibroblast growth factor (Neuromics). Cells were grown at 37 °C, 5% 
CO2, and a humidified atmosphere. The hMSCs obtained after the 
first trypsinization (Trypsin-EDTA (0.05%), Fisher Scientific) were 
plated at 5000 cells cm−2 and considered as passage 1. Basic medium 
was replaced twice a week and hMSCs were used for expansion, 
cryopreservation or experiments once 80% confluency was reached. All 
experiments were performed with passage 5 hMSCs.

Metabolic Activity: The metabolic activity of isolated cell populations 
exposed to unique surface topographies was measured using the Presto 
Blue assay (Invitrogen) according to the manufacturer’s protocol. In 
brief, after 3 d basic hMSC culture medium was replaced by Presto Blue 
medium (1× concentrated in basic hMSC medium), which was incubated 
with the cell cultures for 1 h at 37 °C in a humid environment. Equal 
amounts of supernatant were subsequently transferred to a black/black 
bottom 96-well plate and followed by the quantification of the fluorescent 
signal measured at 590 nm using a plate reader (Perkin Elmar Victor 3).

Fluorescent Staining and Microscopy: Cells were fixated in freshly 
prepared 3.7% paraformaldehyde for 10 min at room temperature, 
permeabilized by 1% Triton-x (Sigma) in phosphate buffered saline 
(PBS) for 10 min and blocked for a specific binding by 1% bovine serum 
albumin (Sigma-Aldrich) in PBS for 30 min. The actin cytoskeleton 
was labeled with phalloidin 488 (1:80, Biotium inc.) for 40 min and 
the DNA with 4′,6-diamidino-2-phenylindole (DAPI, 14.3 × 10−6 m, Life 
technologies) for 5 min both in dark and at room temperature. The 
staining protocol was finalized after multiple washing steps and the 
samples were kept humid in PBS. Fluorescence images were obtained 
using the BD pathway.
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