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Modern biomaterials

A biomaterial is any matter, surface, or construct that interacts with living systems. Biomaterials are used to 
make all sorts of medical applications, from relatively simple things such as band-aids and stitching thread 
to complex devices such as artificial joints and heart-valves. Many different materials can be biomaterials 
such as natural and synthetic polymers, metals, ceramics and glasses. Historically, for biomedical design, the 
first objective was biocompatibility of the material or the prevention of rejection by the host body. Through-
out the years the properties of biomaterials have had to meet higher demands. Successful integration into 
the host body became expected. Next, some biomaterials should only perform a temporary function in 
the host body, slowly degrading while the native tissue rebuilds. These days biomaterials are developed 
with the objective to aid healing of the damaged tissue by instructing repair with mechanical and biolo- 
gical cues. 

Biomaterials are also used in vitro as cell culture substrates in life sciences. Biological sciences use rela-
tively artificial materials for their in vitro work such as high molecular weight polystyrene and glass. These 
materials have been used for decades due to their low cost and good optical properties for microscopy 
and there is obviously reluctance to switch from a working system. Unfortunately most cells lose functional 
properties ex vivo. By advancing cell culture biomaterials it should be possible to keep cells functional ex 
vivo for extended amounts of time. For example, maintaining the pluripotency of stem cells in vitro is the 
objective of many studies (1-3). 

Biomaterial-cell interactions

To improve tissue engineering products, implants and tissue culture substrates it is vital to understand and 
improve cell-biomaterial interactions. These interactions are governed by material parameters such as material 
stiffness (4), surface chemistry (5), degradability (6, 7) and surface topography. Inspiration for these 
parameters are the mechanical and chemical properties from the native tissues from which the cells are 
derived. For example, stem cells differentiate towards cell types on substrates that have a corresponding 
stiffness to the native tissue of the differentiated cells (8).  

Surface topography

In this thesis we focus on the effects of surface topography on cells and tissues. Already, clinical effica-
cy of applying topography to improve implants is established. For example, titanium bone implants are 
sand-blasted and acid etched to create micro and nano roughness to improve implant performance (9). 
Even though there is clear evidence of clinical effects, the underlying bio-physical mechanisms and mole- 
cular pathways are not evident. Rational, controlled design of surface topography, made possible by mi-
crofabrication techniques, enables more systematic investigation of topographical effects. In the last de-
cade there have been several studies showing the various effects of designed topographies, fabricated in 
different scales in cell differentiation and morphology. Dalby et. al. showed that a moderately disordered 
spacing of pits with a diameter of 120 nm induced an osteogenic response of human mesenchymal 
stromal cells (hMSC), which did not occur when the same pits were spaced in a ordered or completely 
random fashion (10). The disordered spacing of the pits induced formation of bone nodules and a small 
upregulation of osteogenic genes. Additionally, culture on the topography led to the activation of molecular 
pathways of which some are also activated when the cells are exposed to dexamethasone, which is a  
osteogenic supplement. Li et, al. showed that microgrooves with a depth of 3 µm and a width of 10 µm are 
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able to improve the reprogramming efficiency of fibroblasts to induced pluriotent stem cells, compared to 
planar surfaces (11). The increased efficiency was caused by a decrease of histone deacetylase activity and 
an increase in the WDR5 histone methyltransferase subunit expression. The same study showed that when 
the elongated cell morphology with aligned actin fibers, visible on the microtopographies was replicated 
in fibroblasts cultured on aligned sub-micrometer sized elect spun fibers,  it resulted in similar increase of 
reprogramming efficiency. This is a clear example of correlation between cell morphology and downstream 
effect of a molecular pathway, which shows that cells can be mechanically regulated by topographies of 
varying scales.

High-throughput screening

Even though the controlled design of topographies has greatly benefitted the studies for cell-topogra-
phy interactions, this approach has not yet improved our knowledge of the biophysical mechanisms and 
downstream pathways sufficiently to apply topographies to improve biomedical devices and tissue culture 
substrates. To identify topography that benefit certain biological processes, in a cost and time efficient 
manner, we require high-throughput screening (HTS) of topographies. HTS for surface topographies with 
beneficial biological instructive effect is very similar to screening for other biomaterial properties (1, 12, 
13). Figure 1 shows a scheme of the components of a high-throughput biomaterial image-based screening 
experiment. Such an experiment is usually initiated to tailor biomaterial properties to improve response 
of cells and tissues. Before a screening experiment can be started two things have to be established: 
a suitable, miniaturized materials library and a robust biological assay. 

Figure 1: Experimental workflow of biomaterial high-throughput screening for cell responses.

The creation of a screening platform with designed surface topographies requires microfabrication tech-
niques such as photolithography which originate from the micro-electronics industry. Photolithography is 
the transfer of geometric patterns into a photosensitive material via selective exposure to light. The reso- 
lution of photolithography is limited by the wavelength used, which in practice means several hundreds 
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of nanometers in contact printing used in research. For improved resolutions, down to the scale of tens 
of nanometers, beam writing techniques such as ion beam or electron beam lithography can be used. 
Unfortunately, beam writing techniques often suffer from long writing times which severely limits the 
size of the writing area. To create topographical features on polymers suitable for biological experiments, 
hot embossing (14) is often used. In the hot embossing process a mould, which is usually created by 
photolithography, is pressed into a heated polymer film to create an imprint. Most thermoplasts can be 
used for hot embossing. The resolution of hot embossing is mainly limited by the resolution of the mould. 
The main difficulty in hot embossing is the successful demoulding without damaging both the mould and 
thermoplastic film, which can be difficult with hard and brittle polymers such as PS. In our work we use 
specialized Ormostamp® moulds to emboss PS (Appendix 1).

The second requirement for HTS of biomaterials is a biological assay with a robust readout. For this a 
suitable cell model is required, which should mimic the cells that interact with the eventual application 
such as a endothelial cells if one aims to improve stent materials. Both primary cells and cell lines can 
be viable. Even though a primary cell type is less artificial compared to the in vivo situation, it is often in 
limited supply and can also be very heterogeneous which adds additional ‘noise’ to the dataset generated 
by the screening experiment. Alternatively, a cell line can be used, which is more artificial but has the 
advantages of being cheaper to maintain and consisting of a more homogenous population. Moreover, 
cell lines are more suitable to transfect with transgenes that carry reporter constructs to create reporter 
cell lines. Reporter cell-lines greatly improve the data quality of HTS as there is no need for staining with 
labeled antibodies. The readout usually consists of the staining of an expressed protein with a fluorescently 
labeled antibody to show the change of protein level and/or location in the cells which can be observed 
by microscopy.

With a biomaterial library and a robust sensitive assay, the screening experiment can be performed with 
suitable HTS imaging system to create the raw images. This imaging process and the basics of image 
analysis are covered in Chapter 2.

The dataset generated by HTS can be queried in various ways. Firstly, the substrates with the best bio-
logical performance can be identified as ‘hits’. These hit substrates should be validated to remove false 
positives that occur in HTS. Validation experiments are preferably performed with scaled up versions of the 
hit substrates. For example, in the case of variation in surface chemistry, the substrates may have to be 
synthesized on a larger scale. For surface topographies the structure has to be applied to a larger surface 
area. True positive hits are candidates for application in medical devices or tissue culture products. The 
dataset can also be used to infer relationships between surface chemistry or surface feature shape para- 
meters and biological readouts such as cell morphology and marker expression. This information can pro-
vide important clues to uncover the underlying biophysical mechanisms which can aid in the development 
of future biomaterials.

There are several examples in literature in which the authors take advantage of the vast design space pro-
vided by microfabrication technologies to screen large numbers of topographies for cell response. Kolind 
et. al. fabricated tantalum coated silicon chips which contained 169 distinct surfaces with topographies 
that concisted of 2.4 µm high squares and circles with various spacings and ‘sharkfin like’ topographies 
from rectangles with various spacings (15). The systematic study revealed that larger spacing of the mi-
crostructures increased proliferation. The microtopographies also affected the morphology and number 
of focal adhesions. Li et. al. created a PDMS chip with microscale feature ranging between 2 and 15 µm 
(16). The 71 different features consisted of anisotropic shapes (linear, circular or angular gratings, triangles 
and rectangles) or isotropic shapes (dots, grids and squares). The Chip was used to investigate the effect 
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microtopographies on neuronal outgrowth. The results from their screening experiment showed that the 
anisotropic topographies promote axonal extension relative to the isotropic topographies. 

To perform HTS of microtopographies our group developed the TopoChip. The TopoChip contains 2176 
unique topographical features in duplicate, which are randomly selected from an in silico library of more 
than 150 million topographies, generated by combining the primitive shapes: triangle, rectangle and circle. 
By combining the primitives in varying numbers and sizes, any conceivable shape can be created. A proof 
of principle screening experiment with TopoChips fabricated from poly lactic acid showed that topographies 
were able to induce hMSC proliferation and osteogenic marker expression (17). Furthermore the cellular 
responses could be correlated to the design parameters.

In this thesis we use the state of the art TopoChip HTS platform to investigate bioactive topographies on 
materials which are similar to the intended (biomedical) application. The first aim of the thesis is to identify 
and further study microtopographies for the improvement of several distinct applications: an orthopedic 
bone implant, a membrane for a bio-artificial kidney device and tissue culture plastic ware. Because 
topographies are also able to instruct cells at the nanoscale. The second aim of this thesis is to extend 
the screening of microtopographies for cell response to nanotopographies with the development of the 
Nano-TopoChip.

Outline of thesis.

Chapter 2 will discuss high-throughput, high-content imaging. A large part of the work in this thesis is 
based on the TopoChip HTS platform, which relies heavily on the imaging techniques and image analysis 
methods described in this chapter. This chapter is a clear tutorial and highlights the many possibilities, 
advantages and disadvantages that come with high-throughput imaging. 

The first experimental chapter (Chapter 3) will demonstrate how the titanium coated TopoChip is used 
to identify osteogenic topographies. The osteogenic topographies are evaluated by studying their effect 
on osteogenic differentiation of hMSC in vitro and on the performance of titanium bone implants in vivo. 
Furthermore we will use the screening system for the inference of relationships between topographical 
feature shapes, cell morphology and cell differentiation, analogous to identification of drug identification 
by computational chemistry.

The second experimental chapter (Chapter 4) will evaluate the effect of the osteogenic topographies 
identified in Chapter 3, fabricated in polystyrene (PS), on hMSC osteogenesis and adipogenesis. Several 
phenotypic assays will be used to characterize the instructive effect of the microtopographies. Finally the 
role of surface chemistry in the cell-instructive effect of topographies will be investigated by comparing the 
results obtained with the PS topographies to the data from titanium topographies.

The third experimental chapter (Chapter 5) will cover a study on the effects of surface topography on kid-
ney epithelial cell monolayers with the aim of improving membranes of bio-artificial kidney devices. For 
this, several bio-active topographies will be fabricated on porous PolyetherSulphone-Polyvinylpyrrolidone 
(PES-PVP) membranes by phase separation micro-moulding. Cell adhesive coatings will be tested which 
will be required to culture cells on the PES-PVP membranes which normally inhibit cell adhesion due to 
their resistance to biofouling. The effect of surface topography the cell monolayer formation will be evalu-
ated by imaging kidney epithelial cells cultured on the membranes.
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The fourth and final experimental chapter (Chapter 6) will present the fabrication of the NanoTopoChip 
which has topographical features of lateral dimensions between 100 nm and 2 µm, which is more than 50 
times smaller than the micro-TopoChip. For the fabrication of the nano features on a large area of 4 cm2

, 

deep UV lithography, normally only used in chip industry, is applied. The effect the nanotopographies on 
U2OS cell morphology will be investigated in a high-throughput screening experiment and compared to 
the micro-TopoChip.
Chapter 7 will present a general discussion of the thesis findings and an outlook of the work. 

A technology assessment on concept of applying microtopographies to tissue culture plastics will be per-
formed in Appendix 2.
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Scope

High-content imaging (HCI) plays a pivotal role in high-throughput screening (HTS) of biological 
responses to biomaterials. Many of the imaging and image analysis techniques discussed in this chapter 
were used throughout this thesis. This chapter gives a brief introduction to the basic principles of high-con-
tent imaging by explaining the most commonly used imaging techniques, describing the general structure 
of an image analysis pipeline and providing a summary of available HCI software.  In particular the initial 
steps of image analysis such as image correction, segmentation and feature extraction is explained in 
detail. Finally, an overview is provided of landmark examples of HCI and HTS in biomaterials science and 
future prospects.

Origins of high-content imaging

The first person to observe micro-organisms with a microscopic device was the Dutchman Anthon 
van Leeuwenhoek [1]. He was able to make and polish tiny lenses of high curvature which were the 
frontrunners of the modern microscope. Robert Hooke, the English father of microscopy, later on im-
proved on the design and confirmed van Leeuwenhoek’s findings. Since then, light microscopy has 
undergone several developments leading to modern light microscopy. The first use of fluorescence mi-
croscopy in biology was in 1881 when the bacteriologist Paul Ehrlich used fluorescin to observe the 
aqueous humour in the eye. The first immuno-staining was performed in 1950 by Melvin Kaplan 
[2]. Green Fluorescent protein (GFP) was the first fluorescent protein used in biology. GFP was isola- 
ted in 1961 by Shimomura and co-workers from jellyfish and it was cloned by Prisher in 1992. The ability 
to either use antibody conjugated fluorophores or to clone GFP into chimeric proteins led to the 
implementation of the fluorescence microscope in modern biology. High-content imaging (HCI) is the auto-
mation of fluorescence microscopy whereby the manual interpretation of images is replaced by computer 
algorithms. 

The origins of HCI can be traced to the drug screening industry where it was developed more than fifteen 
years ago. The possibility to automatically acquire images from thousands of individual wells, which con-
tain various compounds, became paramount to the pharmaceutical industry. Prior to automation, one 
of the major hurdles reside on the analyses and interpretation of images by human experts, therefore 
introducing unwanted variations in addition to the time required to analyze large data sets.  

The drug screening industry realized that HCI has several advantages over other more commonly used 
high-throughput techniques such as fluorescence assisted cell sorting (FACS) and gene expression 
profiling with microarrays or next generation sequencing. The mentioned techniques often lack the ability 
to resolve the spatial and temporal features [3]. HCI not only provides the needed spatial and temporal 
features but also enables the tracking of organelles or even specific receptors. The academic world quickly 
caught on with the pharmaceutical industry in the development of HCI [4]. One of the great advantages 
of imaging is the ability to analyze single cells instead of averages of cell populations. This enhances the 
measurement of biological events, since a cell population is never homogenous and taking the average 
data of a population masks interesting phenotypes of individual cells. The data generated by HCI is more 
consistent, output can be standardized, and it can be stored in online databases, where it can be easily 
retrieved and interrogated [5]. A disadvantage of imaging is that is can be difficult to obtain strong statis-
tical power in discriminating a dataset. To overcome this, it is vital to achieve clear and distinct readouts 
with strong controls. Therefore, significant attention has to be payed to the development of robust assays. 
Another disadvantage is the sheer size of the datasets resulting from large-scale, HCI experiments. Not 
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only is the size of the raw data often daunting but the amount of data is also multiplied by every correction 
step. The average server computer is often unable to handle the data within a realistic timeframe, creating 
the need for a cluster computer setup and effective data logistics. 

High-content imaging techniques                                          
      
Most of the conventional  HCI systems are based on fluorescence microscopy. The basic principle of these 
image based-assays is very simple: intensity quantification and relative locations of fluorophores in the 
specimen. This means that it is possible to visualize many different biological molecules, since fluorophores 
can be conjugated to many different substrates such as proteins, nucleotides and lipids. Alternatively, 
fluorescent molecules can be indirectly bound to targets by using labelled antibodies or other peptides 
with specific binding properties. Figure 1  shows examples of fluorescent markers used in HCI. Alternatively, 
reporter cell lines can be used which make HCI experiments more robust for two reasons. Firstly, there is 
no need for immuno-staining, which removes possible heterogeneity. Secondly, cell-line populations are 
generally more homogenous than other (primary) cell types. 

   

Figure 1: Images of various cells stained with commonly used markers. a: 4’,6-diamidino-2-phenylindole (Dapi) marks the nuclei 

of cell by binding to DNA. It is commonly used to quantify cells or as nuclear counterstain. b: Phalloidin is a peptide toxin that specifi-

cally binds filamentous actin. Phalloidin, coupled to a fluorophore, is a very useful tool to visualize actin stress fibers and lamellipodia 

and it is also used to observe cell shape. c: Zona Occludens 1 (ZO1) is a protein that is part of tight-junction complexes. Immuno-stain-

ing ZO1 is used to visualize tight junctions and the interconnectivity of cell growing in a monolayer. d: tissue non-specific alkaline 

phosphatase (ALP) is a protein that is often used as an early marker for osteogenic differentiation.  
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Currently the most common instrument for fluorescence microscopy is an inverted fluorescence wide-
field microscope. For high-throughput screens such microscopes need to be fully automated. A fully 
motorized stage and a filter cube turret or filter wheels are essential. Alternatively, when an assay is 
designed on a multi-well plate platform, an automated microscope, specifically designed for HCI can 
be advantageous, since these are optimized for multi-well plates and can also facilitate live cell im-
aging when fitted with life cell imaging options. Line-scanning-microscopes, which were originally 
developed for the imaging tissue slides in pathology have been fitted with fluorescence imaging 
capabilities to make them interesting for life science. These systems can be interesting for HTS because 
they can image very large areas (multiple cm2) in short amounts of time to generate large datasets. The 
line-scanning microscopes usually have the drawbacks of a sacrifice in resolution, and very strict demands 
for sample dimensions.
Another instrument suitable for HCI is the confocal microscope. Confocal microscopy is able to increase the 
image quality, compared to wide-field systems. Since the confocal system only detects light of a single 
z plane, it is possible to make image stacks of cells. Such image stacks can be de-convolved by specific 
algorithms which are able to determine the points from which the scattered light originates. This enables 
the study of subcellular features in high detail. The resolution in ‘conventional’ fluorescence microscopy 
techniques is limited by the diffraction limit of light. In effect, this means that objects that are smaller than 
100-200 nm cannot be distinguished. Super resolution fluorescence microscopy techniques are currently 
not suitable for High-throughput applications because of their long image acquisition times.   

Most high-throughput experiments are done on fixed samples. Even though fixation introduces certain 
artefacts in the sample [6], it greatly simplifies the imaging process and makes it more robust. The option 
to use live cell imaging provides new possibilities as well as new challenges. For example, it enables the 
study of changes in protein localization or dynamic processes such as receptor internalization. For live cell 
imaging, the imaging conditions have to be optimal in order to not expose the cells or tissue to excessive 
light, which would cause photo bleaching and photo-toxicity. 

Imaging of cells and tissues on biomaterials brings additional challenges. Often material-cell interfaces 
do not form the necessary flat surface that is essential for high-quality fluorescence imaging. Uneven 
surfaces cause parts of the object to be out of focus and can also cause problems for the autofocus 
systems in automated setups. Often there is a need to study the material-cell interface in a 3D 
environment. A 3D environment is prone to all of the above-discussed problems for uneven surfaces and it 
is therefore recommended the use a confocal system to capture the added z-plane typical of a 3D system. 
A priori design of 3D systems with materials surfaces and structures suitable for HCI is critical for good 
image acquisition. As mentioned earlier a flat surface is preferable, and it also greatly simplifies automa-
tion if single units in an array have a uniform size and are spaced in a rational and consistent manner. 

The image analysis pipeline

When the ‘raw’ images have been acquired by the microscope, the image analysis takes place. Typically 
this data goes through a so-called image analysis ‘pipeline’ which starts with the raw data and ends with a 
dataset or even a first overview of the results. Between the beginning and the end of the pipeline, there 
are several steps. A typical pipeline contains elements which perform the tasks shown in figure 2. These 
tasks or steps are described in this chapter except for the data analysis which is not covered in detail here, 
because it relies heavily on mathematics, bioinformatics and advanced statistics. The first step, in the pipe-
line is generally the image correction or image pre-processing step. In this step the dataset is corrected for 
systematic errors caused by the imaging equipment, errors caused by the limitations of the assay and bio-
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logical variance. Flat field correction is often required to compensate for uneven illumination of the sample 
caused by the spherical shape of the light bundle. This can be corrected by calculating the light curvature 
from a reference image and using the calculated curve to correct the dataset. Alternatively, algorithms 
which quantify the abnormal lighting from the dataset itself and correct the uneven illumination can be 
used. Other systemic errors such as well-to-well variation and plate-to-plate variation have to be corrected. 
Well-to-well variation is often corrected by the median polish method which corrects the data set stepwise 
by the median value in the data. In general, the higher the quality of the raw data, the less pre-processing 
required. The main function of the pre-processing stage is to increase the quality of the subsequent image 
segmentation and to make the segmentation more robust. Once the images have been corrected, they are 
ready for segmentation. Segmentation is a process of partitioning an image into multiple non-intersecting 
regions (often called regions of interest or ROIs) such that each region is homogenous and the union of no 
two adjacent regions is homogenous [7]. 

Figure 2: Schematic overview of an image analysis pipeline. Images of hMSCs with nuclear and filamentous actin stains. 

Segmentation images created with Cell profiler.

In this step, it is determined which aspects of the images will be quantified. Effectively the pixels within 
the image are divided into different populations on the basis of their intensity and (relative) positions. 
Simple examples of quantifiable features include cell number or number of nuclei for a proliferation assay, 
for which a nuclear probe such as 4’,6-diamidino-2-phenylindole (Dapi) is commonly used (Fig. 1a). Gen-
erally, in HCI, more complex features such as details in cell morphology, cell orientation and marker local-
ization in phenotypic screens are studied. These complex details in cell morphology are sometimes also 
termed morphometric descriptors. Examples of these are average cell area, perimeter, and relative length 
of major and minor axes [8]. Filamentous actin, directly labelled with a actin-GFP plasmid transfection or 
indirectly labelled with phalloidin (Fig. 1b), for example, can be used to measure these cell morpholo- 
gical parameters. The expression of certain markers can be measured, such as Alkaline phosphatase (Fig. 
d) which is associated with bone differentiation of hMSCs or Zona Occludens 1 (Fig 1c), which part of func-
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tional tight-junctions in epithelial cell-layers. Correct image segmentation is very important as errors in this 
step lead to faulty metrics in the feature extraction step. 

During the feature extraction step, the regions that have been identified in the segmentation step are 
measured and collected in datasets or databases. In this step, many metrics such as relative shapes of cells 
or subcellular features, intensities, intensity distributions and  texture can be measured. Examples from 
the literature include: the determination of cell numbers on polymer surfaces [9-11], details in cytoskeletal 
morphology [8, 12], sub-cellular features [5, 13], cytoskeletal features [14] and autophagy [15].

Between different steps in the pipeline, it is important to implement some form of quality control to assess 
the quality of the assay, the segmentation and the data set as a whole. The performance and the sensi-
tivity of the assay has to be determined. There are many statistical methods that can be used [16]. One of 
the most common methods to predict assay performance is the Z’ factor. The Z’ factor is able to compare 
different assays and screens by using control wells (Z’) and sample wells (Z). 
To assess the sensitivity of an assay, most often the minimum significance ratio (MSR) is calculated. The 
MSR gives a measure for the reproducibility of potency values. When the quality of the assay is within 
the desired range it is ready for analysis. In the final step, the dataset can be analyzed to identify hits, look 
for correlations between parameters and look for other trends and relationships. The data mining of large 
datasets requires powerful analysis software tools and advanced statistics. 

Software

In the years since HCI first made its way into academic research, many groups developing the technology 
also developed their own image analysis software. Several groups also published the capabilities of their 
software and made them freely available to the scientific community. Examples of free available pack-
ages developed by academic groups include HCDC-HITS [17] , Micropilot [18] (also requires Labview 
commercial software) and EBJImage [19].
In ‘medium’ high-throughput approaches, research groups often use different software packages for dif-
ferent stages of the image analysis pipeline. For example, image acquisition is performed using software 
from the microscope manufacturer, while image correction and data analysis are performed using other 
software. In contrast, when research groups perform high-throughput experiments on a regular basis, it 
is more common to have the whole pipeline or workflow automated by the same software package to 
reduce manual work to a minimum.

Microscope manufacturers have also started providing comprehensive software packages for HCI with their 
microscope products. Often these software packages work well, but lack flexibility. Often the source-code 
is not open source, meaning that it is impossible to modify the software freely.
Examples of open source software programs that are often used for certain elements of the image analysis 
pipeline are ImageJ and Cell Profiler. Many groups use shared or self-build plug-ins for ImageJ to handle 
many pre-processing, segmentation and measurement steps [15]. ImageJ is a very flexible, light-weight, 
open source platform for image handling and analysis [20]. However, creating and editing scripts for 
Image J does require some simple knowledge of programming which the majority of biological scientists do 
not have. Fortunately, there is a large community of imaging experts who write and freely share their plug-ins 
for ImageJ to add functionality and help those scientists with insufficient experience in programming.

Cell Profiler is a program that was developed as a flexible tool to make image processing and analysis 
more accessible to those scientists without comprehensive programming experience [21]. Cell profiler 
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allows the user to design image analysis pipelines by combining many different modules which are able 
to apply correction, segmentation and feature extraction steps on large image sets. Every module is custo- 
mizable to improve flexibility and new features are added in through regular updates. 

High-content imaging in materiomics

In the last few years of HCI the emphasis has shifted from increasing screening capacity (quantity) to 
increasing content and combining technologies (quality) [22]. An example of combining technologies 
is the merge of high-throughput small RNA´s assays and HCI. Genome wide libraries of small interfering 
RNA’s (siRNA) enable the selective knockdown of expressed proteins. Multi-parametric imaging has 
been used to associate specific protein deficiencies with cell phenotypes [12]. To increase the specificity 
of HCI assays, FRET sensors are increasingly being used. For example FRET sensors have been used to 
detect live cell caspase activation. Combining several caspase sensors enabled the observation of multiple 
decisive stages of cell death [23]. 

The trend of multiplexing HCI with other technologies is clearly present in the biomaterials field, 
enabling high-throughput biomaterials research or “materiomics”. The field of materiomics comprises the 
study of structure-activity relations of an array of materials with physiochemical and biological properties. 
As biomaterials have evolved from design of a small number of disparate materials to larger libraries 
of combinatorial engineered materials, HCI approaches can now be more widely deployed to dissect 
cell-biomaterial interactions.  Several groups in the biomaterials field have proposed various methods on 
the use of HCI of cells. A brief summary of selected methods appears below. The methods chosen vary 
from straightforward methods to determine cell numbers attached to substrates, for example, to more 
complex methods to determine cell morphology and expression of molecular markers.

For example, the Anderson group has published several articles on the applications of their polymer 
microarrays for HTS.  Applications include the investigation of the clonal growth of embryonic stem cells 
[24], embryonic body adhesion [9] and Islet of Langerhans attachment [10].  
Laser scanning cytometry (LSC) [25] was used to study cell adhesion and expression of markers of certain 
cell types on various polymers. In essence, LSC is similar to flow cytometry in that it identifies individual 
cells before measurements. The main difference is that LSC works on cells on flat surfaces instead of in 
a capillary flow. As a technique it is suitable for (semi) high-throughput quantitative imaging of flat 
surfaces, allowing rapid quantification of cell numbers and cellular fluorescence intensities. However, LSC 
lacks the resolution and optical sectioning of confocal microscopy necessary for ultra-structural analysis 
of subcellular features.

The Bradley group also used microarrays of spotted polymer blends to study cell-biomaterial interactions 
in High-throughput formats. Instead of LSC, an automated inverted fluorescence microscope is used to 
determine cell numbers on different polymer blends. Examples of the cellular parameters quantified in 
these studies include: the attachment of K562 human erythroleukimic suspension cells [26], L929 mouse 
fibrosarcoma cells [11] and human skeletal stem cells on polymer blend spots [27]. In contrast to these 
approaches, biomaterial-cell interactions have been extracted by discerning complex cellular parameters 
such as various intensity, texture, and geometric details of cellular and intracellular morphology and organi-
zation [8]. This work is an effective example of quantitative measurements of complex cellular parameters 
in the context of biomaterial research. In this study, GFP reporter cell lines were used in lieu of analysing 
fixed cells labelled with antibody-based immuno-staining and various GFP plasmids were used to stain 
different adhesion and cytoskeletal molecules in the cell such as actin, microtubules, plasma membrane 
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and focal adhesions. Fixed cells were imaged by a motorized confocal microscope. Using image proces- 
sing, the various cytoskeletal elements were segmented, measured and combined to create morphometric 
descriptors. These morphometric descriptors were able to describe many features of the cells, which could 
then be coupled to the substrate material properties. In subsequent work similar, morphometric descriptors 
- based on the actin cytoskeleton -  were used to forecast stem cell lineage fates that were induced by 
various substrata and growth factors [14]. 

High-throughput HCI has been used to study the effects of microtopographies on multiple cellular para- 
meters such as marker expression [28] and cell morphology. Previous work concerning the biological 
effects of nanoscale [29] and microscale topographies [30] also used fluorescence microscopy, but 
not in a high-throughput, high-content fashion. To enable HTS, cells were cultured on a polymeric 
surface, containing thousands of randomly generated topographies (TopoChip) and imaged by 
fluorescence microscopy. The various topographies in 300x300 µm2 “microwells” (TopoUnits) were arrayed 
66 by 66 on a 2x2 cm2 chip. Because of the constant dimensions in the TopoChips design, the automated 
microscope (BD Pathway 435), which is optimized for well-plates, could be programmed to automatically 
image every TopoUnit in multiple channels. This could be achieved by creating a “coordinate map” of 
the TopoUnits and perfectly aligning the TopoChip placed in the microscope to this map. The resulting 
images were analysed using a custom cell profiler pipeline. Analysis showed significant effects of the 
different microtopographies on cell morphology and ALP expression of hMSCs [28]. The TopoChip HTS 
platform is the key tool used in this thesis to identify and study bioactive micro-topograhies.

Finally, HCI has been used to study cell - biomaterial interactions on soft hydrogel microwell arrays [31]. 
A motorized fluorescence microscope with life cell imaging capabilities was used. This made it possible to 
obtain phase contrast images of the arrays at early time points, before fixing the cells for immuno-staining 
at final time-points. Human mesenchymal stromal cells and mouse neural stem cells were stained for 
various markers to quantify differentiation into different lineages. The marker intensities were quantified 
and used as a measure of differentiation. 

Future prospects for high-content imaging techniques in materiomics

The impact of material-based combinatorial libraries will be understood only with the advent of 
methods that can rapidly evaluate the impact of those thousands of combinations in cell fate. 
Currently, as the biological field entered the ‘omics’ era, many imaging techniques are being integra- 
ted in more high-throughput and/or high-content formats. Some of these techniques have recently been 
published and show promise for application in the biomaterials field. In this final part of the chapter, 
advances in two of these methods - FLIM FRET and Raman spectroscopy - will be briefly reviewed.
There are many ways to detect FRET; the two most common approaches are spectral radiometric imaging 
and fluorescence lifetime imaging (FLIM) [32]. Spectral radiometric imaging detects FRET by measuring 
intensities and is straightforward to implement instrumentally and has relatively short times. The major 
drawback is that the complete experimental setup has to be extensively calibrated, from the optical system 
itself to the actual sample. FLIM detects FRET by measuring the lifetime, rather than the intensity of the 
fluorescent signal, leading to a more robust measurement because it is usually independent of fluorophore 
concentration, excitation and detection efficiencies. However, FLIM has the drawbacks of relatively longer 
acquisition times and a requirement for more specialized instrumentation. In spite of these shortcomings, 
FLIM FRET has recently been applied in a high-throughput, high-content approach for drug discovery [32]. 
In this work, both high-throughput well-formats and multiplexed high-content setups were explored. 
A platereader was modified with a Nipkow disk for optical sectioning and used to study the dimerization of 
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HIV-1 gag proteins in a High-throughput manner. This approach of modifying technology designed for HTS 
to quickly measure detailed sub cellular events is an example of the development of novel HCI technolo-
gy. The application of FRET to study protein interactions or develop biosensors in high-throughput could 
provide complementary insights into intracellular biological signalling processes during active cellular 
remodelling on biomaterials. For example, a FRET calcium biosensor [33] could be used to measure the 
calcium content of progenitor cells on a biomaterial library as a metabolic or differentiation readout of 
developing cells (e.g. neurons or cardiomyocytes) in stimulatory micro-niches. 

Raman spectrometry/spectroscopy, a widely used analytical tool in physics, chemistry and material 
science, has recently been explored for biomedical applications such as cancer diagnosis [34] and stem cell 
and regenerative medicine [35]. Raman scattering, originating from the inelastic scattering of a photon, is 
intrinsically weak and barely detectable by PMTs or CCD cameras that are generally used in optical imaging 
and microscopy.  As a result, several techniques have been developed to enhance Raman signals to an 
extent that is suitable for imaging applications, including coherent anti-Stokes Raman spectroscopy (CARS) 
imaging that employs multiple photons to address the molecular vibration and produces a signal where the 
emitted waves are coherent with one another [36], surface-enhanced Raman spectroscopy (SERS) imaging 
which utilizes nanoparticles (sometimes called SERS tags or SERS dots) as signal enhancement agents [37],  
and single-walled carbon nanotubes (SWNT) imaging which utilizes its intense intrinsic Raman scatter at 
1593 cm-1 [38].  In the case of high-content/HTS where multiple biomarkers are usually needed to probe 
cell systems, SERS based imaging is especially relevant due to its enhanced multiplexing capabilities. In 
general, nanoparticle-based SERS tags as labels for antibodies or other ligands offer several potential 
advantages over traditional fluorophores [39]. First, like nanoparticle quantum dots, SERS tags are more 
photo-stable than conventional fluorescence dyes. Second, the nanoparticle resonance, and thus excitation 
wavelength, can be tuned by changing the size and shape of the nanoparticle, allowing the fabrication of 
NIR-excitable SERS tags that can reserve the space for fluorescent imaging at visible range. Finally, by using 
various Raman compounds that exhibit distinct Raman spectra, SERS tags can be prepared that have unique 
spectral signatures, thereby allowing a high level of multiplexing within a relatively narrow spectral range. 
As of now, SERS-based Raman imaging, although mostly only demonstrated in proof-of-concept experi-
ments, could provide additional chemical/compositional information to aide future high-content screening 
research. Information can also be contextualized around the cell phenotypes on different biomaterials, for 
example, by attaching various molecular recognition agents to Raman tags to enable simultaneous probing 
of multiple biological events (cell survival, proliferation, apoptosis, differentiation, etc)
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Abstract 

Surface topography modulates cellular structure and functions such as proliferation, orientation, 
morphology, gene expression and differentiation. Modifying biomaterials surfaces with topography is a 
viable strategy to improve biomedical implant performance. We have identified osteogenic topo- 
graphies to improve titanium (Ti) bone implants. Human mesenchymal stromal cells (hMSCs) were 
cultured on Ti-coated ‘TopoChips’ which contain thousands of unique topography designs. Using high- 
throughput, high-content imaging we determined the effect of each topography on alkaline phosphatase 
(ALP) expression, cytoskeletal organization, and nuclear morphology. Topographies inducing high 
levels of ALP expression were fabricated on larger substrates and proofed to upregulate a selection 
of osteogenic markers and enhance mineralization. In a rabbit model, these osteogenic topographies 
showed improved bone bonding comparable to, and in one case, slightly better than the clinical bench-
mark: Straumann sand blasted, acid etched (SLA) topography. Moreover, we find that ALP expression cor-
relates to both the design parameters of the topographies as well as the shape of the cells. Together, this 
work demonstrates the power of high-throughput screening to design and identify surface topographies. 

Introduction

The use of biomaterials in biomedical applications has greatly improved the quality of life for many patients. 
The development of stents, pacemakers, orthopedic implants and catheters has been critical for successful 
clinical treatments. Nevertheless, each of these treatments is occasionally met with general complications 
such as biomaterial associated infections (1) or more specific problems such as micro-motion in the case of 
bone implants (2) or thrombosis in the case of stents (3). These and other biomaterials and devices need 
ongoing improvements but developing and identifying superior biomaterials for a specific application is a 
non-trivial challenge. There are many biomaterial properties that affect biological systems, such as surface 
charge, wettability, degradability, bulk stiffness, surface stiffness, surface chemistry, topography, etc.. 

Surface topography (in both micro- and nanometer scale) has been shown to evoke many in vitro cellular 
responses such as differentiation and proliferation of hMSCs (4, 5), differentiation of neural progenitor 
cells (6), and morphological changes in pre-osteoblastic cells (7). Methodological screening has identified 
topographies that affect fibroblast proliferation (8), pre-osteoblast mineralization (9) and neural guidance 
(10). As a tailorable biomaterial property for medical devices, surface topography has two major 
advantages. Firstly, it is relatively easy to translate to a clinical application because the necessary 
fabrication technologies already exist and it is relatively easy to conform to strict medical device 
regulation, unlike for chemical modifications or the addition of biologicals such as recombinant proteins 
(11). Secondly, surface topography has already proven to improve the performance of implants such 
as orthopedic implants and dental implants in the clinic. Recent works clearly showed that topo- 
graphy can improve osseo-integration (12, 13). In fact, it has become common practice that, for example 
hip implants are sand blasted and/or acid etched in order to obtain suitable topography which improves 
osseo-integration (14). However, these techniques lack control and often introduce steps that change the 
chemistry of the material (like acid etching). 

Surface Topography is interconnected with other biomaterial properties, such as surface chemistry and can 
be difficult to tailor as an individual property. The knowledge and understanding of the underlying biolo- 
gical mechanisms of tissue-biomaterial interactions is generally empirical, and relatively limited. Because 
of this inherent complexity and lack of predictive theoretical framework, high-throughput combinatorial 
screening (HTCS) of biomaterial properties and of material-cell interactions are very appealing technolo-
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gies. HTCS has already uncovered culture substrates for maintenance of stem cell pluripotency (15, 16) 
and differentiation of human multipotent stromal cells (hMSCs) (17-19). Despite these advantages no sys- 
tematic studies including high numbers of well-designed topographies have been conducted to determine 
the biological effect of surface topography.

Current micro-fabrication technologies allow specific control of surface topography to fabricate libraries of 
topographies for HTCS such as the ‘TopoChip’ high-throughput screening platform (19). Here, we apply the 
TopoChip to design, produce and screen thousands of randomly generated topographies for improved os-
seo-integration. In order to design shapes in an unbiased way, an in silico library of more than 150 million 
topographies was generated by combining three primitive shapes: triangle, rectangle and circle. By com-
bining the primitives in varying numbers and sizes, we can create any conceivable shape (Fig. 1a). From 
this library, 2176 topographical features were randomly selected and physically constructed in duplicate 
in 290x290 µm2 ‘TopoUnits’ on a 2x2 cm2 titanium-coated ‘TopoChip’ (Fig.1b,c) to match the application in 
titanium bone implants. 

Figure 1: TopoChip design. a: From left to right, the three primitive shapes, circle, triangle and rectangle are combined in varying 

numbers and dimensions, to form a random shape of a topographical feature. Range of parameters within the algorithm allows 

a theoretical library of topographies with 150 million different possible shapes. b: For the TopoChip design 2176 topographies 

are randomly selected from the theoretical library and are arrayed in 66 by 66 in 290x290 µm2 TopoUnits. From left to right the 

illustrations zoom out from a single TopoUnit to a complete 2x2 cm2 TopoChip. c: Below the illustrations are SEM images with 

similar scaling.

a: Feature generation 

b: TopoChip design

Primitives Combining primitives Topographical feature

TopoUnit TopoChip

50µm 200µm 1mm

c: TopoChip 
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Screening hMSCs as a cell model allowed identification of instructive osteogenic topographies. In addition, 
by monitoring the effects of design parameters, we could infer relationships between topographical fea-
ture shapes, cell morphology and cell differentiation, analogous to identification of drug identification by 
computational chemistry (20). HMSCs were used as a cell model to identify osteogenic topographies as 
they are often used to study cell-biomaterial interactions (21, 22). Furthermore, it is already established 
that hMSCs will differentiate into osteoblasts and deposit bone tissue when implanted on a ceramic scaf-
fold in vivo (23, 24). For screening and identification of the osteogenic designed topographies, we use 
a set of robust imaging and analytical tools. The osteogenic potential of candidate topographies was 
thoroughly evaluated in vitro and in vivo using a rabbit model. 

Results

Characterization of hMSCs on titanium-coated TopoChips

To prepare for combinatorial screening, we first characterized the response of hMSCs (with verified multi- 
lineage potential, see Supplementary Fig. S1) to titanium-coated TopoChips, as we aimed to improve 
titanium bone implants. Fabrication of the TopoChips included hot embossing of poly lactic acid (PLA) films 
and fabrication quality and reproducibility was confirmed by scanning electron microscopy (SEM) (Fig. 1c). 
We added a 200 nm layer of titanium, thin enough to preserve the topographical features (3 µm minimum 
dimensions) and cultured hMSCs on the TopoChips for 5 days. We observed a wide variety of both nuclear 
and actin morphologies in response to the microtopographies (Fig. 2). Within a TopoUnit (indicated by yellow 
box in Figure 2a), the cells respond qualitatively in a very similar way. 

Screening identifies topographies that induce ALP expression of hMSCs

After determining that the hMSCs respond well to the titanium-coated TopoChips, a full TopoChip screen 
was performed. Tissue non-specific alkaline phosphatase (ALP) was chosen as a screening marker for 
osteogenic differentiation. ALP is crucial for mineralization of bone because it generates the inorganic 
phosphate needed for hydroxyapatite crystallization (25). HMSCs were seeded on 8 titanium-coated Topo- 
Chips and cultured for 5 days after which the nuclei, filamentous actin cytoskeleton and ALP where fluo-
rescently labeled. Before identification of potential hits, several quality control parameters were verified 
such as uniform cell distribution and inter-chip reproducibility. The amount of cells per unit follows a normal 
distribution associated with the stochastic cell seeding process (Fig. 3a). Cell morphology is highly repro-
ducible between multiple TopoChips used in the screen (Supplementary Fig. S2). To identify osteogenic 
topographies, ALP intensity was measured (see materials and methods) which resulted in a measurement 
distribution shown in Fig. 3b. The topographies inducing ALP intensity values at the ends of the S curve 
were selected as positive and negative hit topographies: 15 topographies were selected consisting of 5 low 
intensity topographies and 10 high intensity topographies (Fig. 3c). The non-patterned (flat) surface was 
among the group of topographies with the lowest ALP intensity levels and was included as control. Positive 
hits had 2 to 3 times higher ALP intensity than the negative hits. In conclusion, the screening experiment 
led to the identification of a set of topographies which are able to modulate ALP expression. 
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Figure 2: Effects of topography on hMSC. a: Fluorescent image from a random area on TopoChip seeded with hMSCs. 

The filamentous actin is shown in green and the nuclei in blue. The yellow square indicates a TopoUnit. b: Fluorescent images 

of nuclear morphologies which were severely affected by the topographies.

Figure 3:Identification of osteogenic topographies by HTS a: Cell distribution per chip in the screen. b: Distribution of ALP         

intensity corrected to actintegrated intensity. c: Average integrated Alp intensities of TopoUnits of selected hit topographies. 

d: Typical topographical shapes of hit topographies. e: Typical hMSC morphologies on hit topographies.
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ALP expression correlates with topographical shape parameters and cell morphology

Visual inspection of the topographies that affect ALP expression hinted at certain trends. Low scoring units 
have two classes of topographies: relatively small features of several micrometers with very large spacing 
between the features (more than 15 µm) and average to large features of 10 to 30 µm with very little 
spacing of only several micrometers (Fig. 3d). Both types of topographies instruct similar cell morpholo-
gies: generally flat spread cells, similar to a non-patterned surface. The high scoring features are generally 
average to large features, 10 to 30 µm, with moderate spacing of 5 to 10 µm. The cells are confined be-
tween the structures, are relatively dense and narrow compared to cells on a flat surface (Fig. 3e). These 
initial observations prompted us to utilize the TopoChip screen data to identify relationships between ALP 
expression and cell morphology. To investigate this, one hundred surfaces with either the highest or the 
lowest median per surface ALP integrated intensity (the sum of all pixel intensities) were used. From the 
classification tree plot (Fig. 4a) we found a combination of cell shape parameters, measured by Cell Pro-
filer (26), such as cell solidity, Euler Number and compactness as being able to separate the two types of 
surfaces. The Random Forest Classification algorithm, as described in the Methods section, was employed 
to create a robust model which can predict ALP expression based on cell shapes. The ROC curve of the 
predicted model (Fig. 4b) showed a tested accuracy of 70%. In line with earlier visual observation, solidity 
and compactness were the most important cell shape features that were able to predict ALP expression 
(Fig. 4c) and they could be used to clearly separate the two surface classes (Fig. 4d). This figure clearly 
shows that cell solidity is best correlated with the separation between positive and negative hits which is 
in agreement with the morphological description of the positive cells in Figure 3e. Low cell solidity (calcu-
lated as ‘the proportion of pixels in the convex hull that are also in the object’) is caused by the fact that 
the cells are located around the features which to the software appear as large holes within the cell bodies.

To further illustrate the clear morphological difference between positive and negative hits, cell morphology 
of two of the positive hits, #4 and #8, and one negative hit, #7,  was analyzed in more detail by confocal 
microscopy (Fig. 4e) and was assessed by staining the nuclei and filamentous actin. In agreement with 
the screening experiment, the cells on the positive hit topographies are confined between the structures, 
leading to cells resembling a network of tubes. Cross sections of confocal image stacks (Fig. 4f) clearly 
show that the tube-like cells on the topographies are on average double the height (9.4 and 12 µm) of 
the cells on a flat surface (4.8 µm) and on the negative hit surface (6 µm). It could be speculated that the 
topographies affect hMSC differentiation by providing a vertical site of adherence in the form of sides/
walls of the topographies confining the cells and preventing flattening. 

Our results show that cell morphology and ALP expression are correlated. Previously published TopoChip 
data has shown that certain cell morphological parameters such as nuclear shape and cell area can be 
directly correlated to the design parameters of the topographies (20). Together these two findings, (1) fea-
ture design predicts cell morphology and (2) cell morphology predicts ALP expression, suggest that feature 
design parameters might be able to predict ALP expression directly. To investigate this further we selected 
100 surfaces with the highest ALP expression and 100 surfaces with lowest ALP expression. A classification 
tree algorithm was used to characterize the data set (Fig. 5a). 
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Figure 4: Prediction of ALP expression by cell shape. a: Classification Tree for distinguishing negative and positive surfaces by 

cell shape parameters. b: ROC curve for Random Forest classification algorithm. c: Importance of cell morphology parameters 

for prediction ALP expression. d: Separation of ALP positive/negative surfaces in 2 most predictive cell shape parameters. 

e: Confocal images of hMSCs cultured on positive hit topographies #4, #8 and negative hit, #7. Filamentous actin in stained red, 

nuclei in blue. f: Cross sections of cell on topographies, showing the height of the cells.
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Figure 5: Prediction of ALP expression by surface design a: Classification Tree for distinguishing negative and positive surfaces by 

surface design parameters. b: ROC curve for Random Forest classification algorithm. c: Importance of surface design parameters 

for prediction ALP expression. d: Separation of ALP positive/negative surfaces by feature area (PatAr) and Wavenumber 2 (WN2). 

The two predictive important surface parameters. 

Furthermore, to create a robust model, a Random Forest classification analysis was applied. The accuracy 
of the obtained model was 90% and the area under the ROC curve was 98%. The obtained mod-
el with surface design parameters was extremely accurate (Fig. 5b). From these plots we found that 
the pattern area, feature density and Wavenumber (WN) parameters are the most relevant features 
to discriminate surface classes based on ALP expression (Fig. 5c). The WN energy fraction is an ab-
stract number that combines feature shape, size and spacing. The two most important surface features 
obtained in the model are able to separate the data (Fig. 5d). In this figure it is visible that almost 
all of the positive hits have a high pattern area (PatAr), confirming our initial visual inspection of the 
positive features indicating a minimum feature size is required for the cells to be morphologically 
affected. A combination of the proper pattern area and density were able to induce ALP expression. 
The WN parameters show that the shape also plays a role but it is not as important as the two previous 
parameters, which again is in agreement with previous findings that feature size and spacing are more 
important for inducing osteogenic response than other shape parameters (9).  
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Designed topographies instruct differentiation in hMSCs in vitro

High-throughput screening is a powerful tool to study many parameters in parallel. However, the 
screening approach usually identifies a fraction of false positives and false negatives. To eliminate 
these false positive/negative hits, validation experiments have to be performed. To facilitate more 
conventionally sized in vitro experiments, the hit-topographies, identified with the 290x290 µm2 Topo- 
Units, were reproduced on discs with a diameter of 1.5 cm (Fig. 6a). This scaling-up provides the 
surface area required for validation experiments such as flow cytometry, mineralization and gene ex-
pression studies. First, several imaging experiments in which we quantified ALP intensities in the 
same fashion as the screening experiment were performed to eliminate false positives and false 
negatives and to identify the most promising topographies. The initial selection was narrowed down 
to 7 hit-topographies (4 positive, 3 negative, data not shown). To rule out a possible bias introduced 
by cell size difference appearing in image intensity quantification, ALP expression was also quantified 
by flow cytometry (Fig. 6b). hMSCs were cultured on 7 titanium hit topographies for 5 days without 
osteogenic supplements. Tissue culture polystyrene (TCPS) with and without osteogenic medium 
(medium supplemented with dexamethasone) served as controls.  All topographies with high ALP ex-
pression have statistically higher percentage of cells positive for ALP (24-28%) when compared to both 
the TCPS non-patterned (flat) control (13%) and the titanium flat control (18%). Besides, 3 out of 4 
ALP-positive surfaces display a similar or higher percentage of ALP positive cells (26-28%) than the 
dexamethasone supplemented positive TCPS control (25%), showing the instructive potential of these 
topographies in vitro. The negative topographies did not enhance ALP expression, but they did not inhibit 
ALP expression either. This suggests that perhaps the topography effect is more powerful at amplifying 
osteogenesis than of inhibiting it. 

ALP expression is an early marker for osteogenesis. To investigate the long-term effects of topography, 
in-vitro mineralization of hMSCs was studied on 3 topographies: two positive #4, #8 and one negative #7. 
Because orthopedic implant surfaces are exposed to an osteogenic environment when implanted in vivo, 
this mineralization experiment was performed in osteogenic medium. Tetracyclin was used to fluorescently 
stain the mineralized matrix of hMSCs which were cultured for 5 weeks on the three topographies (#4, 
#7, #8) and non-patterned titanium (Fig. 6c). Two topographies, #4 and #8 with high ALP expression in 
earlier experiments, show a 2 to 3 fold increase in mineralized matrix compared to the non-patterned (np) 
titanium. Topography #7, which was the highest of the negative hits in the flow cytometry experiment, 
shows increased mineralization but not statistically significant as determined by ANOVA post hoc testing. 
To show that the enhanced mineralization induced by the selected topographies is indeed a relevant 
osteogenic event, gene expression was studied by qPCR (Fig. 6d). RNA was isolated at the 5 week mine- 
ralization time point. The osteogenic markers osteocalcin (Ocn), osteopontin (Opn) and bone saleoprotein 
(Bsp) all showed large differences in gene expression on the positive screening hits (#4, #8) of 13- and 
8-fold respectively. The negative hit, #7, also upregulated the late osteogenic markers significantly, 
although less so than the positive hits. 

In conclusion, the  in vitro validation experiments confirmed the osteogenic potential of the positive hit 
topographies, #4 and #8. The negative topography, #7, showed more intermediate results, in between the 
positive hits and the non-patterned surface. 
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Figure 6: Validation and characterization of Hit Topographies. a: 7 topographies selected from the 2x2 cm2 chip on the right 

were applied on a 4 inch silicon wafer in circles with a diameter of 1.5 cm. After hot embossing the resulting discs fit in a 12-wellplate. 

b: Flow cytometry of hMSCs cultured on hit topographies for 5 days in basic medium. Bars show the mean percentage of ALP-

positive cells. ALP-positive cells are defined as those cells expressing surface ALP at a higher median fluorescence intensity 

relative to the specific isotype control. Means are based on three measurements. c: Representative images of mineralization of 

hMSCs, visualized after 5 weeks of culture by tetracyclin. d: Integrated intensities were quantified of 15 images from 3 samples 

for each topography. Bars show mean integrated intensities, error bars show standard deviation. e: Qpcr on hMSCs cultured on 

hit topographies. Osteopontin (OSP), Osteocalcin (OSN) and Bone saleo protein (BSP) transcripts were quantified after 5 weeks 

of mineralization. 

0

5

10

15

20

25

30

35

PS PS
Dex

np #7 #14 #5 #1 #4 #8 #9

Pe
rc

en
ta

ge
 A

LP
 p

os
iti

ve
 c

el
ls

0

1

2

3

4

5

6

7

np #4 #8 #7

Fo
ld

ch
an

eg
e

Topography
-2

0

2

4

6

8

10

12

np #4 #8 #7

Fo
ld

ch
an

eg
e

Topography

0

5

10

15

20

np #4 #8 #7

Fo
ld

ch
an

eg
e

Topography
0

2

4

6

8

10

12

np basic np #7 #4 #8

N
or

m
liz

ed
 in

te
gr

at
ed

 in
te

ns
it

y

Topography

BSP OCN

b

c

OPN
** **

**ANOVA p<0.05 as indicated 
comparison

Error bars are standard deviation

d

positive hits negative hitsbasic medium

positive hits

negative hits

polystyrene

**

#4 #8 #7 np np basic

a

**
e

0 1

CHAPTER 3



39

Designed topographies improve osseo-integration in vivo

To confirm that the topographies inducing an osteogenic response of hMSCs in vitro also enhance osseo- 
integration in vivo we performed in vivo experiments using a rabbit model (27, 28). In this model experi-
mental implants are fixed into the proximal part of the femur. To this end, three positive hits (#1, #4 and 
#8), one negative hit (#5) were included, combined with the non-patterned titanium as a negative control.  
As a positive control and clinical benchmark one of the best documented surfaces in dental implantolo-
gy is included: the SLA surface (29, 30), which has micro-roughness created by sand-blasting combined 
with chemical modification through acid etching. All in vitro work was done with titanium-coated PLA. To 
demonstrate topographical effects in a truly clinically relevant substrate and scale, for the in vivo work, the 
topographies were fabricated into solid titanium implants using micromachining technologies (Fig. 7a) (see 
methods). The resulting topographies have high resolution and reproducibility, comparable to the Ti-coated 
PLA topographies (Fig. 7b). In comparison to the Ti-coated PLA features, the solid Ti features have bigger 
scallops, caused by the etching process which has a relatively large etching step size of 1µm. The implants 
were surgically inserted into pre-drilled holes created in the femurs of the rabbits. After 4 and 8 weeks the 
rabbits were sacrificed and the femurs were fixated for pull-out testing and histology.

First, osseo-integration was assessed by pull-out testing, a mechanical test which measures the force 
required for detachment of the implant (Supplementary Fig. S4a). High pull-out forces correlate with 
increased fixation to the bone. In all cases, except topography #1, the pull-out force increases from week 4 
to week 8 (Fig. 7c). The measured pull-out force is a good indicator of osseo-integration, which increases 
over time. The non-patterned negative control has the lowest pull out force at both 4 and 8 weeks after 
implantation. As expected, any roughness of the implants improves attachment to the bone compared to 
a very smooth surface. The positive control SLA has higher pull-out force than the smooth surface. Topogra-
phy #4 and #5 have the same pull-out force as the SLA clinical benchmark at the 8 weeks’ time-point. One 
the topographies, #8 performed a lot better, after 8 weeks, than the SLA surface and was the only surface 
to perform statistically better than the non-patterned implant.   

As a secondary method to assess in vivo response to the topographical implants, the bone-implant contact 
percentage (%BIC) was quantified (Fig. 7d). Non-patterned implants have low mean BIC of around 10% at 
both 4 weeks and 8. Most non-patterned samples have large areas of fibrous tissue (Fig. 7e). Despite high 
variation between the animals, the SLA implants and the osteogenic hit topographies, #1 #4 #8, all have 
a higher BIC at 4 weeks and a significantly higher BIC than the np implant at 8 weeks. Images suggest 
up to 80% BIC for these implants at 8 weeks (Fig. 7f). The most striking result is the extremely poor BIC 
of negative hit topography #5. Close inspection of the images shows lots of fibrous tissue at both 4 and 8 
weeks (Fig. 7g). Additionally, small titanium pieces from the topography can be seen in the tissue close 
to implant. These pieces have broken off from the implant possibly caused by the high aspect ratio of the 
rod-like topographies. Clearly, there is limit to the aspect ratio of the microstructures that can be implanted 
without breakage. Taken together the mechanical testing and BIC assessment show that the osteogenic 
topographies perform similar to the SLA implants and a lot better than the non-patterned control.
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Figure 7: Titanium implant characterization and in vivo results. a: Overview of titanium implants. b: SEM images of 

micro-machined solid titanium topographies. c: Mean pull-out force (N) of titanium implants. Error bars represent the stan-

dard deviation. Controls are non-patterned (np) as a negative control, and the clinical sand blasted, acid etched benchmark 

as positive control (SLA). Topography #5 was a negative hit. The positive hits are #1, #4 and #8. d: Mean Bone-implant 

contact percentage of the implanted topographies. e: Representative histology images of a bone slice with a non-patterned 

substrate after 4 weeks of implantation. f: Representative images of a bone slice with a SLA substrate after 8 weeks of 

implantation. g: Representative images of a bone slice with a #5 topography substrate after 4 weeks of implantation. e,f,g: 

On the left there are overviews of the entire width of the implant. On the right there are magnified areas from the implants, 

indicated with a green box in the left image. A green arrow indicates one of the titanium pieces in the tissue.

Discussion/ Outlook

Surface topography has significant biological effect on both cells and tissues. For biomedical applications, 
creating micro roughness with ‘non-designed’ techniques such as sand-blasting and acid etching can 
improve clinical outcome (31). Advances in micro-fabrication technology allow precise control over 
surface topography to the point where surfaces can be covered by specific shapes of defined sizes. HTS 
is ideal to take advantage of the vast design space provided by new fabrication technologies. Our Topo-
Chip platform enables high-throughput, image based screening of thousands of topographies for cell- 
instructive effects. A defining feature of the TopoChip is its versatility in terms of material choice, enabling 
the use of a wide variety of clinically relevant biomaterials. 

Here, osteogenic topographies identified by the screen showed enhanced in vitro mineralization of 
hMSCs. Mineralization was confirmed to be an osteogenic effect determined by high upregulation of 
osteogenic genes OSP, OSC and BSP during the mineralization process. Depending on the assay, the os-
teogenic topographies perform as good or even slightly better with respect to osseo-integration when 
compared to the SLA clinical benchmark. In the mechanical tests the positive hit topographies had a 
similar effect as the SLA surface. The BIC measurements showed high difference between the osteogenic 
topographies and the negative hit from the screen. The low BIC of the negative hit is probably be 
due to inflammatory response initiated by small pieces of titanium broken off, as has been reported 
previously (32).The non-patterned surface is clearly evoking biological responses that are very different 
from all the topographies. In the HTS experiment it was among the surfaces with the lowest ALP 
expression. In the in vitro experiments it had the lowest mineralization and expression of osteogenic 
genes. Finally it performed poorly in the mechanical testing and BIC measurements. It turns out 
that a completely smooth titanium surface is quite an extreme surface for a cell or a tissue. Literature 
also reports that microstructured and submicron titanium structured substrates are more osteogenic 
than flat surfaces in vitro (33, 34) and improve outcome in vivo (35). Our positive hit topographies 
performed equally well as the SLA implant in the mechanical testing and seemed slightly better in 
the bone contact quantification. However, the SLA implants have a few disadvantages over the designed 
topographies. Because the sand-blasting is not completely controlled it could create topography 
with high aspects ratio’s that might break of and end up in the tissue as is seen in one of the designed 
topographies. Additionally, the grit used for the sand-blasting might get embedded in the material 
and cause cytotoxic effects (36, 37).  For these reasons it is possible that an improvement of implant 
stability of designed topographies over the currently used SLA implants will only become apparent after 
a longer implantation time.

In this work we focused on enabling clinical translation instead of exploring underlying mechanisms.  
Still, our data might provide further insights for existing hypotheses regarding cell-topography 
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response mechanisms and mechano-transduction. The dimensions of the topographies proved to 
be the determining factor for increasing ALP expression. The patterns which prevent flattening of the 
cells due to confinement by the vertical sides of the features, in which the cells are able to form tube 
like networks, have the most osteogenic effect. Alignment of hMSCs into more thin elongated cells by 
micro-grooves increases histone acetylation (38). In addition, Inhibition of histone deacetylases 
(HDACS) activity was previously shown to increase ALP expression and mineralization of hMSCs (39). 
Perhaps the osteogenic topographies work through a similar mechanism since the cells on these 
topographies also have long, thin and aligned morphology. There is some evidence that suggests that 
calcium dependent Wnt signaling responsible for the effect of topography on titanium, where Wnt5a 
enhances osteogenesis through a positive feedback with integrins and  BMP signaling. (40). YAP/TAZ 
activity is increased in cells exposed to mechanical stresses, such as stretching, and when exposed 
to edges and curvatures (41). YAP/TAZ is part of mechano-sensitive signal transduction complex (42) 
involved in osteogenic differentiation which is thought to be regulated by F-Actin capping proteins. 
However, YAP/TAZ activity is also strongly dependent on cell-cell contact. Cell-cell contact is minimal-
ized on the osteogenic topographies, while it is probably no longer strongly reduced in fully confluent 
cell multi-layers which occur during end-point mineralization. The screen was performed under a sub- 
confluent cell density, while the mineralization experiment endpoint was a cell multilayer. This shows that 
topography influences the cells from sparse to very high densities which suggest a molecular mechanism 
that is active independent of cell-density.

Osteogenesis was chosen as a biological event to demonstrate the validity of HTS of topographies to 
improve biomedical implants. This approach is not restricted to osteogenesis, but can be applied 
to optimize other biomaterial surfaces. A screen has a high chance of success when key components 
are available: an applicable biomaterial, a relevant cell model and an image-based readout. 
The screening system is also very suitable to identify optimal topographies for in vitro applications 
such as specialized cell culture substrates. The TopoChip has been used to study macrophage differentiation, 
stromal immune cell differentiation and thrombocyte activation for vascular applications such as stents and 
vascular grafts (unpublished data). 

This work is a strong demonstration of the power of bio-informatic tools in biomaterial discovery. The 
model, created from the screening data, was able to predict ALP expression based on topographical 
parameters with an accuracy of 98%, which is extremely accurate. The cell morphology instructed by 
the feature dimensions correlate with ALP expression. Topographical feature parameters are able to 
induce ALP expression in a highly predictable manner. The predictive power of the feature shape 
was much stronger than the cell morphology. This could be due to imperfections of image segmentation 
or it is because we lack the right morphology descriptors. Information of the feature design parameter- 
cell response relationship, provided by our approach, offers the possibility to use iterative rounds of 
screening to further optimize biomaterial surfaces. Ultimately, the use of bioinformatics to analyze 
cell-response to large libraries of topographies should enable us to decipher the topographical 
‘language’ to instruct cells. Even though we expect this topographical language to be very cell and 
material specific it will offer significant new insights to mechano-biology. The osteogenic topographies 
that were identified in this work will serve as model substrates for transcriptomics to investigate the 
underlying mechano-biological mechanisms of the osteogenic response.  
 
In conclusion, this work clearly demonstrated that it is indeed feasible to identify biologically relevant 
biomaterial properties in a screening fashion that makes use of miniaturized experimental conditions 
and up-scale these to clinically relevant size and materials. In this way it shows the value of HTS 
in biomaterials, also known as  Materiomics (43). Our data suggests that the topographies have both 
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short term and long term osteogenic effects. Further studies will be required to look into the underlying 
mechanisms. This work is a strong first example of HTS of biomaterials that yields data on preclinical 
efficacy and serves as a proof of principle for future studies.

Materials and methods

Fabrication

TopoChip Design and fabrication.

The in silico design of the TopoChip is generated using an algorithm that combines the primitive 
shapes: triangle, circle and rectangle to generate complex shapes, as described (19). The in silico 
design was used to create a chromium mask for photolithography. The micro patterns were etched 
from the silicon wafer, by directional reactive ion etching (DRIE), generating a silicon master mould for 
hot embossing. To facilitate demoulding, the master was coated with a ‘non-sticky’ layer of perfluoro- 
decyltrichlorosilane (FOTS) (ABCR, AB111155). The master was subsequently used for hot embossing 
of PLA films (250 µm thick) (Folienwerk Wolfen GmbH) using an Obducat nanoimprint device. Imprinting 
was carried out at 120°C with 30 bars of pressure for 10 min. Demoulding took place after cooling down 
to 80°C. The PLA TopoChips and up-scaled surfaces were coated with 200 nm Titanium by sputter coating 
at a sputtering rate of 6 nm/minute. 

Titanium implant fabrication

The Ti implants were fabricated using micromachining technologies. An outline of the fabrication scheme 
is illustrated in supplementary Figure S3a. Annealed Ti plates of 99.6 % purity of 150 mm x 150 mm and 
thickness of 2 mm were bought from Goodfellow, UK. (A) Ti plates were first cut by laser into 100 mm 
diameter substrates to adapt to the 100 mm cleanroom facility in the nanolab of MESA+ Institute of Nano- 
technology. After a pre-polish step using polishing paste, the Ti substrates were final polished to achieve 
a roughness of about 10 nm by chemical mechanical polishing (CMP Mecapol E460, Cabot SemiSperse 25 
slurry : H

2
O = 1 : 2) for about 60 min. (B) After ultrasonic cleaning in demi (DI) water for 60 min, in acetone 

for 30 min and in isopropanol (IPA) for 30 min, 780 nm SiO
x
 was deposited by plasma enhanced chemical 

vapor deposition (PECVD, Oxford Plasmalab system 80). (C) The lithography step was performed by using 
positive photoresist OIR 908-12 (Arch Chemical, Inc). After exposure (EVG 620) and development (OPD 
4262, Arch Chemical, Inc), the Ti substrates were hard baked on a hot plate at 120°C for 30 min. (D) The 
SiO

x
 layer was etched by directional reactive ion etching (DRIE, Adixen AMS 100 DE) for 2 min at a C

4
F

8
 flow 

of 20 sccm, He flow of 150 sccm, CH
4
 flow of 15 sccm, inductively coupled plasma (ICP) power of 2800 

W, capacitively coupled plasma (CCP) power of 350 W and at a temperature of -10°C. After stripping the 
photoresist in Oxygen (O

2
) plasma (Tepla 300E), (F) the Ti substrates were etched using an alternation of 

an etching step of the etchant combination of Cl
2
/BCl

3
/Ar plasma and an oxidation step by O

2
 plasma (Ox-

ford Plasmalab system 100). The etching step was performed at an etchant Cl
2
/BCl

3
/Ar flow of 50/50/20 

sccm, ICP of 2000 W, CCP of 100 W and pressure of 10 mTorr. The oxidation step was performed at an O
2 

flow of 30 sccm, ICP of 500 W, CCP of 15 W and pressure of 33 mTorr. An alternation of 45 sec etching time 
and 15 sec oxidation time results in a Ti etch rate of 1 µm/min and therefore 10 cycles were performed to 
receive a structure depth of about 10 µm. The substrate temperature was kept at 50°C for both steps. (G) 
The SiO

x
 masking layer was removed in 2 min using the same method as in step (D).

MINING FOR OSTEOGENIC SURFACE TOPOGRAPHIES: IN SILICO DESIGN TO IN VIVO OSSEO-INTEGRATION



44

Individual Ti samples were labelled by laser from the backside of the substrates and subsequently cut 
out by electric discharge machining (EDM, Charmilles, Switzerland). The fabricated Ti substrates were 
coated beforehand with AZ 9260 resist for surface protection. Polytetrafluoroethylene (PTFE) caps were 
designed and fabricated CNC machining to avoid interlocking from lateral bone attachment as well as for the 
easiness of fixture attachment for tensile testing. The illustrations of a Ti implant with its PTFE cover are 
shown in supplementary Figure S2b. To obtain a tight fit of the PTFE cover to the Ti implant, the PTFE cover 
has an outer diameter of 7.05 mm, wall thickness of 0.4 mm and inner height of 1.90 mm. A through hole 
of 4 mm diameter was made for fixture fixation during tensile test.

In vitro experiments

Cell culture

HMSCs were cultured in basic medium consisting of oxMEM (Gibco) supplemented with 10% fetal bovine 
serum (Lonza), 2 mM l-glutamine (Gibco), 0.2 mM ascorbic acid (Sigma Aldrich) and 100 U/ml 
penicillin + 100 g/ml streptomycin (Gibco). Osteogenic medium contains basic medium with 10-8 M 
dexamethasone (Sigma Aldrich) and 0.01 M ß-glycerol phosphate (Sigma Aldrich). Adipogenic consisted 
of DMEM (Gibco) supplemented with 100 U/ml penicillin +100 µg/ml streptomycin (Gibco), 10% 
foetal bovine serum (Lonza), 0.2 mM Indomethacin (Sigma Aldrich), 0.5 mM IBMX (Sigma Aldrich,) 
10-6 M dexamethasone (Sigma Aldrich) and 10 µg/ml Insulin (human, Sigma Aldrich). In all experi- 
ments,medium was refreshed every two days.

TopoChip staining and imaging

Prior to seeding, titanium-coated TopoChips are wetted for a minimum of 2 days in basic medium 
at 37°C and at in a 5% CO

2
 atmosphere; wetting is prolonged due to hydrophobic properties of patterned 

surfaces. For the screening experiment eight TopoChips were seeded with passage 4 hMSCs (Lonza) 
at a density of 3000 cells/cm2. After 5 days of culture in basic medium, the cells were washed in 
phosphate buffered (PBS, Sigma Aldrich) and fixated in 70% ethanol and stained for ALP, cell 
nuclei and cytoskeleton. After fixation the cells were incubated with blocking buffer, consisting of 2% 
bovine serum albumin (BSA, Sigma Aldrich) in PBS for 30 minutes followed by primary antibody in-
cubation of 2 h with 1:50 anti-ALP (sc137213, Santa Cruz Biotech) in blocking buffer. After washing 
with PBS 4 times, the cells were incubated with 1:100 Goat-anti-mouse-Alexa594 (Life Technologies) 
in blocking buffer for 1h, followed by 4 further PBS washings and incubation of 1:100 Phalloidin-Alexa488 
(Life Technologies) in blocking buffer. Next, after washing with PBS 4 times nuclear staining with 
1:10000 4’,6-Diamidino-2-phenylindole (Dapi, Life technologies) was done. Finally the TopoChips were 
mounted on coverslips with Mowiol 4-88 (Sigma Aldrich) after washing with PBS for two times. 

After sample drying the chips were imaged using a BD Pathway 435 automated fluorescence microscope. 
A total of 4356 images (one for each TopoUnit) were acquired for each chip and fluorescence channel. All 
images were combined into a large montage of 62,964 by 62,964 pixels (3964 megapixels).
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Image analysis

Image analysis is described in detail elsewhere (20). In summary, custom matlab scripts were used for 
flat-field correction, image normalization and background subtraction. Quality control features were calcu-
lated and used to detect outliers. From the large montage each original image was cropped into separate 
images of 800x800 pixels. For each of the TopoUnit images, Cell Profiler (26) was used to obtain the cell 
morphology. To prevent influence of the walls on the cell morphology measurements, cell touching the 
walls were filtered out of the dataset. The DAPI channel was used to recognize nuclei, using the Otsu 
Adaptive thresholding method. Subsequently, each of these nuclei was used to initiate the search for a 
corresponding cell, by making use of the phalloidin-Alexa488 staining by Otsu adaptive thresholding and 
the provided propagation algorithm. Measurements were performed on the resulting shapes. Within the 
defined individual cell areas, ALP intensities were determined by measuring the maximum ALP intensity, 
integrated ALP intensity and integrated ALP intensity corrected for actin intensity. Hit rankings were made 
by using the Mann-Whitney U test.

Statistical analysis

To be able to identify the surface design parameters that can influence ALP expression, we selected 100 
surfaces with the highest ALP expression and 100 surfaces with the lowest ALP expression. To classify 
topographies that had a positive or negative effect on the Integrated Intensity of the ALP signal, we 
used classification trees algorithms from “party” package (44) implemented in R ver. 3.1.2 (45). 
The classification tree was visualized by this “party” package (46). To further create a robust predic-
tive model we assessed the behaviour of multiple machine learning algorithms (data not shown) and 
selected the Random Forest algorithm (47) that gave the highest accuracy on the tested data set. 
In order to have a training set for testing accuracy of the model, data set was split in to 2 parts. The first 
part contained 3/4 of the data and was used for model training and the remaining 1/4 was used for model 
testing. Models were trained with 10 fold cross validation in the “caret” package (48). 

Flow cytometry

HMSCs were seeded at a density of 3500 cells/cm2 on enlarged surfaces of the selected patterns and 
cultured for 5 days in basic hMSC medium without osteogenesis-stimulating compounds. As a control to 
the patterned surfaces, cells were also cultivated on non-patterned (flat) surfaces in basic hMSC medium 
with or without dexamethasone. The medium was refreshed every 2 days. Following the cell culture 
period, the cells were harvested and stained with an anti-human ALP antibody that was then labeled with 
a Phycoerythrin (PE)-labeled specific secondary antibody. Flow cytometry was performed immediately 
after staining using a FACSCalibur (BD Biosciences) and its CellQuest software (BD Biosciences).

Tetracyclin staining.

After 5 weeks of minteralizaion in osteogenic medium, 1% teatrcyclin was added to the medium for 24 
hours before fixation in 10% formalin (Sigma). 5 images from each sample, with 3 samples for each to-
pography were imaged with a BD Pathway 435 automated fluorescence microscope. Integrated intensities 
were quantified using imageJ software (49).
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QPCR

Total RNA was isolated by using a RNA isolation kit (Bioline) according to manufacturer’s protocol. 
500 ng of RNA was used to prepare cDNA according to manufacturer’s instructions in a 20 µl reaction 
volume (Biorad). Quantitative RT-QPCR was performed in a 20 µl reaction volume with 0.01 nmol of 
of forward  and reverse primers. 40 reaction cycles were performed which consisted of annealing at 
60°C for 15 seconds and extension at 72°C for 15 seconds. Glyceraldehyde 3-phosphate dehydro- 
genase (GAPDH) was used as a house-keeping gene and relative expression were determined using ΔΔCT 
method. 

In vivo experiments

Animal surgery 

A total of 24 New Zealand White female rabbits from Dossy Biotechnology Ltd, Chengdu, China, were 
used. The weight of the animals was between 3000 and 3500 g. Housing of the animals and surgery 
was performed at Dossy Biotechnology LtD, Chengdu, China. Animals were housed individually in cages 
 in an environment with a temperature 16-28°C and a humidity of 45-70%. Animals were fed ad libitum 
and they had free to access water.  Animals were observed per the standard monitoring schedule at Dossy 
Biotechnology. Before surgery Ti implants were ultrasonically cleaned in acetone for 1 h and by IPA for  
1 h. Energy-dispersive X-ray spectroscopy (EDX) measurement was performed to ensure that implant 
surface was free from impurities and therefore safe for implantation. 

All procedures were approved by the local ethic committee for the use of animals for studies and 
performed under general anesthesia and sterile conditions.  The rabbits were sedated by intravenous 
application of pentobarbital sodium (3,0 mg/kg body weight). 

Operation sites were shaved and sterilized with iodine and 70% EtOH and the animal was covered with 
a sterile blanket. Surgery was performed as described earlier (27, 28) and illustrated in the supple-
mentary Figure S4. In short, a 5 cm incision on the proximal part of the femur was made, penetrating 
the epidermis, dermis and fascial layers exposing the underlying periosteum. An additional medial-anterior 
incision was made through the periosteum. The periosteum was elevated with a periosteal elevator. 
Two holes were made with a 1.0 mm twist drill (Stryker, Germany), using a custom made drill 
guide. With a custom made 7.05 mm diameter bur, a stable leveled site for the implants was 
made using the same drill guide. The implants were kept in place by a mesh plate (Endomed, The 
Netherlands). The subcutaneous layers were repositioned and layer by layer sutured with 4-0 silk suture. 
The surgical site was sterilized with iodine and animals were then placed in their cages and observed 
until awake and mobile. Wound healing was monitored daily. Rabbits were euthanized with an overdose 
pentobarbital sodium (>3.0 mg/kg body weight). After euthanasia the femur with implant was removed 
and cleared from surrounding tissues. Bones with samples were then fixated in 10% neutral buffered 
formalin (>72 h) and kept at 70% EtOH for further experiments. No incidents were registered during 
the course of animal experiments.
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Tensile test 

The tensile test was performed using mechanical pull bench Adamel-Lhomargy DY-32 installed with 
a calibrated Sandoo SH-200 load cell of 0-200 N. PMMA cylinders were fabricated and fixed to the 
Ti implants using Cyanoacrylate glue, see supplementary Figure S5. A through hole was drilled in the 
PMMA cylinder for connecting a 0.038 mm wire to the upper clamp. The pulling force was applied at 
1 mm/min until the implant was removed from the bone.   

Histology methods

Fixated samples were dehydrated in ethanol series and embedded in Methyl methacrylate (MMA). 
Sections were processed on a histological diamond saw (Leica SP1600) and stained with 1% Methylene 
Blue and 0,3% Basic Fuchsin solution. Three sections across the middle were made for each implant 
and scanned with a histologic slide scanner (Nanozoomer, Hamamatsu). For all sections the bone- 
implant contact percentage (%BIC) was measured. This is defined as all areas with direct bone contact 
to the implant without gaps or fibrous tissue. All samples were assessed by a blinded observer. 
To avoid confounding of the data, random measurements from the dataset were verified by two 
additional independent observers.
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Supplementary figures.

Figure S1: hMSC lineage potential test

a: hMSC differentiation into the osteogenic lineage was tested with a alizarin red mineralization assay. b: hMSC differentiation into 

the adipogenic lineage was tested with a Oil red O staining of lipid vesicles.
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5 weeks

Adipogenesis
Oil red O
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Figure S2: Screen reproducibility

Images of 4 random TopoUnits a, b, c, d, from the TopoChip screen are shown together to demonstrate cell morphology 

reproducibility between TopoChips within the screening experiment. Actin is stained red and the nuclei are light blue.

Topography a Topography b 

Topography c Topography d 
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Figure S3: Titanium bone implant fabrication

a: Ti implants fabrication scheme (see materials and methods for full explanation): A: Ti plates were first cut by laser into 100 mm 

diameter substrates; B: 780 nm SiO
x
 was deposited by plasma enhanced chemical vapor deposition; C: Lithography step was 

performed by using positive photoresist; D: The SiO
x
 layer was etched by directional reactive ion etching; E: Stripping the photoresist in 

Oxygen plasma; F: Ti substrates were etched using an alternation of an etching step of the etchant combination of Cl
2
/BCl

3
/Ar 

plasma and an oxidation step by O
2
; G: The SiO

x
 masking layer was removed in 2 min using the same method as in step (D). 

b: Illustrations of Ti implants and its PTFE cover. 

a

b
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Figure S4: Animal surgery 

a: 5 cm incision was made for the implantation site. With help of a custom made guide (b) the leveled platforms and 2 holes for 

fixation of the mesh plate were made (c). The samples covered with Teflon caps are kept in place with the mesh plate (d).

Figure S5: Pull out testing set-up 

a: A PMMA cylinder glued to a Ti implant; b: A rabbit femur with Ti implants fixed to a support and clamping jig.

 

c

a b

d

a b
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Abstract

Biomaterial surface properties such as surface chemistry, stiffness and topography influence cell 
response. In the case of surface topography it is well established that submicron and microstructures, 
are able to elicit biological responses in various cells. Studies into topography effects on cells use many 
different materials, most often based on available production methods. In this work we study the 
instructive effect of Polystyrene (PS) microtopographies on differentiation of hMSCs. Our results show that 
the microtopographies are able to strongly inhibit osteogenesis by lowering ALP expression and mine- 
ralization. Additionally, adipogenesis is inhibited by several microtopography designs, depending on 
spacing of the features. Cell counting only showed minor differences between non-patterned and patterned 
areas indicating that the inhibition of differentiation is probably not caused by differences in cell density.  
Finally, when comparing the differentiation of hMSC cultured on PS topographies to hMSCs cultured on 
the exact same titanium topographies the contrasting outcomes demonstrate the importance of 
substrate material choice in these studies. 

Introduction

Medical devices and cell culture substrates can be improved by optimizing cell-biomaterial interactions 
which are governed by properties such as chemistry, elasticity and topography. In order to do this we 
have to understand the underlying mechanisms that operate cell response to these individual biomaterial 
properties. Tailoring surface topography to instruct cell response has been the topic of many studies. Topo-
graphical cues can have significant effects such as the potential to direct differentiation of neural progenitor 
cells (1), Human mesenchymal stromal cells (hMSCs) (2, 3) and induced pluripotent stem cells (IPS) (4).  

To study topography, many different substrate materials are used. This biomaterial choice is usually determined 
by the available fabrication methods which were often originally developed for creating microelectromecha- 
nical systems (MEMS) and microfluidics, such as silicon and PDMS. Ideally the material choice should be 
made based on the possibility of applying the topographies on an eventual application, such as titanium 
(Ti) as a model substrate to modify Ti bone implants. There is increasing evidence that topographically 
induced effects on one material do not necessarily occur on another material.

In this work we aim to study the effect of biomechanical cues of microtopographies fabricated on 
polystyrene (PS). Even though PS is difficult to process due to its high stiffness and brittleness it is still 
the golden standard for tissue culture substrates due to its low cost and excellent optical properties for 
microscopy. The possibility to compare experimental data from experiments with PS topographies to the 
large amounts of historical data generated with conventional PS tissue culture plastics will be valuable.

Our previous work has identified a set of designed microtopographies, fabricated in Ti that are able 
to modulate osteogenic differentiation of hMSCs (Chapter 3). From these, seven topographies were 
selected here for fabrication in PS. These topographies have a range of size, shape and spacing that 
influence the morphology of hMSCs in varying ways. The PS topographies were fabricated by hot 
embossing with specialized OrmoStamp® moulds.

The instructive potential of the microtopographies is investigated by observing phenotypical outcomes of 
hMSC differentiation (5, 6). The hMSCs are used as a model system to study topography effects on cells 
because they are known to be mechano-sensitive, meaning they respond to biomaterial mechanical pro- 
perties and surface topography and because hMSC osteogenic and adipogenic differentiation are esta- 
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blished readouts. In addition, hMSCs show functional response to topography at the nanometer (2), sub-
micron (7) and micrometer-scale (8). As differentiation outcomes, osteogenesis and adipogenesis are 
investigated.  Finally we compare the instructive potential of the PS topographies to the Ti topographies to 
demonstrate the importance of substrate material choice to study topographical effects.

Materials and methods

Polystyrene topography fabrication

Seven Bioactive microtopographies were selected (# 1 to #7) from an in-silico library as previously 
described (9). Polystyrene (PS) topographies were prepared by hot embossing a PS film (Goodfellow, 
USA) with specialized moulds, as described in (Appendix 1). In summary, the inverse structure of the 
topographies is produced on silicon by standard photo lithography and deep reactive etching. The silicon 
mould is used to make a positive mould in poly(dimethylsiloxane) (PDMS). The PDMS mould is required 
to create a second negative mould in OrmoStamp® hybrid polymer (micro resist technology Gmbh) 
which serves as the mould for hot embossing of the PS films. The fabrication of the OrmoStamp mould 
is necessary since demoulding PS from silicon is highly problematic and often leads to destruction 
of the mould or the imprint. Hot embossing was performed with the Obducat T-Nil system with the following 
conditions: imprinting at 140°C for 5 min at 10 Bar, with a demoulding temperature of 80°C. Before cell 
culture, the PS topographies were briefly treated with a mild oxygen plasma to improve cell adhesion. 
Plasma treatment was performed for 30 s at 75 mTor, 50 sccm O2, 50 W.

Titanium coated PLA topography fabrication.

The micro patterns were etched from the silicon wafer, by directional reactive ion etching (DRIE), 
generating a silicon master mould for hot embossing. To facilitate demoulding, the master was coated 
with a ‘non-adhesive’ layer of perfluorodecyltrichlorosilane (FDTS) (ABCR, AB111155). The master was sub- 
sequently used for hot embossing of PLA films (250 µm thick) (Folienwerk Wolfen GmbH) using an 
Obducat nanoimprint device. Imprinting was carried out at 120°C with 30 bars of pressure for 10 min. 
Demoulding took place after cooling down to 80°C . The PLA TopoChips and up-scaled surfaces were coated 
with 200 nm Titanium by sputter coating at a sputtering rate of 6 nm/minute. 

Cell culture

HMSCs were cultured in basic medium consisting of oxMEM (Gibco) suplemented with 10% fetal bovine 
serum (Lonza), 2 mM l-glutamine (Gibco), 0.2 mM ascorbic acid (Sigma Aldrich) and 100 U/ml penicillin + 
100 g/ml streptomycin (Gibco). Osteogenic medium contains basic medium with 10-8 M dexamethasone 
(Sigma Aldrich) and 0.01 M ß-glycerol phosphate (Sigma Aldrich). Adipogenic consisted of DMEM (Gibco) 
supplemented with 100 U/ml penicillin +100 mg/ml streptomycin (Gibco), 10% foetal bovine serum 
(Lonza), 0.2 mM Indomethacin (Sigma Aldrich), 0.5 mM IBMX (Sigma Aldrich,)10-6 M dexamethasone 
(Sigma Aldrich) and 10 mg/ml Insulin (human, Sigma Aldrich). In all experiments, medium was refreshed 
every two days.
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Cell counting with DAPI

At the designated time points the samples were fixated for 10 mins in 10% formalin (Sigma Aldrich). 
After washing  the cells 3 times with PBS they were stained with 1:10000  4’,6-diamidino-2-phenylin-
dole (DAPI, from Life Technologies) for 20 mins. After washing the cells 3 more times with PBS they 
were imaged in bright field and with a DAPI filter set using an EVOS microscope. The bright field images 
were used to determine the micro-patterned and non-patterned areas. The DAPI channel was used to 
count the nuclei. For every topography 4 ratios were determined from 3 fields of view by dividing the 
amount of cells in the non-patterned area by the amount of cells in the microstructured area. 

Alizarin red staining

After 5 weeks of culture the samples were fixated for 20 mins in 10% formalin (Sigma Aldrich) and 
washed twice with demi water. Subsequently, the cells were covered by a freshly filtered 2% aqueous 
alizarin red (Sigma Aldrich) solution (pH 4.2) for 10 mins. After washing of excess stain with demi water 
the cells were imaged with a Nikon E600 microscope.    

Oil red O

After 3 weeks of culture the samples were fixated for 30 mins in 10% formalin (Sigma Aldrich. After rinsing 
with demi water followed a 5 min incubation by with 60% isopropanol and 5 min in 0.22 µM Oil Red O 
solution. After staining, the cells were rinsed with demiwater and imaged with a Nikon E600 microscope. 
If direct visual inspection was not possible, the Oil Red O staining was quantified by extraction with 4% 
Igepal (Sigma Aldrich) in isopropanol for 15 mins. Absorption of the extract was measured at 540 nm 
using a Thermo Scientific Multiscan 60 platereader and normalized to the positive control (non-patterned 
polystyrene).

Ca assay

The calcium assays (BioAssay Systems) were performed according to manufacturer’s protocol. Absorption 
was measured using a Thermo Scientific Multiscan 60 platereader.

Flow cytometry

HMSCs were seeded at a density of 3500 cells/cm2 on up-scaled surfaces of three selected patterns and 
cultured for 5 days in basic hMSC medium without osteogenesis-stimulating compounds. As a control to 
the patterned surfaces, cells were also cultivated on non-patterned (np) surfaces in basic hMSC medium 
with or without dexamethasone. The medium was refreshed every 2 days. Following the cell culture 
period, the cells were harvested and stained with an anti-human ALP antibody that was then labeled with 
a Phycoerythrin (PE)-labeled specific secondary antibody. Flow cytometry was performed immediately 
after staining using a FACSCalibur (BD Biosciences) and its CellQuest software (BD Biosciences). 
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Results

To investigate the effect of microtopography and to be able to compare the results to the experimental 
data available from experiments with standard PS tissue culture plates, a selection of 7 Topographies 
which are able to modulate hMSC osteogenesis was fabricated in PS films. Differentiation of hMSCs 
was chosen as a model system to investigate cell response to topography because the availability of 
functional readouts and the sensitivity of hMSCs to the biophysical signals induced by surface topography.  

First, early osteogenic differentiation of hMSCs was assessed by quantifying the amount of tissue nonspecific 
alkaline phosphatase (ALP) positive cells cultured on the PS topographies after 6 days of culture in 
medium without osteogenic supplements (Fig. 1a). ALP is a commonly used marker for osteogenic 
differentiation as it is crucial for mineralization of bone because it generates the inorganic 
phosphate essential for hydroxyapatite crystallization (10). When cultured in basic medium, 11% of 
hMSCs were positive for ALP. Adding dexamethasone increased the percentage of ALP positive cells 
to 18%. In stark contrast to earlier findings with titanium coated topographies (Chapter 3), all the poly-
styrene topographies strongly down regulated ALP expression with ALP positive percentages that ranges 
between 1% and 3%. Polystyrene microtopographies seem to inhibit hMSCs differentiation, indicated by a 
down regulation of osteogenic marker expression. 

Next, osteogenic differentiation was investigated at a late time point. For this, the PS topographies were 
used in a 5 week mineralization experiment with hMSCs and the degree of mineralization was 
assessed by Alizarin red staining (Fig. 1b). Both non-patterned controls (either the bottom of a poly-
styrene well-plate (+) or a piece of flat polystyrene film (np), which is used for topography fabrication) 
showed strong mineralization, indicated by the deep red staining. In the negative control, a non- 
patterned well plate with hMSCs cultured in basic medium (-), we did not find mineralization. 
In contrast to the osteogenic titanium topographies the hMSCs cultured on the PS topographies 
showed very little staining, indicating that the surface topographies very strongly inhibit mineral-
ization. To confirm this remarkable finding, the experiment was repeated with larger PS circular films 
which contains several smaller circular areas with topographies (Fig. 1c). The circular areas are covered 
with the topographical patterns, while the area in the middle and between the patterned areas is 
non-patterned. In agreement with the previous experiment it is clearly visible by the red staining that 
the non-patterned area is mineralized, while areas with the topographical patterns are not. Closer 
inspection by microscopy showed that there is actually a sharp boundary between mineralized 
hMSCs and non-mineralized hMSCs which coincided to the non-patterned and patterned areas respectively 
(Fig. 1d). These results were confirmed with a calcium assay (Fig. 1e). Total calcium levels 
on the micro patterned PS were at least three times lower on the topographies, compared to the non- 
patterned surface. 
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Figure1: Polystyrene topographies inhibit the osteogenic response in hMSCs. a: Flow cytometry of hMSCs cultured for 5 days 

in basic medium on topographies. Bars show the average percentage of ALP positive cells. 10.000 cells were counted for each 

measurement. Positive control is osteogenic medium. b: Alizarin red staining of hMSCs cultured for 5week in mineralization 

medium on topographies. Topographies are applied on 1.5 cm diameter discs, which fit in a 12 well-plate for cell culture. 

c: Alizarin red staining of hMSCs cultured for 5week in mineralization medium on topographies in the same well. 

Larger 3 cm diameter discs, which contain several of the 1.5 cm diameter discs. The black rectangles indicate the area’s 

which are shown in high magnification. d: Micrographs of area’s on the large discs, showing the border between non-patterned 

surface and topographical surface. e: Calcium assay of hMSCs cultured for 5 week in mineralization medium on topographies.
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Figure 2: PS topographies inhibit adipogenesis, depending on feature size and spacing. 

a: Representative bright field images of hMSCs on topographies after three weeks of culture in adipogenic medium.  

After the discovery that PS topographies are able to inhibit mineralization of hMSCs we investigated if 
adipogenesis of hMSCs was also affected by the microtopographies. After 2 weeks of differentiation in 
adipogenic medium the lipid vesicles could be observed directly by microscopic images of oil red O staining 
(Fig. 2). The non-patterned polystyrene showed the highest degree of adipogenic differentiation with a 
high number of cells containing many lipid vesicles. All PS micro structures showed lower amount of cells 
with vesicles, strongly depending on the spacing of the features. Topographies #4 and #5, which have large 
spacing between topographies, show slightly less cells with lipid vesicles as the non-patterned surface. 
Topographies #1, #8 and #9, which  have moderate spacing between the topographies show about half as 
much cells with lipid vesicles, compared to the non-patterned surface. Topography #7, which has very little 
spacing between the topographies, has no cells with lipid vesicles. It appears that the microtopographies 
inhibit both osteogenic and adipogenic differentiation of hMSCs.  
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Figure 3: Nuclear quantification of hMSCs cultured on PS topographies a: Method to quantify nuclei. The bright field channel is 

used to determine the boundary between patterned and non-patterned areas. The boundary is used in the DAPI channel to count 

cells in adjacent areas with the same surface area to calculate ratios. b: Ratio of cells counted after 2 days of cell seeding. c: Ratio 

of cells counted after 3 weeks of mineralization.

Cell density has a big influence on hMSC differentiation (11). The finding that polystyrene microtopogra-
phies inhibit hMSC differentiation and mineralization could potentially be attributed to possible differences 
in cell-proliferation between hMSCs on topographies and non-patterned areas. To investigate differences 
in cell proliferation caused by microtopography, local cell numbers were counted on large PS films with 
micro-patterned areas. Local cell numbers were quantified by counting the nuclei in multiple adjacent 
regions along the boundary between non-patterned and patterned areas after staining with 4’,6-diami- 
dino-2-phenylindole (DAPI) (Fig. 3a). First the cells were quantified at a 2 day time point to observe cell 
attachment and early proliferation (Fig. 3b). Ratios between adjacent patterned and non-patterned areas 
were close to 1, which indicates minor differences in cell number.  Secondly, the cell numbers at a 3 week 
mineralization time point were quantified as well (Fig. 3c). There the ratios were also very close to 1, with 
a trend for slightly (up to 10%) more cells on the non-patterned area. These results suggest that there are 
small differences in cell number. However, we do not expect this small difference to be responsible for the 
large inhibitory effect of topography on hMSC mineralization. 
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Figure 4: Differentiation of hMSCs on Ti topographies. a: Tetracyclin intensities of hMSCs cultured for 5 weeks on titanium coated 

PLA 1.5 cm diameter discs in mineralization medium. Averages are based on 5 images from 3 samples for each experimental group 

for a total of 15 measurements per group. b: Quantification of adipogenesis on Ti topographies. Respresentative images of the controls 

are shown for visual confirmation of lipid vesicles.

Originally the topography designs in this work were selected based on their ability to modulate the 
osteogenic differentiation of hMSCs when they were fabricated in Ti. The osteogenic effect of the 
Ti designed topographies was confirmed with a mineralization experiment (Fig. 4a). Non-patterned 
Ti and cell culture in basic medium (np basic) served as a negative control, while non-patterned Ti 
in osteogenic medium (np) served as a flat reference. In agreement with earlier studies (Chapter 3), 
the osteogenic positive hit topographies #4 and #8, increase mineralization of hMSCs, compared to 
non-patterned Ti.  Topography #7, which was not previously identified as osteogenic does not increase 
mineralization and even slightly decreases mineralization. In the case of osteogenesis the topogra- 
phical cues are strongly dependent on the surface chemistry.

Next, to once again make a comparison between PS and Ti, hMSC adipogenesis was assessed on Ti topo- 
graphies after 3 weeks of culture (Fig. 4b). Fat droplet formation could only be assessed indirectly on the 
Ti coated surfaces due to its opaqueness. Quantification of the eluted oil red O staining was normalized 
to the positive control, non-patterned polystyrene, which had pronounced formation of lipid vesicles. The 
negative control, non-patterned polystyrene in basic medium, which showed no lipid vesicles, still gave a 
background measurement of 0.14. The non-patterned titanium did not show any oil red O staining, even 
less than the negative control. The titanium surfaces all showed very limited adipogenesis, of around 
0.3. Taken together these results suggest that titanium coating strongly inhibits adipogenesis and that 
Ti coated topographies can minimally enhance adipogenesis but that it is still very minimal compared to 
polystyrene.
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Discussion 

In this work, we demonstrated the instructive power of microscale topographies by showing for the 
first time total inhibition of mineralization by topography. Even at an early time point, the PS topo- 
graphies reduce ALP expression in non-osteogenic medium, indicating inhibition of osteogenic differen- 
tiation. All topographies in our selection had a similar striking effect even though there is variation in size 
shape and spacing. One similarity that is shared by all the different feature designs is the height of 10 µm, 
which is roughly the diameter of an hMSC if it would occupy a spherical volume. Perhaps, this suggests that 
strong phenotypical changes can be achieved by topographies at dimensions that are similar to the cells 
themselves. There is not much literature with which we can directly compare our results due to the use 
of different materials, feature scales and cell types. One study which investigated the effect PS submicron 
grooves on rat MSC’s showed that all grooved topographies slightly reduced ALP activity of up to 25%, in 
line with our findings (12). 

If one checks literature with other polymers, it is difficult to find any consistent trends concerning the 
effect of feature sizes and/or spacing optimal for enhancing osteogenesis. Experiments with submicron 
to several µm topographies made in polyurethane (PU) have shown that hMSCs are predisposed 
to differentiation towards the osteogenic lineage with small spacing of 1 µm (7); submicron grooves 
fabricated in photo-curable polyurethane acrylate coated with gelatin showed very limited effect 
on mineralization (13); polymethylmethacrylate (PMMA) 120 nm, 100 nm deep pits with a controlled 
degree of spacing variance are able to induce osteogenic differentiation of hMSCs (2). No clear trends 
of topographical feature dimensions or spacing, promoting osteogenic differentiation of hMSCs can be 
distinguished here. 

In this study, PS microtopographies can inhibit lipid droplet formation in hMSCs depending on the spacing 
of the topographic features. If the cells have sufficient space between the features, they are able to 
differentiate and produce lipid vesicles. In the case of the topography with the minimal spacing, 
the cells do not fit between the features and are forced to be on top of the features. It seems that 
the mechanical effects on the cells there strongly inhibits adipogenesis. Other data suggests that PS sub-
micron grooved topography slightly improve adipogenesis of rat MSC’s (12). The difference in outcome 
there can most likely be explained by the difference in height of the PS grooves which was less than a 
micrometer, at least ten times smaller than the features in our study. When comparing to studies with 
other polymers our results are in agreement with studies with PU, where either flat or larger spacing of 
micro-pillars lead to more hMSC adipogenesis (7).

Cell counting experiments indicate that at an early time point are non-statistically significant differen- 
ces between the patterned and non-patterned areas. These differences are most likely caused by local 
differences in cell density caused by cell-seeding. At a late time-point there is a trend of slightly more 
cells on the non-patterned areas, though it is unlikely that this small difference in cell-density has such a 
dramatic negative effect on the mineralization of hMSCs.

Previously published data and other studies have shown that Ti only slightly increases osteogenic 
differentiation of hMSCs (Chapter 3) (14, 15), most likely due to a difference in surface energy. Sur-
face energy affects protein attachment to the surface which consequently affects the attachment of 
the cells (16). Our results clearly demonstrate a much stronger material specific effect when sur-
face topography is involved:  the same topographies which enhance osteogenesis on Ti substrates are 
able to inhibit mineralization on a polystyrene substrate. Furthermore, our data indicates that Ti strongly 
inhibits adipogenesis, regardless of microtopography. In this case the surface chemistry is highly domi-
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nant over the topography effect. The result is not completely surprising given by the fact that Ti promotes 
an osteogenic phenotype in mesenchymal cells.
  
On metals, literature suggests that osteogenic differentiation is enhanced by larger spacing of topo- 
graphies on different feature scales. Tantalum coated silicon used for osteogenesis of Mc3t3 pre-osteo-
blasts (17) and dental pulp stem cells (18) showed that feature size and spacing and not shape were im-
portant. The effects were also a lot more significant with the pre-osteoblasts in comparison to the hMSCs. 
Stainless steel microgrooves has been used to quantify fetal human osteoblasts mineralization (19). The 
scaling of topography was an order of magnitude larger and showed that spacing of 40 to 80 µm improves 
mineralization. 

Topography instructive effects are strongly dependent on the biomaterial surface chemistry. For these 
reasons It is vital to study topography on cells in the proper biomaterial context. Our study demonstrates 
for the first time the ability of microtopographies, fabricated in PS, to inhibit osteogenic and adipogenic 
differentiation of hMSCs. While topography size and spacing does not appear to be a determining factor 
to the degree of inhibition of osteogenesis, the spacing plays a clear role in the case of adipogenesis. Local 
cell counting measurements show that the inhibitory effect is most likely not caused by differences in cell 
density. When we compared these results to results obtained with the same cells and the same topogra-
phy designs in Ti we come to the conclusion that the PS topographies influence hMSC differentiation in a 
different and in some cases opposite manner. 
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Abstract.

Increasing incidence of renal pathology in the western world calls for innovative research for the de-
velopment of cell-based therapies such as a Bio-artificial kidney (BAK) device. To fulfill the multitude 
of kidney functions, the core component of the BAK is a “living membrane” consisting of a tight kidney 
cell monolayer with preserved functional organic ion transporters cultured on a polymeric membrane 
surface. This membrane, on one side, will be in contact with blood and therefore there should have 
excellent blood compatibility whereas on the other side should facilitate functional monolayer forma-
tion. In this work, we investigate in detail the effect of membrane chemistry and surface topography on 
kidney epithelial cells in order to improve functional monolayer formation. To achieve this, we fabricated 
designed microtopographies with high resolution and reproducibility on Polystyrene (PS) films and on 
Polyether Sulphone-Polyvinyl pyrrolidone (PES-PVP) porous membranes. A conditionally immortalized 
proximal tubule epithelial cell line (ciPTEC) was cultured on both and subsequently, the cell morphology 
and monolayer formation were assessed. Our results showed that L-dopamine (L-DOPA) coating of the 
PES-PVP was sufficient to support ciPTEC monolayer formation. The designed microtopographies of both 
materials affected ciPTEC morphology in different ways. Whereas the PS topographies with large features 
were able to align the cells in various patterns without significantly disrupting monolayer formation, 
the PES-PVP topographies with large features easily disrupted the monolayer. PES-PVP membranes with 
small features and with large spacing supported well the ciPTEC monolayer formation. In addition, the 
topographical PES-PVP membranes were compatible as a substrate membrane to measure organic cation 
transporter activity in Transwell® systems. Our study is the first one presenting new insights of the 
effects of surface topography on the adhesion, proliferation and morphology of kidney epithelial cells.

Introduction

Surface microtopography has a strong influence on the response of various cell-types to biomaterials 
(1-4). In fact, applying optimized surface topography to biomedical devices such as implants can improve 
tissue integration and host response. Optimal biomaterial-cell interaction is also extremely important for 
the development of bio-artificial organs where artificial membranes are combined with cells and tissues, 
such as in the bio-artificial kidney (BAK). A key requirement for such a device is the formation of a “living 
membrane” consisting of a tight kidney cell monolayer with preserved functional organic ion transporters, 
on suitable artificial membrane surfaces (5). The device should perform blood filtration and replace the 
endocrine, metabolic and immune-modulatory functions of the kidney (6, 7). Therefore, it may reduce 
the incidence of secondary morbidities in patients, and shorten dialysis duration or frequency, thereby 
improving the quality of life of patients with end stage renal disease (ESRD) (8, 9). In a BAK, one side of the 
artificial polymeric membrane is in contact with blood and therefore should be highly haemocompatible 
to prevent blood activation and coagulation, whereas the other membrane side should be cytocompatible 
and bioactive for adhesion of the renal epithelial cells. The living membrane should allow for transport of 
nutrients and solutes, including metabolic waste products to the cells for excretion, but also should block 
immune proteins from reaching the cells (Fig. 1). 
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Figure 1: A 3D scheme of the “living membrane” concept to be applied to a bio-artificial kidney device. Kidney epithelial cells are 

cultured on a porous polymeric membrane, which separates the cells from components of the immune system in the blood of the 

patient, while allowing perfusion of blood toxins and cell metabolites. In this way the kidney cell layer is capable of removing small 

solutes and albumin bound compounds while replacing the endocrine, metabolic and immunemodulatory functions. This work 

investigates the effect of membrane surface topography to cell adhesion and alignment. Because monolayer quality is often assessed 

by staining of the tight junctions through fluorescently labelling ZO-1, this is schematically depicted in the figure.

Throughout the years, most studies on the development of a “living membrane” with renal epithelial cells 
have focused on improving cell adhesion on polyethersulfone (PES) and polysulfone based membranes by 
application of coatings of extracellular matrix components (10-12). However, in many cases maintenance 
of a trans-monolayer transport activity and monolayer integrity was not possible (13-17). Recently, we 
showed proof of concept of a living membrane by applying a double coating of 3,4-dihydroxy-L-phenylal-
anine (L-DOPA) and human Collagen IV (Coll IV) on PES membranes combined with conditionally immorta- 
lized proximal tubule epithelial cells (ciPTEC) (9). Very few studies have focused on the effect of membrane 
micro- and nanotopography on the kidney cell monolayer formation. Human embryonic kidney cell line 
(HEK-293) showed enhanced adhesion, proliferation on, and alignment to microstructured substrates (18). 
Submicron topography in combination with flow-induced shear stress (FSS) enhanced tight junction forma-
tion and cell alignment (19), leading to a more in vivo-like phenotype and faster tight junction formation 
(20). This suggests a correlation between kidney cell morphology and kidney cell function. 

In this work, we investigate the effect of surface topography on renal epithelial cells. The ciPTECs were 
chosen as a cell model to investigate functional monolayer formation, because they possess several renal 
epithelial phenotypic features, including key transport proteins (21, 22). Previous high-throughput expe- 
riments performed in our lab using the TopoChip screening platform (4, 23) identified a set of 7 microto-
pographies which are able to induce biological effects for various cells. For example, several of these to-
pographies were able to induce strong cell orientation, even though the patterns were very different than 
those previously used for alignment of various cell types (24-26). Here, we produce these topographies 
on polystyrene (PS) films via hot embossing, to investigate ciPTEC response to topographies and on PES 
based porous membranes. The latter are selected due to their non-fouling properties and history as a 
material used in blood filtration systems, and compatibility with ciPTEC (9). The PES porous microstructured 
membranes were prepared by phase separation micro-moulding (PSµM), a method for combining surface 
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topography and porosity in one step (27, 28). To the best of our knowledge, this is the first study that pre-
sents the development of a set of microstructured PS and porous PES substrates and investigates in detail 
the effects of surface topography on the adhesion, proliferation and morphology of kidney epithelial cells. 

Materials and Methods

Fabrication of Polystyrene microstructured films

To investigate the effect of topography to kidney epithelial cells, 7 microtopographies were selected 
from an in silico library studied earlier (4). The topographies were produced on PS by hot embossing 
of a PS film (Goodfellow) as described previously (Appendix 1). Briefly, the inverse structure of the 
topographies was produced on silicon by standard photolithography and deep reactive etching. The silicon 
mould was used to make a positive mould on poly(dimethylsiloxane) (PDMS). The PDMS mould was 
required to create a second negative mould in OrmoStamp hybrid polymer (micro resist technology 
Gmbh), which serves as the mould for hot embossing the PS films. The fabrication of the OrmoStamp® 
mould was necessary due to the fact that demoulding of PS from silicon often leads to destruction 
of the mould or the imprint. The hot embossing conditions were 140°C for 5 min at pressure of 
10 Bar, with a demoulding temperature of 80°C.

Fabrication of PES based microstructured porous membranes

Porous microstructured membranes were produced by PSµM. There, the appropriate solution is cast onto 
a microstructured master mold. Solvent and non-solvent liquid exchange initiates phase separation until 
the polymer solution contains sufficient non-solvent to precipitate. By selecting the right solvent/non-sol-
vent system with the specific polymer, the porosity of the resulting membrane can be tuned. To increase 
mould hydrophilicity, a 100 nm silicon oxide layer was created on the mould by wet oxidation. The method 
was optimized using TopoChip moulds fabricated by photolithography and directed reactive etching (4). 
The mould contains a pattern that creates a grid of walls with a height of 40 µm and a width of 10 µm. 
between the walls are topographical structures with discrete shapes and a height of 10 µm. The walls are 
suitable structures to test fabrication of features with higher aspect ratios, which can be more challenging. 

A Polyethersulphone (Fluka) / Polyvinylpyrrolidinone K90 (Fluka) (PES-PVP) solution was prepared in 
1-methyl-2 pyrrolidinone (NMP) (Acros Organics). The solution was degassed and cast on the moulds. 
Two polymer dope compositions were tested: 10% PES + 6.6% PVP + 83.3% NMP (w/w) and 15% PES + 
10% + 75% NMP (w/w). Two non-solvent compositions were tested: demi water and 50% demi water + 
50% NMP (v/v). Two different phase separation temperatures were tested: room temperature and 1°C. 
After casting, the mould with solution was quickly placed in the non-solvent bath. The solvent exchange 
was allowed to take place until complete demixing, which could last for up to 8 hours. Then, the porous 
microstructured membranes were washed in demi water. The demi water was refreshed three times a 
week for at least three weeks to remove all traces of NMP. In most cases the membranes were stored 
in 70% ethanol after washing. If the membranes were used immediately after washing, the membranes 
were sterilized with 70% ethanol for one hour prior to cell culture. 
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Cell culture and microcopy

The ciPTEC, clone 21.2 were isolated from kidney tissue and cultured as described elsewhere (27). The cells 
were cultured in DMEM HAMS’s F12 medium (Gibco) containing 10% FCS (Lonza) 5 µg/ml Insulin, 5 µg/ml 
transferrin, 5 ng/ml selenium, 36 ng/ml hydrocortisone, 10 ng/ml EGF and 40 pg/ml tri-iodothyronine. 
For the cell culture, the PES membranes were coated with either L-DOPA alone for 30 min or with 
combination of L-DOPA and collagen IV following the procedure described elsewhere (9). Briefly, 3,4-dihy-
droxyl-L-phenylalanine (L-DOPA) (D9628, Sigma Aldrich) was dissolved at 2 mg/ml in Tris buffer 10 mM 
(pH 8.5) for 1 hour at 37°C. Before culture, the coated membranes were washed with Hanks’ balanced salt 
solution (HBSS; Gibco). The collagen IV coating solution of 50 µg/ml was prepared by dissolving collagen 
IV (Sigma Aldrich) for 2 h at 37°C, 5% v/v CO

2
. 

CiPTECs were seeded at a density of 60,000 cells/cm2 on the membranes and before immuno-staining 
the cells were washed with HBSS and fixated for 5 min with 2% paraformaldehyde, 4% sucrose in HBSS. 
The cells were permeabilized with 0.3% Triton X 100 (sigma Aldrich) in PBS for 10 min., before blocking 
with 2% FBS, 2% BSA, 0.1% Tween in PBS. After blocking, the cells were incubated over-night at 4°C with 
primary antibodies (oxZO-1 from Santa Cruz Biotechnology) in blocking solution. The membranes were 
washed 4 times 10 min. before secondary antibody (Goat anti rabbit-Alexa488 from Invitrogen) incuba-
tion of 1 hour at room temperature. After 4 more washing steps and 10 min. incubation in 4’,6-diami- 
dino-2-phenylindole (DAPI, from Sigma Aldrich) the membranes with cells were mounted with Mowiol for 
microscopy on a coverslip. Imaging was performed by a BD Pathway 435 automated fluorescence micro-
scope. Image quantifications were performed by a custom made Cellprofiler pipeline (available on request) 
(28). The cell alignment was estimated by binning the data in 10° wide groups and summing the 3 highest 
bin percentages to show the relative amount of cells aligned within the major 30° angle.

Scanning Electron Microscopy (SEM)

The SEM images were taken by Philips XL-30 scanning electron microscope. Before scanning the 
samples were sputtered with gold for 40 seconds. From the SEM images the pore size was measured with 
ImageJ (29).

Transport measurements

The trans-epithelial transport of [14C]-creatinine and [3H]-inlulin by matured ciPTEC monolayers cultured 
on either polyester or PES-PVP membranes was measured using a Transwell® culture system. During 
the preparation of this experiment, membranes (stored in ethanol) were punched using a 12 mm skin 
biopsy puncher, and subsequently they were attached to the Transwell® culture system with custom- 
made sealing rings. Then the L-DOPA coating was performed as described. All PES microstructured 
membranes and the reference Polyester Transwells® (diameter 12 mm, pore size 0.4 µm) were coated 
with only L-DOPA solution, as described earlier. Mature cell monolayers were washed very carefully 
in modified Krebs-Henseleit buffer (Sigma-Aldrich, Zwijndrecht, the Netherlands) including 10 mM Hepes 
(pH 7.4). Subsequently, all membranes were pre-incubated in Krebs-Henseleit - Hepes buffer (0.5 mL 
apically, 1.5 mL basolaterally) for 2 h at 37°C, 5% (v/v) CO

2
. Transport was initiated by the basolateral 

addition of either [14C]-creatinine (0.75 µM, 2 µCi/ml) or [3H]-inulin (0.45 µM, 20 µCi/ml) with or 
without cimetidine (100 µM) and metformin (100 µM; Sigma-Aldrich Co., Zwijndrecht, The Netherlands) 
as competitors for organic cation transport (35). At the start of the measurement, a 20 µL reference sample 
was taken from the basolateral exposure compartment. After 30 min of incubation with gentle agitation 
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at 37°C, a 200 µL sample was removed from the apical chamber. The activity of [3H] and [14C] in the sam-
ples was determined by liquid scintillation counting (Beckman). The fluxes of [14C]-creatinine or [3H]-inulin 
through the membranes were determined for each separate Transwell®. The flux of [3H]-inulin was used 
as an internal leakage marker. 

Results

Fabrication of Polystyrene non-porous microstructured films

Figure 2 presents typical images of the topographies produced on PS by photolithography and hot embos- 
sing. Polystyrene was chosen for this study because it is the golden standard in tissue culture and it has 
beneficial optical properties for microscopy. This set provides a rather broad range of topographic features 
with round and sharp edges and size and spacing varying between 5 and 30 µm. The features on the to-
pographies t1 and t5 are medium sized (10-20 µm) with spacing of 5-10 µm whereas those on the t2 and 
t8 topographies are relatively large (20-30 µm) with spacing of 5-10 µm. The features on the topographies 
t6 and t7 are relatively small (<5 µm) with large spacing of more than 20 µm whereas on the topography 
t3 the features are small with almost no space between them. 

Figure 2: Optical microscopy images of polystyrene topographies produced by hot embossing.
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Figure 3: Optimization of PSµM protocol for the fabrication of microstructured PES-PVP porous membranes. 

a, b, c: SEM images of membranes with poor quality features due to poor interaction of the polymer dope with the 

hydrophobic silicon, due to low polymer concentration of 10% PES/6.6% PVP and due to phase separation with water as a 

non-solvent, respectively. d: SEM images of membranes with improved quality features due to phase separation with mixture 

of 50/50, NMP/demi water as non-solvent produced at 20°C. e: SEM images of membranes produced via phase separation 

with 50 v% NMP/ 50 v% demi water at 1°C. f: SEM image with higher magnification of the best quality topographies on 

porous membranes. g: SEM images of selected topographies produced on porous membranes. h: The mean pore size of 

topographical membranes. The error bars represent the standard deviation.

Fabrication of PES based porous microstructured membranes

Initial tests showed that the silicon moulds were very hydrophobic and the PES-PVP solutions could not be 
cast well resulting in films with poor feature replication (Fig. 3a). In fact, the polymer solution could not 
penetrate into the features and form the microtopographies and walls. To improve the interaction between 
the mould and the polymer solution, the moulds were coated with a 100 nm silicon oxide layer, created 
by wet oxidation. This allowed casting of the solutions successfully to the moulds. The casting of 10% 
PES / 6.6% PVP (w/w) in NMP solution with demi water as a non-solvent did not produce membranes 
with good quality features. The solution could penetrate the ridges, but the resulting walls were damaged 
during demoulding (Fig. 3b). The feature replication was also rather poor.  Casting of a higher polymer dope 
concentration of 15% PES + 10% PVP in NMP (w/w) improved the quality of the replication of the topo- 
graphies, but it was not yet satisfactory. In this case large voids were visible in the membranes and walls 
(Fig. 3c) probably due to the rapid demixing of solvent and non-solvent. To avoid this, we slowed down 
the demixing process, by using a mixture of 50% demi water + 50% NMP (v/v) as a non-solvent. The 
new membranes have mostly intact walls with small defects and the topographical structures have better 
defined edges comparable to those produced by hot embossing (Fig. 3d). However, a significant amount of 
the features were deformed. The replication quality was improved by slowing down the demixing process 
even further by lowering the temperature of the coagulation bath, from room temperature (20°C) to 1°C. 
This new fabrication protocol of 15% PES + 10% PVP (w/w) polymer solution in NMP with non-solvent 
consisting of a mixture 50%/50% (v/v) demi water/NMP at 1°C produced porous microstructured mem-
branes with features of excellent quality in the range of 5 and 30 µm (Fig. 3e,f). 

Figure 3g shows representative SEM images of the 7 microstructured membranes used for the cell culture 
experiments (22). The pore size of the membranes was estimated via analysis of the SEM images. The 
membranes have large pores with a mean pore diameter of 0.8 µm with rather large standard deviation 
of 0.34 µm and there is no significant difference in pore size between the various microstructured mem-
branes (Fig. 3h). This pore size is expected to allow free transport of water and uremic toxins through the 
membrane while it prevents the infiltration of the kidney epithelial cells, which have size of more than 
20 µm (22). The dimensions of topographies on PES membranes are quite similar to those on PS with a 
slightly lower resolution due to the porosity and shrinkage of 13.3% caused during the PSµM. For some 
of the larger topographies, for example t2 and t5, there are occasionally crater shaped structures with a 
diameter between 10 and 20 µm and a depth of 5-10 µm close to the topographies (Fig. 3g). These small 
artefacts are not frequent and they should not have a significant effect on the topography response. The 
crater like structures have the similar porosity to the rest of the membrane surface and are not expected 
to affect the transport properties of the membranes.
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Cell culture on PS films

Surface topography affects morphology and function of many cell types (31). In the case of kidney epithe- 
lial cells, other studies have indicated that topography can induce alignment resulting in a more in vivo- 
like phenotype and faster tight junction formation (19). Here, the CiPTECs were cultured for one week on 
the 7 microstuctured PS films and a non-patterned polystyrene film, as a reference. The morphology of the 
cells was visualized by staining filamentous actin with phalloidin, tight junctions with Zona Occludens 1 
(ZO1) and the DNA with Dapi. ZO1 is a critical component of tight junctions which enable cells to form an 
impermeable barrier to solutes (32, 33). Because of this, it acts as a marker for cell polarity and integrity 
of the cell monolayer. 

The ciPTEC form confluent cell layers on all PS films (Fig. 4a). The PS substrates support the adhesion and 
proliferation of ciPTECs well, without the need of applying any coatings. Besides, the surface topography 
strongly influences cell morphology. For the topographies with relatively large features (t1, t2, t5 and t8) 
the cells attach between the microstructures, become rather thin and elongated and form a grid-like pat-
tern which aligns them. For the topographies with smaller features (t3, t6 and t7) the cells align without 
creating grid-like patterns and do not alter the cell morphology much compared to the non-patterned 
surface, tnp4. The cells are guided by the smaller topographies but are not confined by them.
The cell alignment in the confluent monolayers was quantified by measuring the nuclear alignment with 
Cell Profiler software (29) (Fig. 4b). Two of the topographies (t3 and t5) show high degrees of alignment. 
Representative images of nuclei and corresponding alignment distributions are shown in Figure 4c and 
4d, respectively. Clearly visible are the high alignment of t3, low alignment of t6 and alignment on the 
non-patterned surface tnp4. The t3 has the highest alignment of 54% of cells within 10° of the main axis. 
This is higher than the previously reported alignment of ciPTEC on grated topographies, which was 35% 
(20). This demonstrates that properly designed microscale structures can achieve alignments that are the 
same or better than grated nano-topographies. It is important to note that the cells on the non-patterned 
substrate (tnp4) also show considerable alignment due to the fact that cells in confluent layers tend to 
align in bundles on a 2-dimensional surface. However this alignment is not always in the same direction. 
In fact the overall alignment of cells over a larger surface of more than a 1 cm2, is around 31% within 10° 
of the major axis. Finally other topographies such as t6 induce much lower cell organization and alignment 
suggesting that perhaps the features there disturb the formation of confluent cell monolayer. 

CHAPTER 5



79

Figure 4: Morphology and alignment analysis of ciPTEC on polystyrene topographies.

a: Fluorescence microscopy images of ciPTEC cultured on PS topographies, stained for DNA (blue), Filamentous actin (green), 

ZO-1 (red). Scale bars are 100 µm. 

b: Quantification of alignment of nuclei of ciPTEC within 10° of the major axis on topographies. c: representative fluorescence 

images of nuclei which were used for quantification. d: distributions of alignment corresponding to nuclei of (b). 
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Figure 5: Conditionally immortalized kidney epithelial cells (ciPTEC) cultured on PES-PVP micro structured porous

membranes. a: Fluorescence microscopy image of ciPTEC cultured on uncoated PES-PVP membranes stained, with Dapi. b: SEM 

image of a topographical feature on a porous PES membrane. c: Fluorescence microscopy image of ciPTEC cultured on L-DOPA coated 

PES membranes and double coated membranes (L-DOPA + Collagen IV) PES membranes, stained with Dapi (blue) and ZO-1 (green).

d: Representative images of ciPTEC cultured on L-DOPA coated porous PES micro structured membranes.
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Cell culture on PES-PVP membranes 

To assess response of ciPTECs to the PES-PVP microstructured membranes the cells were cultured there for 
one week. Due to the non-fouling properties of PES the cell adhesion was extremely poor as only several 
cells were visible on an area as large as 1 cm2 (Fig. 5a). To address this issue, the membranes were coated 
with either L-DOPA or with a double coating of L-DOPA and Collagen IV. Earlier work showed that a double 
coating of L-DOPA and Collagen IV provided the best substrate for ciPTEC monolayer formation (9). The L-DO-
PA coating is expected to create a negatively charged surface, to increase membrane hydrophilicity (9, 14, 
34) and to increase adhesion of ECM proteins to the surface, thereby increasing cell adhesion. The coating(s) 
were applied to one side of the membrane only, leaving the other side of the membrane resistant to fou- 
ling. In this work, we optimized the coating procedure in order to achieve coating layers in the nanometer 
range and avoid changing the quality of the microstructured features (Fig. 5b). When we assessed the 
effect of the coatings on ciPTECs we observed that both the morphology and quality of cell monolayers on 
PES membranes coated only with L-DOPA or double coating L-DOPA / Coll IV are identical (Fig. 5c). This is 
probably due to the use of the ciPTEC clone 21.2 which were isolated from kidney tissue and can produce 
rather quickly their own ECM (22). In contrast to ciPTEcs isolated from urine (21) and other primary kidney 
cells (14) which require coating with Col IV, the 21.2 ciPTEC  cells do not require this. Although more de-
tailed investigation is required, this finding suggests that 21.2 cells are excellent candidates for application 
in a BAK without the need of expensive and time-consuming coatings of Coll IV. 
When comparing ciPTEC morphology cultured on non-patterned PS and L-Dopa coated PES membranes, 
the cell monolayers look very similar and homogenous. On both materials the cells seem to form tight 
monolayers with clearly formed protein junctions between the cells, as concluded from the ZO-1 staining. 
When comparing the effect of the topography on the cells for both materials, the microstructured PES-PVP 
membranes seem to have a more dramatic effect on the ciPTEC morphology and monolayer integrity in 
comparison to PS. In fact, the large features (t1, t2, t5, t8) have a more disruptive effect on the cell mono-
layer, big holes can be seen on the cell monolayer (Fig. 5d), whereas for the topographies t1, t2 and t8, the 
cells form small islands with poorly defined tight-junctions. The topography t3, which has medium sized 
features with small spacing between them, has a low number of cells. However, for the topographies with 
smaller features, such as t6 and t7, a good cell monolayer is created, and in the case of t7, the features 
also seem to provide cues for cell alignment. 

Creatinine transport through the microstructured PES-PVP membranes

Earlier studies have shown that ciPTEC can achieve active transport of organic cations from the basolateral 
side to the apical side (9, 35). Here, we compare the transport properties of the microstructured mem-
branes with topographies t3, t6 and t7 to the non-patterned membranes (tnp4) and polyester (PE) control 
membrane (Transwell®). The membranes with topographies t6 and t7 were selected since our earlier 
study showed that they seem to support formation of a ciPTEC monolayer, whereas the membrane with 
topography t3 was chosen as a negative control since it disrupts the monolayer. To determine active trans-
port by the cells, the creatinine flux was also measured in the presence of cimetidine, which competes 
with creatinine as a substrate for the organic cation transport proteins. To estimate monolayer leakage, 
inulin flux was also measured for every membrane because it crosses the epithelial membranes only 
by diffusion (36). Supplementary Figure S1 shows the results of two experiments. The high variability 
between experiments greatly reduced the significance of the data. Still, clear trends can be seen. The 
non patterned (tnp4), the microstructured PES-PVP membranes with topography t7 and the commercial 
polyester membranes (PE np), all coated with L-DOPA alone, can actively transport creatinine, which 
decreases with addition of cimetidine (see all membranes + cim). Based on these preliminary data, there 
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is no improved active creatinine transport observed in ciPTEC cultured on micro patterned membrane.

Discussion

In this work, we investigated in detail the effects of the biomaterial surface topography on the adhesion, 
proliferation and morphology of kidney epithelial cells. For this, a set of microstructured PS (as a golden 
standard for cell culture studies) and PES based membranes (state of art material for (bio)artificial kidney 
devices) were developed and studied. A significant effort was put on the fabrication of excellent quality 
porous microstructured PES membranes. Important parameters to be tailored were the polymer concen-
tration, temperature and the composition of the coagulation bath. In fact, a high polymer concentration, 
a decrease of the coagulation bath temperature from 20°C to 1°C and the use of non-solvent mixture of 
50%/50% (v/v) demi water/ NMP resulted in the production of porous (mean pore size of 0.8 µm) mi-
crostructured membranes with features of excellent quality. 
The ciPTECs were successfully cultured on both PS and the PES-PVP membranes. An important finding of 
this work is that a good quality cell monolayer can be achieved on porous PES membranes with the appli- 
cation of a coating with L-DOPA, without the need of extra coating with collagen IV, as found in earlier 
stu-dies with ciPTECs isolated from human urine (9). This is likely because the ciPTEC clone used in this 
study, which was originally derived from kidney issue, shows higher expression of extracellular matrix 
genes collagen I and -IV as compared to ciPTEC that originated from urine (22). This may be a compelling 
explanation of why the ciPTEC in these experiments did not require additional Collagen IV coating. 
Another important finding of this work is the striking difference between the response of ciPTECs on PS and 
PES membranes. While for PS the large topographic features did not adversely affect ciPTEC cell numbers 
and monolayer formation, the same features fabricated on PES disrupted the cell monolayer.  For the PES 
membranes the topographies with small features did not disrupt the monolayer and were able to induce 
cell organization and alignment. Alignment of kidney epithelial cells makes them more susceptible to 
mechanical cues such as flow-induced shear stress, which improves tight junction formation (19, 20).

The literature concerning the effect of substrate topography on kidney cells is quite limited. Polystyrene 
ridged nanostructures with depths of 100 nm and periodicity of 430 nm, created by laser irradiation were 
able to increase the alignment of human embryonic kidney cells (HEK-293) (18). Compared to our designed 
microstructures, the ridges in Rebolar et. al. (18) are more than 2 orders of magnitude smaller, yet the 
degree of alignment is very similar to ours. An interesting question for future work is whether the cell 
alignment is caused by the same mechanism at two different feature scales. In another study, PS ridges 
with a width and depth of 0.75 microns were able to support HK2 cells and induce alignment of up to 
24% in static flow conditions (19). Some of our PS topographies are at least one order of magnitude larger 
and are able to induce alignment of up to 54%. As mentioned earlier alignment of kidney epithelial cells 
can improve tight-junction formation. Ridge topographies with very similar dimensions were also applied 
to polycarbonate membranes with large pores between 3 to 12 µm (20). There, the features were very 
small in comparison to the membrane pores, opposite to our case, where our membranes have large topo-
graphical features in comparison to the pores. This is possible because here the topography and porosity is 
formed in one step, instead of being created via subsequent embossing. This is actually an important ad-
vantage of PSµM in comparison to hot embosing post membrane fabrication, which can significantly alter 
the porosity, especiallly in the case of a membrane with relatively small pores. Despite these significant 
effects of membrane topography to cell morphology, preliminary transport experiments through selected 
microstructured PES membranes with good quality cell monolayer and cell orientation did not show 
improved active creatinine transport, in comparison to the non-patterned membranes. 
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Figure 6: Porous PES TopoChips and culture of Kidney epithelial cells (ciPTECs).

a: SEM images of a porous PES TopoChips. Yellow brackets indicate the location of the following zoomed in image. b: Fluorescence 

microscopy image of ciPTEC cultured on porous PES TopoChips, stained with Dapi (blue) and oxZO-1 (green). 
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Conclusion and outlook

In this work, we investigated the effect of surface topography of PS and PES-PVP membranes on the mor-
phology, adherence and function of kidney epithelial cells. For both materials the microtopography affects 
functional monolayer formation, morphology and alignment of ciPTECs and cell monolayer can be formed 
without the need of ECM coatings. In contrast to the non-porous PS topographies, for most of the porous 
PES-PVP membranes with large features the cell monolayer is disrupted. The PES-PVP membranes with 
small features and with large spacing between the features support the ciPTEC monolayer formation well. 
Here, only a limited number of topographies were studied while the TopoChip high-throughput screening 
platform (4), from which this set was derived, has more than 2100 different topographies. Following the 
protocol developed here, we have also performed preliminary experiments of fabricating complete porous 
PES TopoChips (Fig. 6a). The ciPTEC culture on these porous TopoChips (using only L-DOPA coating) also 
showed significant effect of the topography on the cells (Fig. 6b). Our future work will focus on developing 
a sensitive image based assay to screen the high number of topographies developed and to identify 
topographies beneficial for the development of a ‘living membrane’ for the BAK device. 
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Supplementary figure

Supplementary Figure 1: Transport of creatinine and inulin by ciPTEC cultured on porous PES membranes with various 

topographies. The graphs show mean inulin and creatinine transport from two experiments.
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Abstract

Surface topography is able to influence cell phenotype in numerous ways and offers opportunities to 
manipulate cells and tissues. In previous work we have demonstrated the TopoChip high-throughput 
screening platform as a valuable tool to identify bioactive microscale topographies (micro-TopoChip) 
and to infer cell-topography interactions. In this work, we develop the Nano-TopoChip on polystyrene 
(PS) and study the cell instructive effects of nanoscale topographies. A combination of deep UV projec- 
tion lithography and conventional lithography was used to fabricate a library of more than 1200 different 
defined nanotopographies in 400 by 400 µm test areas separated by 30 µm high walls. To investigate 
the cell instructive effects of nanotopography, actin-RFP labeled U2OS osteosarcoma cells were cultured 
and imaged on the Nano-TopoChip. A comparison between U2OS cultured on the micro-TopoChip 
and the Nano-TopoChip indicates that the nanoscale topographies mainly affect actin fiber morphology 
without the cell shape guidance, which occurs on the microtopographies. Subsequent automated 
image analysis shows that of many cell morphological parameters, cell spreading, cell orientation and 
actin morphology are most affected by the nanotopographies. Additionally, by using modeling, the changes 
of cell morphological parameters could by predicted by several feature shape parameters such as lateral 
size and spacing. This work overcomes the technological challenges of fabricating high quality defined 
nanoscale features on unprecedented large surface areas of a material relevant for tissue culture such as 
PS and the screening system is able to infer nanotopography-cell morphological parameter relationships. 
Our screening platform provides opportunities to identify and study the effect of nanotopography with 
beneficial properties for the culture of various cell types.

Introduction

Cells are known to respond to topographical cues of the substrate they come into contact with. Design 
of surface topography is a strategy to influence the response of cells and tissues to biomaterials. Under-
standing the underlying mechanisms of cell-topography interactions and applying them for biomaterial 
design is valuable not only to improve in vitro culture systems (1) but also to improve the interaction of 
biomedical devices with the human body (2). Microscale topography can strongly affect cellular and nu-
clear morphology. It can have a strong effect on cell adhesion, the organization of the (nucleo)cytoskeletal 
system and on fundamental aspects of cell physiology such as differentiation, proliferation, pluripotency 
and motility (3). Nanoscale topographies are in the size range of filopodia, focal adhesions, lipid rafts, en-
docytic vesicles and extracellular matrix fibers and may thus affect very different molecular mechanisms 
than microscale topographies. Molecular events affected are the spacing and clustering of transmembrane 
adhesion proteins such as integrins that are part of focal adhesion signaling complexes (4, 5). This is also 
supported by the fact that nanotopography affects downstream signaling events such as activation of the 
integrin-linked kinase/ß-catenin pathway (6). Cells are aligned through the spacing and alignment of focal 
adhesions by nanoscale wrinkled surfaces (7). Further downstream, nanotopographies affect cell migration 
(8), proliferation (9) and differentiation (10, 11). Additionally, nanotopography can enhance extracellular 
matrix (ECM) production (12) and may also affect the ECM architecture. Furthermore, nanotopography 
plays a role in vivo, for example: the surface structure of the basement membrane that interacts with 
epithelial cell layers (13). 

Surface topographies can be fabricated by anisotropic techniques such as sand blasting, acid etching 
(14) and polymer phase separation (15), but this only gives limited control over the exact dimensions 
of the surface topographies. Controlled fabrication of designed microscale topographies is possible with 
microfabrication techniques such as photolithography and deep reactive ion etching (DRIE). Although 
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the exact control over the dimensions of the surface topography allows manipulation of aspects of cell 
morphology, the correlation between cell shape and cell phenotype is largely unknown. Therefore we 
and others have employed screening approaches to learn about the relationship between topographi-
cal design and cellular response (16, 17). We previously created the TopoChip high-throughput screen-
ing platform (18), which allows simultaneous screening of thousands of randomly generated micro-
topographies. This micro-TopoChip contains topographies with height of 10 µm and lateral dimensions 
that range between 5 µm to 30 µm. We have shown that these topographies have significant effects on 
hMSC differentiation (Chapter 3), maintain pluripotency of induced pluripotent stem cells (1) and kidney 
epithelial alignment (Chapter 5). Additionally, the screening systems can be used to infer topography de-
sign–cell morphology/differentiation relationships (19).

In this work we aim to expand the high-throughput screening system for designed nanoscale topo- 
graphies, which allows investigation of a library of nanoscale topographies to tap into a new array of 
cellular mechanisms to influence cell fate. To fabricate such nanotopographies for biological studies, high 
resolution beam writing techniques such as e-beam or ion-beam lithography are often used, because stan-
dard photo-lithography cannot reach the required resolutions. However, compared to lithography, beam 
writing has the disadvantage of long writing times that are required to cover large areas of multiple cm2, 
which can negatively affect reproducibility due to beam current fluctuations. These disadvantages severely 
limit the realistic area size, which can be patterned by these techniques. Systematic investigation into the 
effect of shape and dimensionality of nanotopography on cell response requires larger substrate areas to 
be able to measure enough cells to perform statistical analyzes on subtle changes. Advanced lithographic 
techniques such as Deep UV (DUV) and extreme UV (EUV) lithography are more suitable for the nanopat-
terning of large areas. While these techniques are being employed in the semi-conductor industry, they are 
not easily accessible by academic institutions due to their complexity and resulting high cost (20).  Here, 
we use conventional UV lithography and DUV lithography in combination with a custom designed DRIE 
process to fabricate moulds for nano imprint lithography (NIL) to create the Nano-TopoChip. Its design is 
made by computational pattern generation similar to the micro-TopoChip generation algorithm (18). After 
successful production of the Nano-TopoChip, we first compare the effects of micro and nanotopography on 
U2OS osteosarcoma cells.  Subsequently we use bioinformatics tools to identify which cell morphological 
parameters are affected by the nanotopographies. Finally, the correlations between surface topography 
design and cell morphological parameters are investigated by predictive modeling to understand how 
feature dimensions affect cell morphology.

Materials and Methods

Nano-TopoChip design

Similar to the design of the micro-TopoChip (18), a custom C++ script is used to randomly select 1246 
unique topographies from an in silico library, with a theoretical design space of millions of topographies, 
that was generated by combining the primitive shapes triangle, rectangle and circle. A feature was gen-
erated by first randomly selecting parameter values for its size, the number of primitives to be used and 
the distribution over the different primitive types, the size of the primitives, and the degree to which the 
primitives were to be aligned. The parameter values were selected within the ranges that are shown in the 
supplemental table S1. Next, each primitive was placed at a random position inside the feature. Overlap-
ping of primitives was allowed. The script creates a Clewin image file, which was applied on a photomask. 
The resulting Nano-TopoChip contains a surface of 20x 20 mm with 1246 unique topography designs in 
duplo in individual test surfaces of 390 by 390 µm called TopoUnits, each separated by 30 µm high, 10 
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µm wide walls in a 50 by 50 grid. The nano features within each TopoUnit are comprised of primitives of 
lines, circles and triangles have minimum and maximum lateral dimensions of 200 nm and 700 nm. Nano 
features with random shapes are generated with lateral dimensions ranging from 200 nm to 1000 nm. 

Nano-TopoChip silicon master-mould fabrication

Figure 1 illustrates the silicon Nano-TopoChip mould fabrication process. Due to the difference of wafer 
size compatibility between different lithography instruments, the 76 mm diameter Si wafers were attached 
to the 100 mm diameter Si wafers using Fomblin oil during plasma etching processes. Double side po- 
lished, <100> oriented, 76 mm diameter Si wafers were used as obtained (Fig. 1a). A bottom anti re-
flective coating (BARC) layer of 38 nm, a DUV resist layer of 225 nm, and a top anti reflective coating 
(TARC) layer of 90 nm were subsequently spin-coated and baked on the Si wafers (Fig. 1b). The expo-
sure was performed by an ASML PAS5500/1100B 100 nm ArF scanner using the conventional exposure 
mode. After exposure, the resist layer was developed and the TARC layer was removed during develop- 
ment. Detailed information about lithography materials, wafer preparation and exposure settings are pro-
prietary information of ASML (Fig. 1c). Next, the BARC layer was etched using mixed directional ion etching 
(DRIE, Alcatel AMS100SE Deep RIE system) by CHF

3
 and Ar flow of 50 sccm respectively, automatic pressure 

control (APC) of 100%, inductively coupled plasma (ICP) power of 700 W, capacitively coupled plasma 
(CCP) power of 20 W with pulsed low frequency of 80/20 (on/off) ms and electrode temperature of -20°C. 
The etch rate of BARC was approximately 60 nm/min and therefore the 38 nm BARC was removed in 45 s 
(Fig. 1d). Si etching was performed using a nano Bosch DRIE (Alcatel AMS100SE Deep RIE system) by SF6 
(etching) and C

4
F

8
 (passivation) flow of 50 sccm respectively and cycle times of 1.5 s and 0.5 s respectively. 

Other settings were kept the same for both gases: APC of 100% ICP power of 1000 W, CCP power of 30 W 
with pulsed low frequency of 10/90 (on/off) ms and electrode temperature of -40°C. The etch rates of 
silicon and resist are approximately 200 nm/min and 50 nm/min respectively (Fig. 1e). Resist and BARC 
layers are stripped in O

2
 plasma (Tepla 300), followed by Piranha cleaning for 15 min (H

2
SO

4
:H

2
O

2
 = 3:1, 

v/v, 96°C). A fluorocarbon (CF) removal step was performed by first dry oxidizing the wafers at 800°C for 
30 min followed by oxide removal in 50% HF for 1 min (Fig. 1f). After standard cleaning (fumic HNO

3
 for 

10 min, and 69% HNO
3
 at 96°C for 10 min and native oxide removal 1% HF for 1 min), the wafers were 

prepared with 600 nm low pressure chemical vapor deposition (LPCVD) TEOS (silicon oxide formed by de-
composing TetraEthylOrthoSilicate) followed by annealing at 1150°C in nitrogen environment for 3 h (Fig. 
1g). Adhesion promoter Hexamethyldisilane (HMDS) (Merck) and positive photo resist Olin 908-12 (Arch 
Chemicals) was spin-coated on the wafers (Fig. 1h). A chromium mask, created by laser beam pattern 
generation with a Heidelberg DWL 200,  containing 400 µm x 400 µm grids of 10µm wide was used and 
the exposure was performed using conventional UV lithography (EVG 620) (Fig. 1i). Pattern transfer from 
photoresist to annealed TEOS layer was performed by mixed DRIE (Alcatel AMS100DE Deep RIE system) 
using C

4
F

8
, He and CH

4
 flow of 20 sccm, 150 sccm and 15 sccm respectively, pressure of 8.5 mbar, ICP pow-

er of 2800 W, CCP power of 350 W and electrode temperature of -10°C. The etch rates of the annealed TEOS 
and photoresist were approximately 500 nm/min and 50 nm/min respectively (Fig. 1j). After photoresist 
removal using O

2
 plasma and Piranha cleaning (as described in step 6), silicon grids were etched using 

Alcatel AMS100 SE Deep RIE system by SF
6
 and O

2
 flow of 100 sccm and 40 sccm respectively, ICP power 

of 1000 W, CCP of 20 W with pulsed low frequency of 20/80 (on/off) ms and electrode temperature of 
-110°C (Fig. 1k). The etch rates of Si was approximately 4.5 µm/min. In the final step, the annealed TEOS 
layer was removed by etching in 50% HF for 1 min (Fig. 1l). 
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Figure 1. Fabrication scheme for lithography and etching of Si Nano-TopoChip mould. The process consists of the following 

steps (explained in detail in the methods section):  Starting Double side polished, <100> oriented, 76 mm diameter Si wafer (a); 

spin-coating of resists (b); DUV lithography (c); removal of BARC layer (d); Si DRIE (e); resist removal (f); TEOS layer application (g); 

Spin-coating of photoresist (h); photolithography (i); TEOS DRIE (j); resist removal k; TEOS layer removal (l).
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Ormostamp® mould fabrication.

Figure 2 depicts the method to fabricate the OrmoStamp® mould. The silicon master mould was repli-
cated into Ormostamp moulds in two replication steps. OrmoStamp® (Micro Resist Technology GmbH, 
Germany) is a UV curable inorganic-organic hybrid polymer and OrmoPrime®08 (Micro Resist Technology 
GmbH, Germany) is the adhesion promoter for OrmoStamp®. Detailed information about these two 
polymers can be found in the manufacturer’s processing protocols. Borofloat wafers (Borofloat® 33 
from Schott) of 100 mm diameter and 500 µm thickness were used. After Piranha cleaning and de-
hydration baking on a hot plate at 120°C for a minimum of 10 min, OrmoPrime®08 was spin-coated 
on the Borofloat wafer at 4000 rpm for 30 s and then baked on a hot plate at 150°C for 5 min. In our 
experiments, a Borofloat wafer with OrmoPrime®08 was prepared right before the application of 
OrmoStamp® (Fig. 2a). A droplet of 1.5mL OrmoStamp® was slowly dispensed on the Si master mould 
and was slowly brought into contact with the Borofloat wafer with OrmoPrime®08 coating. Slow spread-
ing of the droplet between the Borofloat wafer and Si mould was required to avoid air bubbles get-
ting trapped (Fig. 2b). The gap between the two substrates was completely filled by capillary force, 
which takes about 15-30 min. (Fig. 2c). The Si and Borofloat wafer stack was exposed to 350-450 
nm UV light for 90 s with the light intensity set at 12 W/cm2 (EVG 620 i-line exposure system) (Fig. 
2d). The Si mould could easily be peeled off from the OrmoStamp® mould, after which the Ormo-
Stamp® mould immediately followed a hard bake process at 130°C on a hot plate (ramping up from 
20°C to 130°C with a ramping speed of 5°C/min). After hard baking for 30 min at 130°C, this negative 
OrmoStamp® mould was cooled down together with the hot plate to room temperature (Fig. 2e). Before 
the second replication step, the OrmoStamp® mould received a gentle O

2
 plasma treatment by reactive ion 

etching (RIE, home-build) at 10°C, 50 sccm O
2
 flow, 75 mTorr pressure, and 50W CCP power for 30 s. After 

this a monolayer of fluoroctatrichlorosilane (FOTS) was deposited from gas phase under vacuum condition 
in a desiccator. For the second replication step another borofloat wafer was coated with OrmoPrime®08 as 
described in 3b (Fig. 2f). As before a droplet of 1.5mL OrmoStamp® was slowly dispensed on the negative  
OrmoStamp® mould and is slowly brought into contact with the Borofloat wafer with OrmoPrime®08 coat-
ing (Fig. 2g). Again, the gap between the two substrates was filled by capillary force (Fig. 2h). The wafer 
stack was exposed to UV light (Fig. 2i) after which the negative OrmoStamp® mould could easily be peeled 
off from the positive OrmoStamp® mould, after hardbaking (Fig. 2j).

Polymer nanochip fabrication

To prepare the OrmoStamp® mould for hot embossing, a gentle O
2
 plasma treatment was performed using 

reactive ion etching (RIE, home-build) at 10°C, 50 sccm O
2
 flow, 75 mTorr pressure, and 50W CCP power 

for 30 s. A monolayer of FOTS was deposited from gas phase under vacuum condition in a desiccator (Fig. 
2k). Commercially available bi-axially oriented PS films of 190 µm (Goodfellow, United Kingdom) were 
used for hot embossing. PS hot embossing process was performed using the Obducat Eitre®6 Nano Imprint 
Lithography system (Obducat, Sweden). The PS film and OrmoStamp® mould were brought into contact 
(Fig. 2l)) and the hot embossing was performed at a temperature of 140 and a pressure of 10 bar for 
5 min (Fig. 2m). Finally, the PS film was separated from the OrmoStamp® mould at 90°C (Fig. 2n). The 
Ormostamp moulds® could be used 3 times for hot embossing after which a deterioration of feature and 
wall quality was observed.
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Figure 2. Fabrication scheme for Ormostamp® mould fabrication and hot embossing of PS Nano-TopoChips. 

The process to create the first (positive) OrmoStamp® mould consisted of the following steps (explained in detail in the methods section): 

OrmoPrime®08 is applied to a Borofloat® 33 (a); application of OrmoStamp® on Si wafer (b); filling by capillary forces (c); UV curing (d); 

peeling of OrmoStamp® mould (e). The second (negative) OrmoStamp® mould was created in the following steps: OrmoPrime®08 is ap-

plied to a Borofloat® 33 (f); application of OrmoStamp® on first (positive) OrmoStamp® mould (g); filling by capillary forces (h); UV curing 

(i); peeling of the second OrmoStamp® mould (j). The following steps were performed for the hot embossing process to fabricate the 

PS Nano-TopoChip: starting situation with the (negative) OrmoStamp® mould (k); application of PS film on the mould (l); hot embossing 

(m); peeling of NanoTopoChip (n).
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Cell culture and imaging

U2OS cells, stably expressing Lamin B1 BFP, ox Tubulin GFP and Actin RFP (U2OS LMNB1-TUBA1B-ACTB 
Sigma-Alldrich) were cultured in McCoys medium (Sigma-Alldrich) with 10% FBS (Sigma-Alldrich), 100 
U/ml penicillin and 100 g/ml streptomycin (Gibco). The cells were passaged according to manufactu- 
rer’s protocol. In all experiments, medium was refreshed every two days. For the screening experiment, 
the cells were seeded at a density of 5000 cells/cm2 on 6 Nano-TopoChips with a custom built see- 
ding device. The device consists of a culture chamber that fits 2 Nano-TopoChips and creates a small 
space (500 µm height) on top of the TopoChips. The limited space immobilizes the cell suspension by capil-
lary force to achieve homogenous cell seeding for 4 hours after which the lid is removed to allow culture in 
a conventional volume of medium for adequate nutrient supply and gas exchange. After 3 days of culture, 
the cells were washed in phosphate buffered (PBS, Sigma Aldrich) and fixated with 1% paraformaldehyde 
for 10 mins at 0°C, followed by quenching with 50 mM ammonium chloride (Sigma Aldrich). Next, the 
cells were washed with PBS and incubated with 1:10,000 4’,6-Diamidino-2-phenylindole (Dapi, Life tech-
nologies) for 30 min. Finally the Nano-TopoChips were mounted on coverslips with Mowiol 4-88 (Sigma 
Aldrich) after washing with PBS twice. After sample drying, the chips were imaged using a Hamamatsu 
Nanozoomer. A complete image was generated from every Nano-TopoChip, which were subsequently cut 
into smaller images from individual TopoUnits for each separate channel.

Data analysis

Prior to image analysis, flat-field correction and image normalization were performed as described previous- 
ly (19). Open source software Cell Profiler (CP) was used for the image analysis (21). In order to perform 
the automated image analysis in CP, a robust pipeline able to recognize different cell features was built. 
Data analysis was performed using R, a programming language and software environment for statis- 
tical computing and graphics (22). Potential mis-segmentation of cells was detected based on cell area 
and intensity of the nucleus. The cells were gated based on cell area and perimeter, after which the cells 
in upper right quadrant were excluded from further analysis (Supplementary fig. S1). To exclude imaging 
artifacts that could be mistakenly recognized as nuclei, cells were gated based on nuclear mean and 
integrated intensity, after which the cells in lower left quadrant were excluded from further analysis (Sup-
plementary fig. S2).

For cell profiler features we took the distance the weighted median (23) across all cells in the TopoUnit. 
For the selected descriptors a rank of surfaces was created based on distance-weighted median calculated 
from the replicas. For the classification analysis, the top and bottom 100 surfaces were selected. Before 
training the model we used a recursive feature elimination step to identify features that were important 
to discriminate these 2 classes. To create the models we used 75% of the TopoUnits and the accuracy of 
the model was accessed on the remaining 25%. The models were trained with 10 fold cross validation in 
the “caret” package (24). The performance of the model was assessed by the accuracy which is the match 
between the predicted class, the actual class and thr ROC curve. 

Results 

Nano-TopoChip fabrication

The Nano-TopoChip design was created by computational pattern generation and has an area of 20mm 
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by 20mm, which contains 2500 TopoUnits of 390 µm by 390 µm, each separated by 10 µm thick walls. 
The nanotopographies were defined using an ASML PAS5500/1100B of 100 nm ArF scanner while the 
wall features were defined by conventional UV lithography. Therefore, a reticle for DUV exposure and a 
mask for conventional UV lithography were designed. The nanotopographies within the TopoUnits are 
comprised of primitives of squares, triangles and circles. Considering the maximum resolution of ASML 
PAS5500/1100B of 100 nm ArF scanner, the lateral dimension of the features range from 200 nm to 
700 nm. Four Nano-TopoChips with a row and column spacing of 2.4 mm and 2.56 mm are scanned 
on the wafer during DUV exposure. Accordingly, for the walls, grids of 20 mm by 20 mm area in the 
mask for conventional UV lithography were designed sharing the same row and column spacings. Wa-
fers with testing features were first fabricated to test the DRIE BARC and DRIE processes. High resolu-
tion scanning electron microscopy (SEM) images of BARC layer before and after etching are shown in 
Figures 3a and 3b. The optimized etching processes (described in methods) were used to fabricate the 
Si mould which is the negative of the Nano-TopoChip. The mould contains the 30 µm deep trench-
es (Fig. 3c) to form the walls that will separate the TopoUnits and the nano-seized cavities (Fig. 3d) 
that will form the nanotopographies. The clearly defined feature shapes are recognizable in the cavi-
ties. The silicon moulds were replicated into OrmoStamp® moulds with a two-step process described 
in the methods section. In summary the silicon mould is first replicated in first (positive) OrmoStamp®  
(Fig. 3e) which is subsequently replicated into a second (negative) Ormostamp (Fig. 3f). OrmoStamp® 
moulds enable hot embossing of polystyrene (PS) films to create PS Nano-TopoChips.

To demonstrate differences in dimensions between the features on the micro-TopoChip and the Nano-To-
poChip an image of the micro-TopoChip (Fig. 3g) is shown below the image of the first Nano-TopoChip 
Ormostamp® mould (Fig. 3e) of the same magnification. 

The second Ormostamp® mould was used to fabricate PS Nano-TopoChips by hot embossing. SEM was used 
for quality inspection of several topographical features of the Nano-TopoChip (Fig. 4). The features have 
a height of 800 nm. Despite the high aspect ratio of features such as small pillars (Fig. 4ab), the features 
are stable and the replication is very good without having bending or breakage due to demoulding. Sharp     
angles of the features are maintained through the replication process. Complex defined shapes are pro-
duced with high quality and reproducibility at varying densities. The top of the features is quite flat and 
display nano-roughness similar to the non-patterned areas. 

In conclusion, the Nano-TopoChip was produced with excellent quality and reproducibility required for bio-
logical screening experiments. We think that the Nano-TopoChip can set a new benchmark for resolution, in 
comparison to state of the art topographies for biomedical studies, fabricated in PDMS (17, 25, 26) or PS (27).

Figure 3. Quality control of Nano-TopoChip mould fabrication steps. a: SEM images of BARC layer before etching.  

b: SEM images of BARC layer after etching. SEM images of Nano-TopoChip fabrication result. c: A zoom-in image of a nano 

feature with random contour and smooth bottom and sidewall profile. d: A zoom-out image of nano feature separated by 

30 µm grid trenches. e: SEM images of the first (positive) Ormostamp mould. f: SEM images of the second (negative) 

Ormostamp mould used for hot embossing of PS to create the Nano-TopoChips. g: SEM image of a Titanium coated 

micro-TopoChip for size comparison to the first (positive) Ormostamp® mould with the same magnification.
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Figure 4: Quality control of the PS Nano-TopoChip. Two topographical features (a+b, c+d,) were selected to demonstrate the 

fabrication quality of nanostructures that have various shapes and densities. Images b and d are higher magnification images 

of topographies shown in a and c respectively.

U2OS Cell morphology on micro-TopoChip and Nano-TopoChip

To compare the effect of the nanotopographies on cell morphology to the effect of the microtopographies 
from our current micro-TopoChip, we first performed an experiment with the transgenic U2OS cell line, which 
stably expresses Actin-RFP, cultured on the micro-TopoChip (Fig. 5a). Similar to earlier observations using bone 
marrow-derived human mesenchymal stromal cells (Chapter 3), U2OS cells show a large variety of morpho- 
logies on the micro-TopoChip. The topographies mould the cells in various shapes and in some cases align 
the cells into grids (Fig. 5a, image 2). In many cases the actin fibers are combined into thick bundles with 
a clear orientation directed by the topography (Fig 5a, images 1,2,3). Noteworthy are the extreme nuclear 
morphologies (Fig. 5a, images 4,5) that are induced by yhe microtopographies. On the microtopographies 
a classic oval nuclear shape, common on standard culture plastics, is rarely encountered. In fact, the micro- 
topographies induce strong bends in the nuclear membrane and in some cases the nucleus is forced 
around the features in thin curves shapes (Fig. 5a, image 4).
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Figure 5: U2OS Cell morphology on micro- and Nano-TopoChip. 

a: Collage of various morphologies of U2OS cultured on the micro-TopoChip. 

b: Collage of various morphologies of U2OS cultured on the Nano-TopoChip. 

c: Image of U2OS cultured on non-patterned surface
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Next, to investigate the effect of nanotopography on cell morphology, U2OS cells were cultured on 6 Na-
no-TopoChips for three days. Visual inspection of the images shows that the nanotopographies also affect 
U2OS morphology in various ways and that those are distinctly different from the micro-TopoChip (Fig.  5b). 
On the Nano-TopoChip, we do not observe gross differences in cellular shapes but the nanotopographies 
seem to affect the extent of cell spreading and the organization of the actin localization. On the nano 
features, the actin fibers align in various different orientations and patterns (Fig. 5b, images 1,2,3). Inte- 
restingly, some features induce the formation of a greater number and larger size filopodia (Fig. 5b, images 
4,5), while other nano features create very fine distinctly spaced actin fibers (Fig. 5b 3,6). The more spread 
cells have very distinct punctate patterns of actin fibers (Fig. 5b, image 7), while the less spread cells tend 
to have more cortical actin (Fig. 5b, image 4). In this initial observation, the morphology of U2OS nuclei 
does not seem to deviate much from the common ‘classic’ oval shape (Fig. 5c).

Nano-TopoChip screen

To quantify the morphological effects of the nanotopographies, we analyzed the images from the 6 
Nano-TopoChips using a combination of bioinformatics tools. First, images in the dataset were filtered for 
outliers caused by events such as focus artifacts and dust particles by using a power log-log slope method 
(see methods), which might otherwise cause extreme mis-segmentation artifacts. 

Next, the images were segmented and parameters such as cell solidity, alignment, number, size and 
extent were measured by Cell profiler (21), resulting in a dataset for analysis containing 288 (including 
Metadata) features for each cell. In this experiment, more than 470 thousand cells were measured on a 
total of 15000 TopoUnits.

To identify the cell features with the highest variation within the whole dataset, a Kruskall-Wallis test was 
performed on the cell morphology parameters (Fig. 6a). In line with the visual observations the highest 
variation within the dataset is observed with parameters that determine cell area  (Perimeter, Area, Axis 
Lengths, Diameter) and orientation (Orientation). When we performed the same test on nuclear morpho- 
logy parameters, we noticed that only the orientation is affected by the topographies (Fig. 6b), whereas 
there is little effect on the nuclear morphology parameters such as shape and area. This is in line with 
our visual inspection, which showed that the nuclear morphology not affected by the nanotopographies, 
especially so when compared to the effect of microtopographies.

To confirm that we can screen for biologically meaningful parameters such as cell spreading, we also 
quantified the median cell area for every TopoUnit (Fig. 7a). The S-shaped curve shows that the cell area 
has a normal distribution with a minimum median size of 2460 µm2 (17500 pixels) and a maximum 
median size of 4570 µm2 (32500) pixels. The cells on the non-patterned TopoUnits (indicated by the blue 
dot) have a median size of 3234 µm2 (23000 pixels), which is right in the middle of the distribution, 
showing that a non-patterned surface, on average, leads to a medium area cell size. Representative im-
ages of small area cells and large area cells as quantified by Cell profiler is shown in Figure 7b. The actin 
organization is really different between the large area and small area cells. The small area cells have a 
large amount densely aligned thin fibers, while the large cells have shorter, thicker fibers with isotropic 
orientations.
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Figure 6: Nanotopographies influence many cell morphological parameters. a: Kruskall-wallis test to identify cell morphological 

parameters which show the most reproducible variation within the dataset. b: Kruskall-wallis test to identify nuclear morphological 

parameters which show the most reproducible variation within the dataset.
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To assess if we can accurately predict cell size by surface design parameters, we selected top and bottom 
ranked surfaces based on cell area as was discussed before (1).  We found that random forest was able 
most accurately predict cell area (Fig. 7c). The area of the smallest individual structure, the 10th percentile 
of pillars size within the topography and the ratio between area covered by topographical features and the 
area not covered by topographical features (pattern density) calculated by 2 methods were the most pre-
dictive parameters. These surface design parameters were able to predict cell size with 98% accuracy (Fig. 
7d). Visual inspection of the topography designs confirms the model predictions (Fig. 7e). The topographies 
that induce small, more rounded cells, consist of relatively large topographies with large spacing between 
the topographies. The topographies which induce more spreading of the cells consist of smaller features 
which also cover a relatively small area. Other parameters such as cell number (Fig. 8a), actin localization 
(Fig. 8b) and fiber actin alignment (Fig. 8c) could also be predicted by feature design parameters, using 
the same methods.

Discussion

This work shows, for the first time, the fabrication of high quality designed nanometer scale features on 
a large area such as a 4 cm2 on the Nano-TopoChip, using deep UV projection lithography in combination 
with conventional lithography (20). Since large surface areas are required to accurately measure events in 
populations of cells the Nano-TopoChip is an important step towards development of a platform for HTS 
of events at this scale. In this work we fabricated the Nano-TopoChip in PS as it is the golden standard 
in tissue culture and provides excellent optical properties, which facilitate high-throughput image-based 
screening experiments. However, one of the major advantages of our fabrication method is that it can be 
produced in many other different (biomedical) polymers. Surface chemistry strongly dictates cell response 
(28-30) and may play a critical role in how cells respond to topography.

Comparison of the influence of micro- and nanotopography on cell morphology yielded multiple important 
observations. The nanotopographies have a limited effect on nuclear morphology which can be extremely 
affected by micro topographies. The nanotopographies are not able to limit cell volume and shape by 
moulding the cells between the features such as is often the case with micro topographies. However, they 
are able to influence cell spreading and actin morphology. In stem cells subtle changes in actin morphology 
can be correlated to lineage fates (31). By controlling actin morphology we might be able to steer stem 
cell differentiation. 

The machine learning methods used to analyze the large dataset generated in a Nano-TopoChip screening 
experiment help to understand the relationship between nanotopography dimensions and shapes with 
the cell response. Many cell morphological parameters can be accurately predicted based on a few feature 
design parameters. With these methods we showed that size and spacing of the nanotopographies have 
a significant and reproducible effect on cell spreading. The nanotopographies cannot restrict the shape of 
the cells in contrast to the microscale topographies. This suggests that the nanotopographies must affect 
the availability and localization of cell attachment sites. Initially we hypothesized that this most likely 
occurs in an indirect manner, because unlike other studies that are able to restrict integrin binding domain 
availability by creating binding sites on a non-adhesive substrate (4), cells on the Nano-TopoChip are ex-
pected to able to bind on the non-patterned areas. The cell attachment to the non-patterned area might 
be somewhat restricted because of the relatively high aspect ratio on small topographies with little spacing 
(200 nm width, 800 nm height), but otherwise the non-patterned areas have the same surface chemistry 
as the topographical features. Cells bind to serum ECM proteins, such a fibronectin, that adhere to the sub-
strate material (32). It is possible that the nanotopographies influence the alignment of ECM proteins and 
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perhaps the presentation of binding motifs such as RGD sequences. 

Figure 7: Nanotopographies affect cell area. a: S-curve of Cell area measurement distribution. b: Representative images 

from the screening experiment which show U2OS with small and large cell areas. c: graph which shows the importance 

measurements of feature design parameters which influence cell area, by the random forest algorithm. d: Separation 

of cells with low and high cell area by the ‘10th percentile area’ parameter and the ‘pattern density’ parameter 

e: Representative images of features which influence cell area.
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Figure 8: Cell parameters which are affected by nanotopograhy. a: Representative images from the screen of TopoUnits 

with low and high cell number. b: Representative images from the screen of cells cortical actin localization and actin spindle 

morphology. c: Representative images from the screen of cells with vertical and horizontal actin fiber orientation.
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In this way, the nanotopographies may indirectly affect binding to cell adhesion molecules such as in-
tegrins which are transmembrane proteins that play a key role in cell-ECM interactions (33). Clusters of 
integrins form the focal adhesion complexes that on the one side attach the cell to matrix proteins while 
on the other side anchor to the cytoskeleton through adaptor proteins such as talin, paxilin and focal ad-
hesion kinase (34). Even the smallest features are large enough to provide the surface area required for 
the formation of a small integrin cluster (4, 35) required for focal adhesions. Nevertheless, the smallest 
nano features might limit the size of the integrin clusters. It is suggested that fewer, large integrin clusters 
result in less cell spreading and thick actin bundles while more, smaller integrin clusters with small spacing 
leads to more spread cells with smaller focal adhesion sites (36). If the cells in our experiments preferably 
attach to the top of the topographical features, this would be consistent with our findings which show that 
fewer large features lead to adhered cells with rounded morphology whereas many small topographical 
features lead to spread cells. 

From these data we can conclude that the cell spreading is affected by the non-patterned area ratio. 
Although topographies with spread cells tend to have fewer cells, this was not due to space limitation 
because the cell density in all images was confirmed to be sub confluent. It appears that the fully spread 
cells have a lower proliferation rate. The integrins in the focal adhesion complexes are mechanically con-
nected to the nucleus through the actin cytoskeleton, and in this way can affect nuclear processes such as 
transcription and the cell cycle progression (37). This data is quite preliminary. To verify possible effect of 
cell spreading on proliferation, one would need to repeat the screening experiment with lower initial cell 
seeding density and longer culture time.

In conclusion, this work showed the fabrication of the Nano-TopoChip, which contains a large library 
of accurately defined, reproducible nanotopographies. Furthermore, a proof of principle screening 
experiment with U2OS cells demonstrated the Nano-TopoChip high-throughput screening platform as an 
excellent tool to investigate nanotopography – cell morphological parameter relationships. In future ex-
periments the Nano-TopoChip can be used to identify specific nanotopographical designs, which influence 
functional cell phenotypes such as differentiation states. Interesting candidates for such screening studies 
are epithelial cell types. Earlier studies have shown that microscale topographies can be very disruptive for 
epithelial cell layers by reducing cell-cell contacts (Chapter 5). For this reason we expect that cell guidance 
by surface topography probably works best in the submicron range for epithelial and endothelial cell types 
that depend on monolayer formation for their polarity, phenotype and function. 

Concerning valorization, we think that nanotopographies with beneficial properties could be first applied 
to tissue culture products if the moulds for hot embossing or injection moulding can be fabricated in a cost 
effective manner. Later, with the development of new fabrication technologies it might become possible 
to apply high-resolution topographies to medical devices with complex shapes such as artificial joints. 
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Supplementary data

Table S1. Overview of parameter values and ranges used to construct features

Parameter  Value or range
Feature space side length 10 µm, 20 µm, or 28 µm 1µm, 1.8µm, 2,4µm
No. of primitives used (1 µm)  3–4
No. of primitives used (1.8 µm)  3–8
No. of primitives used (2,4 µm)  3–12
Diameter of a circle primitive (1 µm) 200 nm–300 nm
Diameter of a circle primitive (1,8 µm) 200 nm–500 nm
Diameter of a circle primitive (2,4 µm)  200 nm–700 nm
Shortest side length of a triangle primitive 200 nm–300 nm
Shortest side length of a triangle primitive 200 nm–500 nm
Shortest side length of a triangle primitive 200 nm–700 nm
Top angle of a triangle primitive  36°
Length of a line primitive  200 nm–300 nm
Length of a line primitive 200 nm–500 nm
Length of a line primitive 200 nm–700 nm
Thickness of a line primitive 200 nm
Standard deviation for the rotation of a primitive  0.0°–180.0°
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Supplementary figure 1: Outlier removal caused by mis-segmentation. Cells were gated based on cell area and perimeter and 

cells in upper right quadrant were excluded from further analysis.

Supplementary figure 2: Outlier removal caused by imaging artifacts. Cells were gated based on nuclei mean and integrated 

intensity and cells in lower left quadrant were excluded from further analysis
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Introduction

The motivation of the work described in this thesis was to identify and study micro- and nanoscale surface 
topographies with the ability to instruct cell fate and morphology. There is a great potential for innovation 
of biomaterials, driven by the need to improve their function. Firstly, there is the need for the optimal 
interaction of medical devices with the host body. For example, the bone integration of artificial hips could 
be improved to prevent micro motion and extend the implant lifetime. Stents could be improved by reduc-
ing protein binding and reducing risk of thrombosis. Secondly, there is the need to improve the function 
of tissue culture systems. Novel tissue culture systems will increase the predictive value of cell models, 
increase the yield of protein production systems and help maintain functionality ex vivo to serve in cell-
based therapeutics. In vivo cells very rarely if not never encounter very flat surfaces such as the bottom 
of tissue culture plastics or the smooth surface of implants such as catheters. Yet, while there is a slow 
increase in demand for alternative tissue culture systems, most life scientists have been culturing cells on 
flat polystyrene (PS) substrates instead of more advanced materials with nano- and micro-architectures 
that more closely resemble in vivo situations. One reason for the relative lack of application of surface 
topography in products is probably that there is no unifying theoretical framework that can explain and 
predict the underlying mechanisms. To deal with this lack of theoretical framework we used a systematic 
high-throughput screening (HTS) approach with biomaterials which are similar to the intended (biomedi-
cal) application. For this, we used the state of the art TopoChip HTS platform which provides a large library 
of topographies, with great flexibility of substrate biomaterial. This approach provides several topics for 
discussion in the Chapter: the effect of surface chemistry on the cell topographic interaction, implications 
of these chemistry effects on the underlying biomolecular mechanisms of cell-topography interactions, 
the role of cell type on the cell response to topographies, the role of HTS for biomaterials discovery, and 
upscaling strategies for bioactive topographies.

Surface chemistry as a key player in cell-topography interactions

The results in both in chapter 4 and in chapter 5 show that the surface chemistry is critical in the process 
that instructs cell via topography. The osteogenic effect of the topographies identified in chapter 3 was 
completely absent when these topographies were fabricated in polystyrene instead of titanium (Ti). In 
fact, the PS topographies inhibited mineralization of human mesenchymal stromal cells (hMSC). Fur-
thermore, PS microtopographies are able to support kidney epithelial cell monolayers while poly-
ether sulfone topographies disrupt the monolayer. This interaction of the effects of surface topography 
and surface chemistry on cell response makes studying the underlying mechanisms more complex. 
Looking at literature many different materials are used to study the biological impact of surface 
topography such as polydimethylsilixane (PDMS) (1), polyurethane (2), polystyrene (PS), (3) polymeth-
yl methacrylate (PMMA) (4) tantalum coated silicon (5), stainless steel (6) and Ti (7). The variation in 
material choice is very likely dictated by availability of and the experience with existing manufacturing 
techniques. Most of the model topographies that are used in these investigations require micro-fabrication 
techniques. These fabrication techniques, usually adapted from the microelectronics field, are often devel-
oped for materials that are suitable to process and not because they are relevant in biomedical applica-
tions. Furthermore, to overcome the cell culture limitations of materials such as PDMS, ECM coatings such 
as fibronectin and collagen are often used to increase cell adhesion. Unfortunately, these coatings can 
obscure topographies and thereby compromise experimental outcomes. Another consequence of choosing 
inadequate biomaterials for in vitro studies is that they cannot easily be applied in the clinic. The results in 
this thesis emphasize the importance of biomaterial choice to study the effect the biological effect of sur-
face topography. We made special efforts to conduct our studies in relevant materials which required the 
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development of adequate fabrication techniques. The studies conducted in chapter 3 were all conducted 
on Ti or Ti coated substrates to mimic Ti bone implants. Chapter 5 demonstrated how high-quality micro-
topographies can be fabricated in porous PolyetherSulphone-Polyvinylpyrrolidone (PES-PVP) membranes 
to enable application in blood filtration systems. The fabrication of PS topographies was developed for two 
reasons. Firstly, PS is a practical model material for cell experiments for future studies into the underlying 
mechanisms of the cell topographies interactions. Secondly, the use of PS TopoChips to identify bioactive 
topographies readily enables translation into PS tissue culture products. The research in the topography 
field should be conducted with attention to the eventual application and should be performed with the 
same biomaterial. This means that that every application requires separate studies with distinct biomate-
rials. Alternatively it is viable to combine topographies with specialized surface coatings. In this way the 
bulk material can be something that is compatible with established fabrication methods while the surface 
chemistry can be tuned to meet future applications. This approach is used in this thesis in chapter 3 with 
the Ti coating of poly lactic acid. Other coatings could, for example, be calcium phosphate coatings for bone 
applications (8).

Figure 1: A comparison of cytoskeletal morphologies of hMSCs cultured on PS topographies and titanium topographies. 

Images from the same topographical feature of materials are paired together.
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Hypotheses on the underlying molecular mechanisms

In chapter 3 we showed that specific microtopographies are able to induce osteogenic response in 
vitro and improve bone bonding in vivo. This chapter provided a convincing demonstration of the cell 
instructive potential of microtopographies, but did not cover the responsible mechanisms. Even though 
this thesis contains very limited investigation into the underlying molecular mechanisms of the instructive 
effect of topography we still attempted to provide new hypotheses. The osteogenic topographies induced 
a cell phenotype that resembled long tube-like cells with thick actin fibers. In an effort to make 
hypotheses about the underlying mechanisms we speculated on the cellular differences caused by the 
tube-like morphology between the microstructures, compared to a non-patterned surface. We should 
also take into account the observation in chapter 4 that showed that this osteogenic affect appears to 
be material dependent. The same topographies which induced osteogenic response, when fabricated 
in titanium, inhibited mineralization when fabricated on PS. A visual comparison of the cell morpholo-
gy induced by the topographies in both materials does not reveal any obvious differences (Fig. 1). This 
indicates that correlations between cell morphology and cell function are material specific in our case. 
For nuclear morphology, this phenomena is not in agreement with literature. Thin elongated nuclei (that 
are also often found on our microtopographies) cause mechanical stresses which are able to enhance 
Histone H3 acetylation and methylation, independent of the manner and material in which the mor-
phology is induced (9, 10). The histone modifications lead to more accessible DNA which increases the 
plasticity of the cells. Furthermore, increased histone acetylation leads to osteogenic differentiation of 
hMSCs (11). Nuclear deformation can have effects on chromatin organization (12). In this way cell phe-
notype could be affected through transcriptional regulation by chromatin remodeling. These mechanisms 
are very likely to increase the sensitivity to the osteogenic factors but we do not expect these to be the 
dominant elements in the topography response as elongated nuclei are also very prominent on the PS 
topographies that did not induce mineralization. To test these hypothesis the effect of histone deacetylase 
inhibitors and histone acyltransferase inhibitors on the mineralization of hMSCs cultured on titanium topo- 
graphies could be investigated. 

Considering that the induction of the osteogenic phenotype is material specific Integrins may be 
the key determinant in the bio-mechanical response. Integrins bind cytoskeletal proteins through the 
cytoplasmic domains and binds extracellular matrix (ECM)  proteins with the extracellular domains (13). 
In this way the Integrins are able not only to act as a physical link between the cytoskeleton and the 
ECM but also as signaling molecules that enable cells to sense the chemical and mechanical properties of 
their surroundings. Considering that titanium binds more and perhaps even other proteins due to its high 
surface energy suggests that there needs to be a certain amount of cell adhesion before the topographies 
can assert their instructive function (14). This cell adhesion is governed by the amount and potentially 
even the type of integrin that is able to interact with the binding motifs presented by the proteins on the 
substrate. This theory is supported by observations that hMSC differentiation is steered by the amount of 
available RGD (a tripeptide composed of L-arginine, glycine, and L-aspartic acid) motifs and the binding 
affinity of these motifs. The RGD binding motif interacts with many of the more common integrin types. 
High amounts of RGD sequences induce osteogenic differentiation while low amount of RGD leads to 
adipogenic differentiation (15). 

Our data in chapter 4 on hMSC adipogenesis supports the role of integrins. Critical for the presence of 
lipid vesicles in the cells appeared to be the space available between the topographies. The cells are 
either on top of the topographies when there is limited space between the features or the cells are 
located between the features when spacing allows it. How the cell ‘chooses’ between these two states 
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probably is based on which of the two is the more energy efficient. Both states lead to very differ-
ent cell and actin fiber morphologies, very likely associated with the previously described mechano- 
transduction pathways. Cells which are confined between the topographies appear to produce slightly 
fewer lipid vesicles. The strongest inhibition of the adipogenic phenotype on PS was observed in cells 
that bridged the small spaces between the topographies. The gap-bridging could induce a mechanical 
strain that inhibits adipogenesis. It has been reported that mechanical strain inhibits hMSC adipoge- 
nesis by reducing the activity of peroxisome proliferator-activated receptor 2 (PPARy2) (16). How PPA-
Ry2 activity is regulated by mechanical stress had not been described. There was no formation of lipid 
vesicles of hMSCs cultured on the titanium substrates. This inhibition of adipogenesis is probably caused by 
an over-abundance of adhesions sites provided by the surface chemistry of Ti, which is in line with work 
that shows that limiting integrin binding promotes adipogenesis (15). To investigate the role of integrin 
amount, clustering and type in the cell response to topography, the microtopographies could be functio- 
nalized with various integrin ligands that bind specifically to sub-types of Integrins.

Because of the osteogenic effect of topographies in Chapter 3, another potential molecular factor respon- 
sible for the biomechanical response of hMSCs is the Yes kinase associated protein / transcriptional coacti- 
vator with PDZ-binding domain (YAP/TAZ) transcription regulating complex (17). Intracellular tension 
leads to the nuclear translocation of YAP/TAZ and the consequent activation of effector genes promotes 
the osteogenic response of hMSCs (18). Confinement of the topographies between the topographical 
features creates mechanical stresses not present on non-patterned substrates. The observation that 
certain microtopographies are able to limit cell-cell contacts further implicates the role of YAP/TAZ 
because it is part of the Hippo signaling pathway which is also affected by cell-cell contacts. We have 
to take into account that in literature, the intracellular tension which causes YAP/TAZ translocation 
was triggered by differences in substrate stiffness and not microtopography. A difference in stiffness 
between materials can lead to different cell phenotypes (19). However we do not think that this is a 
determining factor here, because the stiffness of both materials is relatively similar and neither can be 
considered as a ‘soft’ material such as polyacrylamide gels which were used in the before mentioned 
studies. Unfortunately the role of YAP/TAZ in mechano-transduction has only been established at very early 
time-points under very specific conditions. Therefore, it is important to consider that the mineralization 
phenotype occurs at a relatively late time point and at very high cell densities. it could be that the YAP/
TAZ plays in a role in early time point signaling events, which ultimately cascade into a late mineralization 
if the ECM. It might be interesting to investigate whether the osteogenic effect induces by topography is 
induced by YAP/TAZ by performing early time point gene expression knockdowns during mineralization on 
titanium topographies.

The role of cell type in cell-topography interactions

Although in this thesis no direct comparison between cell types made, several different cell-types 
were investigated. This allowed us to observe a number of striking differences in response, depending 
on cell type. In chapter 3 and chapter 4, hMSCs were used as a model system to investigate titanium 
and PS topographies. Kidney epithelial cells were used in chapter 5 and U2OS with stably expressing 
transgenes were used in chapter 6. A central observation of all the work together is the striking diffe- 
rence between the mesenchymal cells and the epithelial cell types. Due to the fact that the epithelial cells 
tend to develop into tight clusters on the topographies the impact of the topography was very different 
compared to mesenchymal cell types. The microtopographies disrupted the epithelial monolayer forma-
tion, especially when they were fabricated in PES-PVP. In hindsight is seems logical that the epithelial cells 
have a superior phenotype on surfaces without large topographical features that have dimensions that are 
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in the range of tens of micrometers as they normally interact with a relatively smooth basement mem-
brane in vivo. Epithelial cells require the formation of a tight monolayer with correct junction proteins to 
maintain their polarity and function (20). The matrix of the basement membrane does have a nanoscale 
topography. Therefore it could be worthwhile to use a platform such as the NanoTopoChip to identify and 
study nanotopographies which beneficial properties for epithelial cells. Very little literature covers the role 
of cell type in the instructive effect of topographies. There are some indications that different cell types 
react to topographical cues in different ways (21).

High-throughput screening of biomaterials 

The design space of new biomaterials is virtually limitless. HTS of biomaterials is a valid ap-
proach to investigate many biomaterials or modifications of biomaterials. In this way bioma-
terials properties can by assayed as well as the biological response. The lack of underlying 
theoretical framework makes HTS for biomaterials with desired properties very appealing. These expe- 
riments may even provide the basis for future hypothesis regarding the underlying mechanisms due 
the amount of data that can be generated in a short amount of time. Compared to high-throughput 
screening in pharmaceutical industry, screening biomaterials adds more layers of complexity. The creation 
of material libraries is relative complex compared to a compound library for example. Most HTS assays 
rely on imaging as readout, due its speed and low cost. Opaque and/or auto fluorescent materials, 
such as the PES-PVP used in Chapter 5, often interfere with imaging readouts. For these reasons the 
HTS of materials has not yet become as common as compound screens or expression profiling. 
In this thesis we have demonstrated that the TopoChip provides as readily accessible platform for HTS. 
Still, the TopoChip is limited by the image-based readout. From the fabrication point of view the Topo-
Chip can be fabricated from most biomedical polymers and metals but the potential auto fluorescence 
of these materials can make them incompatible with imaging. Another disadvantage is the limited 
availability and accuracy of existing markers and reporters suitable for imaging. This often leads to qualitative 
readouts such as the assessment of tight junction formation of kidney epithelial cells in Chapter 5. 
Because quantitative assays are preferred for screening approaches, robust markers for functional 
kidney epithelial cells will first have to be developed. First more research has to be conducted 
to define the molecular characteristics of a functional kidney epithelial cell in vitro before we can start 
looking biomaterial properties that improve these characteristics. 

Moving away from image-based assays could make HTS of biomaterials more powerful. It will likely result 
in a reduction of throughput but the readouts will provide a lot more information. An example of such a 
system is the development of the TopoWellplate, which is based on the fabrication technology of the Topo- 
Chip. In this system, almost 90 topographies are created on the bottom of standard 96 well plates which 
can by assayed by techniques such as expression profiling or mass-spectrometry. For example, the L1000 
platform (22), which is able to create expression profiles of hundreds or even thousands of samples in tan-
dem should be compatible with the TopoWellplate. Combining HTS technologies such as these will be the 
future of biomaterials research. Another future prospect is development of more sophisticated screening 
platforms such as the Nano-TopoChip, shown in chapter 6, made possible by the increased accessibility to 
state of the art fabrication technologies. In addition to studying cells and tissues, the Nano-TopoChip could 
be a very useful platform to study the effect of surface topography on bio-fouling and bacterial attachment 
as the topographies have the same size range as many bacteria. Already nanotopographies have been 
demonstrated to reduce the formation of bacterial biofilms (23). Identifying and applying nanotopogra-
phies with anti-bacterial effects could be a viable approach to combat biomaterial associated infections.
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Upscaling of surface topography 

The titanium osteogenic topographies show potential to improve the integration of orthopedic 
implants. However, so far the topographies have only been tested in rabbits which are only a good 
model for initial in vivo bone-bonding studies. To improve the evidence for clinical benefit, a logical next 
step would be to test the osteogenic topographies in a large animal model such as a goat or a sheep which 
have bone metabolisms that more closely resemble that of humans (24). During these studies it should 
also be possible to look at long term effects of the designed topographies. Before doing this however it 
should be decided whether a ‘model implant’ is used or a ‘real implant’. If application of the topogra-
phies on a ‘model implant’ with currently available fabrication technologies can accurately represent a real 
functional implant this is probably the most economically viable path to take. Alternatively, the topogra-
phies have to first be applied to a commonly used bone implant, to be able to test the topographies in a 
relevant medical intervention. Applying the topographies to an existing bone implant such a dental implant 
will require the development of new fabrication methods which will require significant investments. One 
approach is to create topography designs on existing implants by laser-based writing techniques (25) or 
lithography techniques. Another approach is to use rapid-prototyping techniques such as 3D printing to 
fabricate the whole implant with the micro-patterns in one step. Although this is currently not yet viable 
due to lack of resolution, the field of 3D printing of metals for orthopedic implants is advancing rapidly as 
3D printed titanium screws have already been implanted (26).

In comparison to up-scaling of topographies for biomedical implants it will be easier to do the up-scaling 
for cell culture plastics. The production techniques necessary to fabricate PS topographies on large sur-
face areas already exists. For industrial scale production the injection moulding methods will have to 
be adapted with new moulds which contain the microtopographies. In appendix 2 we conduct a 
technology assessment to gain more insight into the requirements for the application of microtopo- 
graphies on tissue culture plastics. In the search for better cell culture substrates it would be interesting to 
apply topographies to softer materials such as hydrogels. Currently, most of the materials used to study 
topography are much stiffer than organs and tissues. To mimic the in vivo stiffness with culture substrates 
it could be interesting to create topographies in hydrogels. For example a TopoChip can be made from 
synthetic hydrogels. In preliminary experiments TopoChips have already been made with various hydrogels 
such as chemically crosslinked polyacrylamide or photo-crosslinked poly D,L lactide/polyethylene glycol 
macromer networks. Combining microstructures with soft gel systems might be an interesting approach 
to improve culture substrates for (induced pluripotent) stem cells, as these cells are very sensitive to the 
culture substrate. Up-scaling such gel systems should be relatively simple. For future applications large 
stamps could be fabricated and supplied in combination with synthetic hydrogel precursors for in situ 
topographic gel formation in petri dishes.

Conclusion

HTS of biomaterials provides many opportunities to study cell-biomaterial interactions such as the cell 
instructive effect of topography. Not only can bioactive topographies be identified for future applications 
but the multi-parametric datasets can be used to elucidate relationships between feature dimensions, cell 
morphology and marker expression. Knowledge of these relationships in combination with information of 
the surface chemistry can be used to formulate new hypotheses on the underlying molecular mechanisms. 
To improve the relevance and applicability of bioactive topographies it is critical to use the right biomate-
rials and cell models. As a biomaterial property topography has great potential for application in medical 
devices and tissue culture products.
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1. Materials and fabrication Process scheme

Before starting the PS microfabrication process, the silicon master mould, which contains the inverse pat-
tern of the topographies, is fabricated by silicon micromachining technologies as is described in Chapter 
3. The The silicon mould is first cleaned in Piranha solution (H

2
SO

4
 : H

2
O

2
 = 3:1 v/v, at a temperature of 

about 100°C) for 30 min, rinsed with deionized (DI) water, spun dry with N
2
 and finally a monolayer of 

trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (FOTS, Sigma-Aldrich) is deposited on the mould from gas 
phase under vacuum conditions in a desiccator. Afterwards, the fabrication of intermediate PDMS and 
OrmoStamp® moulds and PS hot embossing follows the scheme as illustrated in Figure 1. The complete 
process scheme consists of phases: (1) PDMS mould fabrication; (2) OrmoStamp® mould fabrication; (3) 
PS hot embossing.

2. PDMS mould fabrication

The curing agent and the base (Sylgard 184® silicone elastomer kit, Dow Corning Corporation) are 
well mixed (1:10, w/w) and degassed in a desiccator. 12 mL PDMS pre-polymer is cast on a full 100 
mm silicon wafer to receive a 1-1.5 mm thick PDMS mould. After casting the prepolymer on the sili-
con mould (Fig. 1b), it is cured on a leveled hot plate or oven at 80°C for a minimum of 8 h (Fig. 1c). 
The PDMS film is peeled off from the silicon mould (Fig. 1d) and can be readily used to fabricate 
OrmoStamp® mould.

3. OrmoStamp® mould fabrication

OrmoStamp® and OrmoPrime®08 are bought from Micro Resist Technology GmbH and can readily be 
used. OrmoStamp® is an UV curable inorganic-organic hybrid polymer and OrmoPrime®08 is the adhesion 
promoter for OrmoStamp®. Detailed information about these two polymers can be found in the manu-
facturer’s processing guidelines. The fabrication process starts with Borofloat wafers (Borofloat® 33 from 
Schott) of 100mm diameter and 500 µm thickness  (Fig. 1e). To prepare the OrmoStamp® mould for hot 
embossing, a gentle O

2
 plasma treatment is performed using reactive ion etching (RIE, home-build) at 10 

°C, 50 sccm O
2
 flow, 75 mTorr pressure, and 50W CCP power for 30 s. A monolayer of FOTS is deposited 

from gas phase under vacuum condition in a desiccator). 

4. Polystyrene film preparation and hot embossing 

Biaxially oriented PS films of 190 µm were bought from Goodfellow, United Kingdom and readily used. 
The PS hot embossing process is performed using the Obducat Eitre®6 Nano Imprint Lithography system 
(Obducat, Sweden). To prepare the OrmoStamp® mould (Fig. 1j) contains the pattern that is transferred to 
the PS film. The PS film and OrmoStamp® mould are brought into contact (Fig. 1k) and the hot embossing 
is performed at a temperature of 140°C and a pressure of 10 bar for 5 min (Fig. 1l). Finally, the imprinted 
PS film is separated from the OrmoStamp® mould at 90 °C (Fig. 1m).

MICROPATTERNING POLYSTYRENE: A HIGH QUALITY METHOD TO OBTAIN LARGE AREA AND HIGH DENSITY TOPOGRAPHIES 
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Figure 1. Polystyrene topography microfabrication scheme. 

After Piranha cleaning (procedure as described in section 1) and dehydration bake on a hot plate at 120°C for a minimum of 10 

min, OrmoPrime®08 is spin-coated on the Borofloat wafer at 4000 rpm for 30 s and then baked on a hot plate at 150°C for 5 min. 

In our experiment, Borofloat wafer with OrmoPrime®08 is prepared right before the application of OrmoStamp®. A droplet of 1.5 mL 

OrmoStamp® is slowly dispensed on the PDMS mould (Fig. 1f) and is slowly brought into contact with the Borofloat wafer with Ormo-

Prime®08 coating. Slow spreading of the droplet between the Borofloat wafer and PDMS mould avoids air bubbles getting trapped. 

Filling of the gap between the two substrates is completed by capillary force and takes about 15-30 min (Fig. 1g). The PDMS and 

Borofloat wafer stack is exposed to 350-450 nm UV light for 90 s with the light intensity set at 12 W/cm2 (EVG 620 i-line exposure 

system) (Fig. 1h). The PDMS mould can easily be peeled off from the OrmoStamp® mould, after which the OrmoStamp® mould im-

mediately follows a hard bake process at 130°C on a hot plate (ramping up from 20°C to 130°C with a ramping speed of 5°C/min). 

After hard baking for 30 min at 130°C, the OrmoStamp® mould is cooled down together with the hot plate to room temperature

(Fig. 1i). The complete hard bake takes about 3 h. 
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We have used high-throughput screening to identify several surface topography designs with signifi-
cant biological effect which could be interesting for cell culture plastics or to structure the surface of 
medical implants. One question is if this technology can be applied to create a product that can ful-
fill a market demand. Topographies will most likely sooner be applied to tissue culture products than 
to medical implants because of two main reasons. Firstly, it is much cheaper to prove in vitro effica-
cy required of a tissue culture product than to prove clinical efficacy required of a medical implant. 
Large scale clinical trials usually cost many millions and can take many years to determine the long 
term effects. Secondly, the fabrication methods that are used to create the topographical libraries are 
much closer technologically to the production methods of tissue culture plastics than medical implants. 
Applying a surface modification to a device with relatively complex dimensions such as an artificial hip is a 
lot more complex than applying a surface modification to a two dimensional tissue culture plate. For these 
reasons we want to investigate the possibility and the potential to commercialize the topographies into a 
tissue culture product in the form of a brief technology assessment by making use of a socio-technical map.

Conventional flat culture plastics have been the standard for decades even though one could argue that 
they have extreme biophysical effects on cells, compared to an in vivo situation (1). Providing cells with 
microstructures that allow cell attachment in more than one dimension creates a different biophysical 
environment. In this thesis we have presented multiple examples of the strong effects of surface microto-
pography on various cell types. The biomechanical effects of surface topography are cell-specific. If we aim 
to sell a tissue culture product with topographies it should work on a cell type that is widely used. For this 
reason we propose specialized tissue culture plastics for the widely used induced pluripotent stem cells 
(iPSC) as a case for our technology assessment. The socio-technical maps of state of the art tissue culture 
plastics and the potential tissue culture product with bioactive topography that were created during a tech-
nology assessment exercise are shown in Figure 1. The socio-technical map shows the technology, regu-
lation, user practices, cultural meaning and infrastructure of a socio-technical system (2) and serves as an 
overview of the elements of a technology that are required for a product and its societal embedding. The 
two socio-technical maps are used to compare existing technology, in this case the standard tissue culture 
plastics, with the map of a new technology (topographic culture plastics). By comparing these maps you 
can look at the differences which give indications about possible obstacles that need to be addressed in 
order to introduce such a product (red text), the improvements that such a new technology would induce 
(green text), and the aspects where little change is anticipated (black text). 

Studies with our topography libraries have identified topographical designs that are able to maintain plu-
ripotency proliferation of iPSC maintenance in vitro (3). The topographies serve as a xeno-free alternative 
to the ECM proteins. Typically, the survival, proliferation and pluripotency of iPSC relies on cell attachment 
to ECM components, which are usually derived from animal sources. For clinical application of iPSC it is 
necessary to find alternatives to ECM proteins to work with xeno-free products and to increase reproduc-
ibility.  Culture of iPSC without the need for coatings is assumed to be the main selling point of the micro-
structured tissue culture product. iPSC are expected to be the future of many stem cell based therapies. 
This is because iPSC can be generated from the patients owns cells. The idea is that these patient specific 
iPSC can be both used to model the disease to identify and characterize successful therapeutics and also as 
a therapeutic agent themselves. Many neurological, hematologic and metabolic diseases that are currently 
untreatable are prime candidates for iPSC based therapies. Efficient iPSC xeno-free production will be very 
important for the development and production of these therapies. For this reason we believe there is a 
current and certainly a future market for specialized iPSC tissue culture products both in life science and 
pharmaceutical industry.

PLURIPOTENCY INDUCING TOPOGRAPHY FOR TISSUE CULTURE: A TECHNOLOGY ASSESSMENT
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Figure 1: Socio-technical maps of tissue culture plastics (top) and tissue culture plastics modified with microtopographies 

(bottom). Red text indicates possible obstacles that need to be addressed in order to introduce such a product. Green text indicates 

the improvements that such a new technology would induce. Aspects were little change is expected are shown in black.
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As displayed in the socio-technical map, most of the current tissue culture products are produced from high 
molecular weight polystyrene (PS). The experiments that were performed to identify the iPSC maintenance 
topography designs used topographical libraries produced in PS. The aim is to produce the topographies in 
the same PS that is currently being used for tissue culture products. Because the material stays the same 
we anticipate that the product will be more interesting for potential customers who might not want to 
change from their current material. 
Concerning the production method it is a necessary step to translate the fabrication method of the topo- 
graphies, which uses hot embossing, to an injection-moulding method which is currently used to produce 
culture plastics and which is suitable for large scale production. The moulds could perhaps be made in 
stainless steel with laser cutting. This probably means a large initial cost of mould development and fab-
rication, and adaptation to current state of the art production processes in tissue culture plastic industry. 
For these reasons we expect the resulting product to have a higher production cost of conventional plastic 
ware. However, the potential to culture without the need of ECM products will probably make customers 
willing to pay a higher price because they will save on ECM products.
We expect that the topographical designs can be implemented within the ANSI standards of the existing 
cell culture dish formats such as 6, 12, 24, 28 and 96 well plates as well as flasks. Within our group we 
already have a working ‘TopoWell’ prototype of a 96 well-plate which contains a relatively small library of 
topographies, compared to the TopoChip but provided a much larger surface area, suitable for RNA isolation 
or proteomics studies. The TopoWell plate is created by hot embossing and has a very good reproducibility 
of the microstructures, which is also deemed necessary for culture plastics fabrication. 
The socio-technical map was created by us, Frits Hulshof and Verena Stimberg, based on public sources of 
information and discussions. The next step is to take into account the perspective from a party that is more 
involved in the actual process of commercially producing/selling such a product. When we approached 
tissue culture manufacturers with the question to give some feedback to our technology assessment 
exercise we received various replies. Some companies indicated that providing feedback to our plan would 
reveal too much sensitive information which might indicate that they are in the process of developing a 
similar product (direct quote from a company reply: “The topic of structured cell culture surfaces is to close-
ly connected to our interests. We would disclose too much of our plans, if we answer the questionnaire.”). 
An R&D researcher from another company explained to us that although in general our idea is good he 
foresees that the production of moulds for injection moulding would be too expensive. He was afraid that 
the small size of the current market would not justify these costs. Yet, due to the relatively large scale of 
the topographies (larger than 10 µm) the costs might be lower than expected. He suggested that it would 
perhaps be more viable to use the existing hot embossing method to produce films with topographies 
which can be used as inlay for conventional products so that the small-scale production rate might be 
adequate for a small market. 
We think that one important step to convince industry to use our topographies in a novel tissue culture 
product is to show that the topographical designs work when they are up-scaled to larger surface areas and 
that they perform their function over longer periods of time. On the other hand, customers of the cell cul-
ture community are not easily willing to accept new, even improved, cell culture products but rather stick 
to established products. Here, a more in-depth technology assessment is required to confirm who would 
potentially buy the product and what their specific demands are. In a next step, various stakeholders such 
as technology developers, manufacturers and potential customers can be brought together to learn about 
each other’s expectations and to take that into account for future developments.  
In summary, we expect that the new products will fit in the established working procedures (in terms of 
materials, dimensions, compatibility with working procedures/chemicals etc.), and that they fulfill the 
standards and regulations. On the other hand, fabrication processes must be adapted. Therefore, it has to 
be determined if the investment in the adaptation of excisting production methods can be earned back 
by higher product prizes that can be demanded for the ability to culture in xeno-free conditions. Possibly 
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the potential market of iPSC users first has to grow before a large investment in production technology is 
warranted. Additionally, customer demands must be taken into account to ensure acceptance of the new 
product. 
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Summary

The control of biomaterial surface topography is emerging as a tool to influence cells and tissues. Due to 
a lack a theoretical framework of the underlying molecular mechanisms high-throughput screening (HTS) 
technology is valuable to identify and study bioactive surface topographies. In Chapter 1 the methods 
and techniques required for HTS of topographies, such as the TopoChip topographical library are briefly 
explained. The TopoChip, which is employed throughout this thesis, relies heavily on high-content imaging 
techniques to study the biomaterials-cell interactions. Chapter 2 provides a clear tutorial and highlights the 
many possibilities, advantages and disadvantages that come with high-throughput, high-content imaging. 

Allready, surface topography is applied to titanium orthopedic implants to improve clinical outcome. Chap-
ter 3 demonstrates how the titanium coated TopoChip is used to identify osteogenic topographies that 
are able to enhance osteogenic differentiation of human mesenchymal stromal cells (hMSC) in vitro and 
are able to improve titanium bone implant performance in vivo. Furthermore, the chapter describes how 
the screening system allows identification of instructive topographies and also provides the opportunity 
to control design parameters and monitor the effects which allows the inference of relationships between 
topographical feature shapes, cell morphology and cell differentiation, analogous to identification of drug 
identification by computational chemistry. In Chapter 4 we studied the instructive effect of Polystyrene 
(PS) on differentiation of hMSCs. we showed that the microtopographies are able to strongly inhibit osteo- 
genesis by lowering ALP expression and mineralization, without affecting cell density. Additionally 
adipogenesis is inhibited by several microtopography designs, depending on spacing of the features. 
Finally, when comparing the differentiation of hMSC cultured on PS topographies to hMSCs cultured on the 
exact same Ti topographies the contrasting outcomes demonstrate the importance of substrate material 
choice in these studies.

Chapter 5 describes the effects of membrane chemistry and surface topography on kidney epithelial cells 
in order to improve functional monolayer formation. For this we fabricated designed microtopographies 
with high resolution and reproducibility on PS films  on PolyetherSulphone-Polyvinylpyrrolidone (PES-PVP)  
porous membranes. A conditionally immortalized proximal tubule epithelial cell line (ciPTEC) was cultured 
on both the PS topographies and the PES-PVP topographical membranes. Our results showed that L-dopa-
mine coating of the PES-PVP was sufficient to support ciPTEC monolayer formation. The designed microto-
pographies of both materials affected ciPTEC morphology in different ways. Whereas the PS topographies 
with large features were able to align the cells in various patterns without significantly disrupting mono-
layer formation, the PES-PVP topographies with large features easily disrupted the monolayer. PES-PVP 
topographies with small features and with large spacing supported the ciPTEC monolayer formation well. 

Chapter 6 outlines the development of the Nano-TopoChip which has topographical features of lateral 
dimensions between 200 nm and 2 µm, which is more than 50 times smaller than the micro-TopoChip. For 
the fabrication of nano-sized features on a large area of 4 cm2 the use of deep UV lithography, normally 
only used in chip industry, was required. The cell morphological effect of the nanotopographies was quanti-
fied with actin-RFP labeled U2OS osteosarcoma cells that were cultured and imaged on the Nano-TopoChip. 
First, a comparison between U2OS cultured on the micro-TopoChip and the Nano-TopoChip indicated that 
the nanoscale topographies mainly affect actin fiber morphology without the cell shape guidance which 
occurs on the microtopographies. Subsequent automated image analysis showed that of many cell mor-
phological parameters, cell spreading, cell orientation and actin morphology were most affected by the 
nanotopographies. Additionally, by using modelling, the changes of cell morphological parameters could 
by predicted by several feature shape parameters such as lateral size and spacing. 
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Chapter 7 presents general discussion of the thesis findings and an outlook of the work. A technology as-
sessment on concept of applying micro topographies to tissue culture plastics is performed in Appendix 2.
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Samenvatting

De controle over de oppervlakte topografie van biomaterialen is een opkomende manier om cellen en 
weefsels te sturen. Omdat alomvattende, bruikbare kennis over de onderliggende biomoleculaire mecha-
nismen nog ontbreekt, is ‘high-throughput screening’ (HTS) een waardevolle manier om bioactieve opper-
vlakte topografieën te identificeren en te bestuderen. HTS is een aanpak waarbij er in één experiment zeer 
veel, meestal meer dan enkele duizenden, metingen worden gedaan, waardoor er een zeer grote dataset 
gegenereerd wordt. In hoofdstuk 1 worden de methoden en technieken die nodig zijn voor HTS van bio-
materiaal eigenschappen zoals de TopoChip beschreven. De TopoChip technologie die veel gebruikt wordt 
in deze thesis is sterk afhankelijk van microscopische technieken waarbij er zeer veel metingen worden 
aan grote sets van afbeeldingen, ook wel ‘high-content imaging’ genoemd. Hoofdstuk 2 geeft een intro-
ductie over high-content imaging waarbij de vele mogelijkheden, voordelen en nadelen worden belicht.

Oppervlakte topografie wordt al in de kliniek toegepast om de functie van orthopedische bot implantat-
en te verbeteren. Hoofdstuk 3 laat zien hoe titanium gecoate TopoChips worden gebruikt om topogra-
fieën te ontdekken die de osteogene differentiatie van humane mesenchymale stromale cellen (hMSC) 
bevorderen. Deze osteogene topografieën blijken bovendien de botvorming in een proefdiermodel te 
verbeteren. Verder laten we zien hoe de grote dataset, die verkregen is met de systematische screening 
techniek, gebruikt kan worden om modellen te maken die de relaties laten zien tussen de ontwerp 
parameters van de topografieën, de cel morfologie en de differentiatie van deze cellen. In hoofdstuk 4 
staat hoe we het cel sturende effect van topografieën, gemaakt in polystyreen (PS), op de differentiatie 
van hMSC hebben bestudeerd. We laten zien dat de topografieën in staat zijn om de osteogene differen-
tiatie van hMSC sterk te remmen door de expressie van Alkaline fosfatase te verlagen en de mineralisatie 
te verminderen, zonder de celdichtheid sterk te beïnvloeden. Ook de adipogene differentiatie van hMSC 
werd geremd door te topografieën, afhankelijk van de dimensies en ruimte tussen de structuren. Ten slotte 
bleek dat de PS topografieën het tegenovergestelde effect hadden op hMSC als titanium topografieën 
wanneer deze direct vergeleken werden. Hieruit kunnen we concluderen dat het materiaal waarin in de 
topografie gemaakt is een cruciale factor is bij de manier waarop de topografieën de cellen beïnvloeden.       

Hoofdstuk 5 beschrijft de effecten van membraan chemie en oppervlakte topografie op nier epitheel 
cellen met het doel om de vorming van functionele cel monolagen te verbeteren. Hiervoor hebben we 
specifieke microtopografieën gemaakt op PS films en Polyethersulfone-Polyvinylpyrrolidone (PES-PVP) po-
reuze membranen. Een conditioneel onsterfelijk gemaakte proximale tubulus epitheel cellijn (ciPTEC) was 
gekweekt op zowel de PS films als de PES-PVP membranen. De resultaten lieten zien dat een L-Dopamine 
coating nodig was voor de kweek van ciPTEC op de PES-PVP membranen. De topografieën, gemaakt in de 
beide materialen beïnvloedden de ciPTEC morfologie op verschillende manieren. Terwijl de PS topogra-
fieën met grote structuren in staat waren om de cellen richting één lijn te oriënteren zonder daarbij de 
monolaag te verstoren, verstoorden de PES-PVP topografieën de monolaag wel. PES-PVP topografieën met 
kleine structuren en veel ruimte tussen de structuren waren wel in staat om ciPTEC monolagen mogelijk 
te maken.  

Hoofstuk 6 omschrijft de ontwikkeling van de Nano-TopoChip die topografieën heeft met laterale dimen-
sies die variëren tussen de 200 nm en 2 µm, wat meer dan 50 keer kleiner is dan de (micro) TopoChip. Om 
zulke kleine structuren te kunnen maken op een relatief groot oppervlak van 4 cm2 was het nodig om diep 
UV lithografie te gebruiken, een techniek die normaal gesproken alleen wordt toegepast in de chipindus-
trie. Het effect van de nanotopografieën op cel morfologie werd gemeten door actine-RFP gelabelde U2OS 
cellen te kweken en microscopisch te fotograferen op zowel de micro TopoChip als de Nano-TopoChip. 
Eerst hebben we U2OS morfologie vergeleken tussen de twee verschillende TopoChips. Het bleek dat de 
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nanotopografieën vooral de actine fiber morfologie beïnvloedde in tegenstelling tot de microtopografieën 
die vooral de totale vorm van de cellen beïnvloedde. De geautomatiseerde fotoanalyse liet zien dat van de 
vele cel morfologische parameters die er gemeten waren, vooral de cel spreiding, cel oriëntatie en actine 
morfologie beïnvloed werden door de nanotopografieën. Daarnaast bleken we in staat om met behulp 
van modellen de cel morfologische parameters te voorspellen aan de hand te ontwerpparameters van de 
nanostructuren zoals laterale grootte en de ruimte tussen de structuren.

Hoofdstuk 7 bestaat uit een algemene discussie van de bevindingen in deze thesis en ook een vooruitblik 
op toekomstig werk. Een zogenaamde ‘Technology Assessment’ over het idee om microschaal topogra-
fieën toe te passen in kweekplastics wordt uitgevoerd in Appendix 2.  
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