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Chapter I

General Introduction
Cells in the human body receive signals from a wide variety of sources. These can originate from
the extracellular matrix (ECM), growth factors, the stiffness of the surrounding environment,
mechanical forces, and geometrical cues. Cells will respond and change their behavior,
depending on the input they receive. For example, when myocytes, the primary cell type found
in muscles, are mechanically stimulated, they secrete growth factors such as IGF, leading to
autocrine signaling and muscle growth 1. Also, during developmental stages, fine-tuned
mechanisms involving both mechanical and soluble cues allow for the differentiation of stem
cells 2. Understanding these mechanisms is beneficial for clinical applications, e.g., injecting
pharmaceuticals for tissue repair. However, also in a tissue-engineering context where we aim to
cultivate primary or pluripotent stem cells in sufficient quantities for the development of tissue
constructs ex vivo. Here, we must adapt physiological conditions in the culture dish as close as
possible to achieve the best tissue-engineering outcomes.
The main focus of the research outlined in this thesis is the use of surface structures in vitro for
controlling cell behavior. Foremost, we use chapters II and III as review articles that introduce
the experimental research performed in this thesis in a proper context. In chapter II, we
highlight the diversity in surface structure design, and their potential to influence cell behavior 3.
We focus on pluripotent stem cells, which, due to their pluripotent capabilities, offer exciting
clinical opportunities. Through chapter II, the beneficial effects of surface structures for cell
culture applications should become apparent for the reader. However, due to the large variety in
surface design, it is not easy assessing which surface structure type is most optimal for a particular
application. Besides surface structures, the same challenge applies to other environmental
perturbations such as the chemistry or stiffness of the material, the implementation of matrix
proteins, or soluble cues. For example, concerning chemistry, already hundreds of different
chemical compositions exist of polyurethane alone, a material applied in the clinic 4. Therefore,
high-throughput platforms were developed that allow screening hundreds of these
environmental perturbations in one experimental setup, which is discussed in chapter III.
In chapter IV, we provide the reader with an example of the usefulness of such high-throughput
platforms. Here, we utilized the TopoChip, a 2x2 cm Chip with 2176 unique micro-topographies,
that helped us gain novel biological insights into cell-material interactions 5. Tenocytes, the
primary cell type of the tendon, rapidly lose phenotypic characteristics when put in standard
culture conditions 6. Through the TopoChip platform, we identified surface parameters that were
associated with improved phenotypic characteristics, as shown by an elevation of the tendon
transcription factor Scleraxis (SCX). In chapter V, we explore the biomechanics behind the
phenomena. Here, we utilized human mesenchymal stem cells (MSCs) as a cell source and found
again that micro-topographies could induce higher SCX levels. This phenomenon was associated
with an activation of the mechanosensitive transcription factors SRF and EGR-1 during the early
adaptation phase on micro-topographies, which coincided with an elevated and late expression
of the TGF-β receptor-II gene. We reasoned that this might indicate an increased sensitivity for
TGF-β signaling, which is also known for modulating SCX expression levels 7. Therefore, we
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combined TGF-β2 with micro-topographies and found synergistic effects on the expression
levels of SCX and other TGF-β responsive gene levels in MSCs, thereby gaining interesting
insights on how signaling elicited by biomechanical and soluble cues converge.
In chapter VI, we continue down this path to further understand how biomechanical forces
influence cell behavior. In this chapter, we employ surfaces functionalized with RGD peptides
instead of the micro-topographies we previously used. RGD sequences are well-known peptide
motifs found in multiple matrix proteins, including fibronectin and fibrinogen, and are known
to interact with integrins leading to cellular signaling events 8. Through cucurbit[8]uril chemistry,
RGD peptides can either be covalent or non-covalently bound on the surface. In this study, we
explored if the covalent state of these peptides can influence cell behavior. We found that
surfaces coated with regular fibronectin, covalent, and non-covalent bound RGD peptides,
provoked distinct cell behavior in NIH3T3 cells. Filopodia, cytoskeletal organization, and cell
morphology were profoundly altered. Of interest, we identified through microarray and
immunostaining experiments a higher presence of SRF and EGR1 during the early stages of cell
attachment on the non-covalent bound RGD peptides compared to covalent bound RGD and
regular fibronectin. Furthermore, this coincided with increased levels of fibrillary actin, thereby
displaying strong similarities with the early induction of SRF and EGR1 on micro-topographies
described in chapter V.
In chapter VII, we delve deeper into the nuclear alterations evoked by micro-topographies.
Previously, we found that micro-topographies altered actin cytoskeletal organization and
subsequent biomechanical signaling that leads to increased TGF-β sensitivity. However, we also
know that nuclear morphology on micro-topographies is profoundly altered 9, which is known
to have a huge effect on cell behavior. For example, microgrooves can increase global histone
acetylation levels in fibroblasts, which improves the efficiency of iPSCs transformation 10.
Therefore, we were interested in determining how micro-topographies alter the nuclear
architecture in MSCs. For this, we applied histone mass-spectrometry 11 together with
immunostainings, which revealed a global decrease in histone 3 and 4 acetylation. Mass
spectrometry further pointed toward the differential presence of heat shock proteins, proteins
associated with cytoskeletal and chromatin organization, and proteins associated with
proliferation. We connected these findings to a “quiescent-like” phenotype, as demonstrated by
the notion that MSCs after a month of culture on the micro-topographies retained their
multipotent capabilities.
Since the surface structure design space is immense, even high-throughput platforms cannot
encompass all architectural possibilities. We, therefore, reasoned that a platform that offers a
very variable design diversity could lead to novel insights in cell-material interactions. For this,
we looked at nature for inspiration since evolution enabled the design of intricate surface
patterns for specific purposes. In chapter VIII, we discuss how we replicated 26 plant and insect
surfaces in polystyrene to broaden our standard topographical design space with complex and
hierarchical structures. Here, we found that MSCs cultured on this platform exhibited distinct
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cell morphological characteristics. In addition, we also found distinct bacterial attachment
patterns on the artificial and natural topographies.
In the discussion chapter IX, we emphasize how the use of multiple environmental
perturbations can eventually lead to improved biological outcomes in a tissue-engineering
context. In the thesis, we highlight this concept in chapter V, where we combine TGF-β2 with
micro-topographies, which results in improved expression levels of TGF-β responsive genes.
Here, we discuss similar observations. For example, adhesive islands influence the cells response
against TNFα 12, micro-wells reduce the inflammatory response against LPS 13, while stretching
stimulates the growth of smooth muscle cells through the upregulation of the EGF receptor 14.
These in vitro applications allow a glimpse of the in vivo environment where cells integrate a wide
variety of signaling. Harnessing these concepts will lead to improved cell culture conditions for
tissue engineering applications and disease models. Finally, we close off in the valorization
chapter X, where we highlight the possibility of commercializing the research findings described
in this thesis.
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Abstract
Development of multicellular organisms is a highly orchestrated process, with cells responding
to factors and features present in the extracellular milieu. Changes in the surrounding
environment help decide the fate of cells at various stages of development. This review highlights
recent research that details the effects of mechanical properties of the surrounding environment
and extracellular matrix and the underlying molecular mechanisms that regulate the behaviour
of embryonic stem cells. Here, we review the role of mechanical properties during embryogenesis
and discuss the effect of engineered micro-topographies on embryonic stem cell pluripotency.

12

Shaping Cell Fate: Influence of Topographical Substratum Properties on ESCs

Introduction
Embryonic stem cells (ESCs) are derived from the preimplantation embryo at the blastocyst
stage. These cells possess two valuable properties, namely, they can self-renew indefinitely, and
they have the potential to differentiate into cell types belonging to the three germ layers,1
ultimately contributing to the entire embryo. ESCs are controlled by a diverse array of signals,
including intrinsic cues such as transcription factor networks,2 epigenetic modifications,3–6 and
small RNAs,2–8 to name a few. Additionally, extrinsic cues, such as signals originating from the
microenvironment and the underlying substratum, also regulate their behavior by affecting
several cellular processes, such as cell motility, cell shape, survival, and differentiation.9,10
Previous studies have shown that stem cells respond to distinct properties of the extracellular
matrix (ECM) that range from mechanical properties, such as stiffness,11 adhesiveness,12
geometric patterning,13,14 and topography,15 to biochemical properties involving changes in the
composition,16 which all, in turn, affect the behavior of the cell. For an overview of the
importance of the ECM and the underlying substratum in the context of mesenchymal stem
cells, we refer the reader to a number of excellent articles and reviews.17–20
These extrinsic cues may also be harnessed to direct and control stem cell fate in the context of
tissue engineering and regenerative medicine, in an attempt to deliver patient-specific cell
therapies. However, we are still gaining knowledge about how in vitro culture conditions can
better mimic the in vivo environment in which stem cells live. This review focuses on how
properties of the ECM affect the pluripotency of ESCs while attempting to also draw correlates
to the intrinsic behavior of cells residing within the developing mammalian embryo. In the
following sections, we highlight examples detailing the role of the ECM in the developing
mammalian embryo, the effect of mechanical stimuli that mimic the external substratum through
topological cues on pluripotent stem cells, and the underlying molecular mechanism.

Embryonic Development and the Role of the ECM
The ECM is a dynamic structural component of all tissues, whose composition and constituents
change through development, providing the functional cellular environment for the developing
embryo. A number of studies illustrate the involvement of the ECM during early vertebrate
development, and this has been particularly well characterized in the context of the chick
embryo.21–25 While it is not possible to present all the instances of ECM involvement in early
development, we highlight below the role of a few individual components of the ECM.
During early vertebrate embryo development (chick and mouse), fibronectin (FN) may be
assembled in either a paracrine or autocrine manner.26 FN, however, remains essential, as mouse
embryos null for Fn1, present a shortened anterior-posterior axis, cardiovascular defects, and a
general deficit in mesoderm, including impaired somite and notochord formation.27,28 The
expression and localization of FN in mouse blastocysts are known to be regulated in response
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to specific growth factors, such as insulin-like growth factor 1 (IGF-1), to enhance their
attachment to endometrial cells in vitro.29
Other ECM components such as laminin are also expressed early during mammalian
development,30,31 with laminin b1 and b2 (LAMB1, LAMB2) chains expressed widely at different
embryonic stages of human development.32 Furthermore, the laminin expression pattern was
found to undergo major changes during the differentiation of human ESCs (hESCs), further
supporting the idea that the ECM may be both instructive as well as responsive.33 Perlecan, a
five-domain heparin sulfate proteoglycan is expressed through different stages of human
embryogenesis. In particular, its expression is detected at stages where an epithelial-tomesenchymal transition is known to occur, such as during human gut development beginning at
gestational week 8.34
In addition to the composition of the ECM, the physical properties of the substrate have also
been shown to affect early embryonic development. Preimplantation mouse embryos cultured
on softer surfaces such as collagen gels (stiffness of 1 kPa) that mimicked the in vivo uterine
environment, developed faster and better from the two-cell stage to the blastocyst, with a
significantly higher rate of zona hatching, compared with embryos cultured on stiffer substrates
such as polystyrene dishes (stiffness of 1 GPa). In addition, embryos cultured on softer substrates
developed better when transferred to recipient female mice, indicating that the physical
properties of the preimplantation environment deeply affected development.35 Preimplantation
embryos were also sensitive to shear stress, resulting in an induction of phosphorylated
MAPK8/9.36 Mimicking of the fallopian tube in vivo environment in terms of shear stress in an
in vitro culture system improved the development of embryos to the blastocyst stage, indicating
that embryos are responsive to mechanical stimuli.37 Thus, the influence of the external
environment in terms of chemical composition and physical parameters is far-reaching in terms
of early developmental decisions.

Patterned Surfaces as In Vitro Mechanical Niche
Models
In this section, we emphasize the importance of mechanical cues, such as different surface
architectures, during embryonic development, and explore how this inherent property can be
harnessed for ESCs for fundamental research and tissue engineering purposes. Topographies
can be viewed as structures originating from a flat surface and ranging in the nano (1–1000 nm)
or microtopographical (1– 10 mm) range, with most research performed on mesenchymal stem
cells (MSCs). Disordered nanoscale pits can stimulate the differentiation toward the osteogenic
lineage, independent of the classical osteogenic supplement, dexamethasone.38 On
microtopographies, our group found improved osteogenesis of MSCs.39 Also, MSC
differentiation down the adipogenic40 and chondrogenic41 lineages have been previously
demonstrated.
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ESC self-renewal can be influenced by combining nanoroughness with geometric shapes. In this
study, smooth surfaces (1 nm) support stemness, whereas nanorough surfaces (70 and 150 nm)
resulted in a loss of pluripotency.42 Furthermore, E-Cadherin (CDH1) presence was maintained
on the smooth surface, a crucial regulator for ESC self-maintenance.43 In a similar study, flat and
nanorough surfaces outperformed microroughness when assessing self-renewal of ESCs.44 Here,
the flat and nanopatterned surfaces led to reduced ESC adhesion and spreading, suppressed
FAK and downstream ERK signaling, improving ESC self-renewal.45
In another study, microroughness and nanoroughness were combined (919 – 22 nm) and
compared against nanoroughness alone (68 – 30 nm), a smooth surface, and against a feeder
layer. Here, it was observed that in LIF media, the combined approach of utilizing
microroughness and nanoroughness promoted formation, homogeneity, and longterm selfrenewal of OCT4-positive colonies.46 Ordered topographical features such as hexagonal (HEX)
and honeycomb (HNY) pillars of 50–80 nm with a diameter of 30–40 nm fabricated in
polystyrene with variable spacing, were used to study the effects of topography on ESC selfrenewal. Growth on the HEX and HNY pillars was sufficient to maintain OCT4 expression and
a higher proliferation rate, compared with flat surfaces without FGF-2 supplementation.47
In another approach, silica colloidal crystals between 120 and 600 nm in diameter were able to
improve both ESC self-maintenance and colony formation.48 To assess if microtopographies
can also guide self-maintenance of pluripotent cells, we used the TopoChip platform, containing
2176 unique topographical features at a constant 10 mm height profile.49 Through machine
learning approaches, we observed that a small feature size was a significant determinant for
OCT4 expression in induced pluripotent stem cells (iPSCs), which also correlated with higher
proliferation.
The BioSurface Structure Array (BSSA) is another microtopographical screening platform with
square and round pillars on which 16 different combinations of lateral and gap dimensions were
made. Together with a variation in height (0.6, 1.6, and 2.4 mm), a total of 504 topographical
features were used to screen cellular responses, and it was found that ESC colony numbers
increased with a decrease in pillar size.50 The previous examples highlight the strength of highthroughput screening platforms, where through machine learning algorithms, the most optimal
surface architecture can be found for either ESC phenotypic maintenance or differentiation.
Figure 1 illustrates the diversity of the cellular response of MSCs and ESCs on the TopoChip
platform (unpublished data).
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Fig. 1. High-throughput screening tools can identify most optimal substratum
properties for either ESC self-renewal or lineage differentiation. (A) Example
of a strong morphological adaption of hMSCs cultured on microtopographies.
Both the nucleus and cellular morphology are deformed by the topographies
(PS-Ti-1018). Costaining for the nucleus [Hoechst], ER [Concanavalin A], and
actin [Phalloidin]). (B) Subselection of the TopoChip platform after fixation
and OCT4 staining on a 2-day ESC culture. Each topographical unit consists
of unique microtopographical features of 10 µm height in an area of 290 x 290
µm and separated by walls of 50 µm. Scale bar = 100 µm.
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As mentioned before, most research aimed at establishing lineage differentiation utilizing
topographical features has been performed with MSCs. Still, the knowledge gained from these
studies can be useful for protocols utilizing stromal progenitor cells derived from pluripotent
cells,51,52 to treat, for example, cartilage and bone defects. Besides direct clinical applications,
MSCs can also be used as an autologous cell source for supporting ESC self-renewal as a feeder
layer.53 To allow ESC differentiation toward MSCs without the need for chemical induction,
square-patterned nanopits were able to upregulate mesodermal marker expression and
downregulate pluripotent, ectodermic, and endodermal markers.54 Of note, these surfaces were
the same topographical structures used to induce osteogenic differentiation of MSCs without
the need for dexamethasone,38 offering a promise for ESC differentiation for bone tissue
engineering applications using only topographical cues. A large body of research involving the
differentiation of pluripotent cells through topographies focuses on the generation of cells of
the neuronal lineage. hESCs seeded on gelatin-coated nanoscale groove patterns (spacing = 350
nm; height = 500 nm) induced the expression of NEUROD1 among other neurogenic
markers.55 A similar observation was made when iPSCs were seeded on Matrigel-coated
nanoscale grooved patterns (spacing = 350 nm; height = 300 nm) fabricated on PDMS.
Expression of neurogenic markers, such as TUBB3, NEUROD1, and NEUROG1, was higher
on these nanotopographical dimensions compared with flat, 2 or 5 mm spacing.55,56 In another
study, Matrigel-coated polystyrene gratings of 2 mm width were able to efficiently induce neural
differentiation in the absence of neurotrophic inducing chemicals at later stages of the culture.42
Besides improving differentiation efficiency, the induction of neuronal subtypes can be achieved
using isotropic surfaces.57 Studies on 250 nm grooved topographies linked ESC actomyosin
contractility with neuronal marker expression.58 It is interesting to mention that
nanotopographical grooves of 350 nm have also been previously used to induce MSC
differentiation toward the neurogenic lineage.59 To summarize, these studies reveal that both
micro- and nanotopographical cues can play a crucial role in formulating more efficient and
xenofree protocols for ESC differentiation toward the neurogenic lineages.
To investigate endoderm differentiation, tall nanopillars with different aspect ratios were used,
through which stiffness parameters could be altered. It was found that tall pillars, mimicking a
softer substrate, allowed a higher efficiency of endoderm differentiation after chemical
stimulation.60 In another approach, 4.5 nm diameter gold particles were combined with different
chemistries to study ESC behavior, with all nanoparticle films inducing the expression of
FOXA2, a marker for early endoderm commitment. Furthermore, this study provided evidence
that ESCs can sense topographical cues smaller than 5 nm.61 Although soluble growth factors
are still required in these protocols, these studies indicate that biophysical cues can influence the
endodermal differentiation of pluripotent stem cells.
Although this review highlights the influence of topographical cues on stem cells, research
investigating differences in their response to topography of the two majorly studied pluripotent
cell types (ESCs and iPSCs), is relatively limited. Research does indicate distinct gene expression
profiles between iPSCs and ESCs,62 which can lead to differences in differentiation efficiencies.63
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Furthermore, the cellular origin of iPSCs influences lineage differentiation propensity.64
Therefore, the possibility arises that iPSC and ESC cell lines may have a variable response to
topographical cues. In this context, it has been shown that different ESC lines respond slightly
differently to microtopographical cues in terms of self-renewal and differentiation.50
Furthermore, the use of two different ESC lines show differences in marker expression when
differentiated toward neuronal lineages on different topographical structures.57 Recently,
Abagnale et al. showed that submicrometer groove-ridge structures can modulate the shape of
iPSC colonies, regulate cell polarity, and guide the orientation of actin fibers.65
Altogether, these studies indicate that both ESCs and iPSCs respond to topographical cues, yet
not necessarily in a completely similar manner. Future research, where the influence of
topographical cues on both ESCs and iPSCs in the same experimental setting is investigated,
might explore this observation more deeply.

Molecular Mechanism of Sensing the Underlying
Substratum
The previous sections demonstrate the influence of the ECM and topographical cues on ESC
behavior and fate commitment. However, the exact molecular mechanisms that underlie these
phenomena are unknown. In the following sections, we aim to summarize current knowledge
and identify open questions.

Integrins and Downstream Kinases
Several molecules sense changes in the underlying substratum and help convert this into a
definitive transcriptional output that regulates cell fate. Integrins are one of the important
substrate- and ECM-sensing proteins.66,67 Integrins are fundamental components of focal
adhesions. These are heterodimeric receptors made up of one b subunit with one a subunit,
clustered in different combinations in response to specific ECM proteins.68 Integrins play a
major role in mechanosensing and sensing differences in ECM composition.69,70 Hayashi et al.
demonstrate that the expression of integrins is dependent on the composition of the ECM. They
further demonstrate that the overexpression of integrin subunits (specifically those subunits that
are induced in ESCs upon culturing them on Type I collagen) results in the differentiation of
mESCs, whereas inactivation of specific integrin subunits helps promote mESC self-renewal.69
Furthermore, in the context of mesenchymal stem cells, it is known that the expression and
clustering of integrin receptors changes in response to the stiffness of the underlying matrix.71
Specific integrins were shown to be activated in response to different ranges of stiffness. In
response to medium stiffness (10.2 kPa), MSCs differentiated into myocytes through β3
receptor-mediated signaling, whereas MSCs switched to ITGA2 in response to a stiffer matrix
(40.7 kPa) resulting in differentiation down the osteocyte lineage. This integrin switching in
response to substrate stiffness also resulted in a change in the size of focal adhesions.72
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Interactions between integrins and the ECM result in a number of downstream signaling events,
some of which involve the SRC family kinases.73 Integrin-mediated focal adhesion kinase (FAK)SRC signaling regulates cell adhesion dynamics by regulating the activity of the small GTPase,
RHO. RHO functions as a major target molecule involved in mESC differentiation by activating
downstream kinases such as RHO kinase (ROCK), resulting in cell spreading.74 Significantly, the
presence of a pharmacological inhibitor of ROCK not only blocked mESC spreading and
differentiation and promoted colony formation, but also resulted in maintenance of OCT4 and
NANOG expression even in the absence of LIF, although mESC numbers were lower than
when cultured in the presence of LIF.75 The function of RHO and ROCK in hESCs appears to
depend heavily on the cellular context. Dissociated hESCs were susceptible to apoptosis due to
actomyosin contractility, and this could be blocked in the presence of a ROCK inhibitor.76,77
Apoptosis was driven in these cells under conditions where RHO activity was high compared
with RAC.77 However, contrary to this, in intact hESC colonies, RHO was essential for the
survival and propagation of hESCs.78
The role of FAK in the maintenance of stem cell survival and pluripotency has been shown to
vary between human and mouse ESCs. In fact, even within hESCs, the role of FAK remains
controversial. Vitillo et al. report that integrin associated FAK is active in hESCs, and that this
signaling is important for protecting cells from apoptosis upon detachment. Furthermore, this
signaling is required for the maintenance of the pluripotent state.79 However, contrary to this,
Villa-Diaz et al. report that FAK remains inactive in hESCs due to the expression of ITGA6.
During the differentiation of hESCs, the levels of ITGA6 decrease and ITGB1 gets activated,
resulting in an activation of FAK, and differentiation of hESCs,80 whereas specific combinations
of integrins have been shown to maintain stemness in mESCs, even in the absence of LIF.81 In
mouse ESCs, FAK remains inactive and the expression of integrins is shown to undergo a switch
in response to differentiation.69
Some reports also show that FAK/SRC interacting partners may play an important role in
integrin signaling. Knockout of one such interactor, Paxillin (Pxn), in ESCs shows delayed cell
spreading, reduced FAK phosphorylation, and differentiation.82 Interestingly, proteomic analysis
comparing ESCs grown in serum with cells cultured in 2i (a defined medium containing
inhibitors against GSK3b and MEK), showed higher levels of integrins and actin-binding
proteins, such as talin, vinculin, and filamin in cells maintained in serum.83 It is well known that
serum contains many ECM components with prime differentiation, indicating that serum
induces changes in the molecular ECM-sensing mechanism. Thus, the sensing of the ECM
through integrins, coupled with the activation of specific downstream kinases and actin
regulation may play a key role in maintaining specific cell fate (Figure 2).
In addition to integrins, mechanosensitive ion channels are also emerging as novel players in
sensing mechanical force and tension.84,85 A specific family of eukaryotic mechanosensitive
channels, PIEZO, appears to play a role in maintaining homeostatic cell numbers in epithelia.86
Interestingly, PIEZO1 activity can be triggered by traction forces and played an important role
in the differentiation of neural stem cells to either an astrocytic or a neuronal lineage.87 Thus,
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sensing of the external environment through the abovementioned molecules and mechanisms
results in signal transduction within the stem cell for regulating cell fate choices.

Fig. 2. Molecular sensing of substratum properties by stem cells. Stem cells
respond to the underlying substratum properties such as topography, stiffness,
ECM composition, and wettability by changing the expression and engagement of
integrins in a contextdependent manner. A change in the integrin composition
affects the assembly and disassembly of focal adhesions and the recruitment of
intermediate signaling molecules. These signals ultimately connect either directly
or indirectly with the actin cytoskeleton and regulate the translocation of
YAP/TAZ from the cytoplasm to the nucleus, resulting in a change in
pluripotency.
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Actin Dynamics and the Hippo Pathway
The mechanism of signal transduction within the stem cell requires a connection between the
ECM and the nucleus. This is mediated by a complex set of interactions involving the integrins,
actin cytoskeleton, actin-binding proteins, and other proteins that play a critical role in regulating
downstream signaling. As mentioned above, the underlying substrate properties, such as stiffness
and surface topography, lead to the activation of several kinases such as the SRC kinase, which
further results in the activation of RHO. This further regulates the formation of F-actin, thus
promoting actomyosin contractility, and leading to the translocation of YAP to the nucleus
(Figure 2).88 YAP (Yorkie ortholog) is a part of the Hippo pathway that was first elucidated in
Drosophila through genetic mosaic screens for tumor suppressors.89 Upstream signals result in
the activation of downstream kinases, such as LATS1/2, which is responsible for the
phosphorylation of YAP. The phosphorylated form of YAP is sequestered in the cytoplasm and
is thus unable to activate downstream transcription. Hypophosphorylated forms of YAP/TAZ
(Yorkie orthologs) are able to enter the nucleus and initiate transcription together with TEAD14, which contain DNA-binding domains.89
YAP/TAZ has been implicated in playing a major role in sensing mechanical changes. Their
phosphorylation status and subsequent shuttling between the nucleus and cytoplasm act to
regulate gene expression changes in response to changes in substratum properties, such as
substrate stiffness, topography, and cyclic stretching.88 The Hippo pathway was shown to
function as a barrier during the reprogramming of human somatic cells to induced pluripotency,
as the knockdown of LATS2 enhanced the reprogramming efficiency.90 In support of this,
overexpression of YAP also promoted the conversion of hESCs to a naive state.91 Conversely,
in mESCs, loss of YAP could continue to support the pluripotent state, whereas YAP
functioning was required for proper differentiation.92
Actin and RHO-processing factors directly or indirectly regulate YAP/TAZ translocation by
affecting the stress fiber stability in response to several physical and mechanical clues.88 In intact
hESCs, Rho and its activator, AKAP-Lbc, maintain the nuclear function of YAP/TAZ by
regulating actin filament organization.78 Interestingly, a different study demonstrated that the
knockdown of specific kinases, including TESK1 or LIMK2, promoted the reprogramming of
somatic cells to induced pluripotency by decreasing cofilin phosphorylation and disrupting actin
filament structures.93
Overall, the dynamic shuttling, transcriptional activity, and in some cases the expression of
YAP/TAZ are tightly linked to matrix stiffness.88 Within developing embryos as well, it has been
shown that tensile forces generated by the actomyosin network are responsible for the
positioning of cells and embryo compaction, while also regulating the localization of YAP.94,95
YAP has also been shown to be involved in the maintenance of both naive as well as primed
pluripotency, and for the regulation of ESC differentiation.78,91,92,96–98
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In addition to the involvement of the Hippo pathway, the nucleus is also physically linked to the
ECM due to the continuous network of intracellular and extracellular fibers. As such,
topographical cues can directly affect the nucleus mechanically, resulting in altered gene
expression through epigenetic modifications or chromatin and laminar reorganization.98 The
nuclear morphology of mesenchymal stem cells was more sensitive than differentiated cells to
the architecture of nanofibrous scaffolds on which they were seeded. Application of tension to
the scaffolds further caused changes in nuclear morphology of stem cells that were mediated by
the actin cytoskeleton.99 Kulangara et al. showed that mesenchymal stem cells cultured on 350
nm gratings showed a reduction in levels of LMNA and RB and a reduction in cell
proliferation.100 Changes in gene expression patterns were also observed in cells due to seeding
on substrates with geometric patterning through actomyosin contractility.101 Despite this wealth
of literature, the precise mechanism connecting the ECM to the nucleus through the actin
cytoskeleton, and alterations in gene expression still remains to be worked out in pluripotent
stem cells.

The Influence of Topographical Cues on Integrin and
Hippo Signaling
Cells are cultured in a multifactorial environment, which makes it difficult to fully assess the
influence that topographical cues exert on stem cell fate. Utilizing materials with different
stiffness, chemistry, surface coatings, and culture media can affect cell culture outcomes and
potentially mask topographical influences. This is further complicated by the interconnectedness
of topographies with wettability and even stiffness,102 both known to be major influencers in
stem cell self-renewal and differentiation.103–105 Nevertheless, the influence of topographies can
be independent of wettability as shown in the studies of Jaggy et al. and Jeon et al.45,46
Despite this environmental complexity, trends can be seen across multiple studies, for example,
comparing different material roughness levels on stem cell maintenance shows that a smooth
surface performs equal or better then nanoscale levels,42,44–46 and outperforms microscale
roughness.44 However, when combining both micro and nanoroughness, stem cell self-renewal
was promoted, compared with a flat and nanorough surface.46 On the nanoscale level, promotion
of stem cell pluripotency is possible through the use of repetitive crystal structures48 or pillars,47
illustrating that besides size, other feature parameters such as symmetrical patterns can have an
important effect on cell fate. Microtopographical cues can support a pluripotent phenotype, yet
this is very dependent on feature parameters. In the study of Markert et al., higher features are
supportive for self-renewal among the distance of the patterns,50 whereas in the study of Reimer
et al., a lower pattern density is associated with pluripotency.49 The use of grooves or ridges in
both micro and nanoscale dimensions are generally associated with promoting differentiation of
pluripotent cells.55–58,65,106
In the previous sections, we emphasized the role of integrin signaling and specific topographical
cues on ESC and iPSC cell fate. Activation of integrin signaling is associated with loss of
pluripotency,69 and topographies could influence this signaling through the focal adhesion kinase
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(FAK).107 Cells grown on surfaces with low roughness promote pluripotency, show less focal
adhesions, and reduced aligned actin stress fibers (Figure 2).47 Furthermore, increased
phosphorylation of FAK, vinculin, and increased actomyosin contractility is associated with the
induction of differentiation through the activation of its downstream signaling pathways.45,46,108–
110 Topographical cues can also alter the spatial arrangement of FAKs and negatively influence
pluripotency.42 Furthermore, spreading of pluripotent cells is associated with increased integrin–
matrix interactions and loss of self-renewal.69,111,112 The wettability of the substrate is associated
with cell spreading and increased FAK formation,113,114 making this an important parameter in
cell culture studies. Considering this, micro- and nanotopographical surfaces are known to
influence adhesion characteristics of pluripotent stem cells.42,45,48,50,115
FAK signaling can regulate MSC differentiation as well, and can guide differentiation towards
the osteogenic lineage through the activation of canonical and noncanonical signaling pathways
mediated by cytoskeleton reorganization,108–110,116 whereas a decrease in FAK presence is
associated with a higher potential to differentiate toward the adipogenic lineage.107,117 Also in
this context, differentiation can be mediated by nanotopographical cues.107,118
We previously elaborated on the role of actin-myosin dynamics and Hippo signaling in ESC
pluripotency and differentiation. The downstream transcriptional co-activators, YAP and TAZ,
are mechanosensitive barometers of the cell118,119 and are affected in MSCs by both surface
stiffness and forced spreading,88 influencing their differentiation capability.120 The effect of these
substrates and topographical cues on YAP and TAZ in ESCs and iPSCs have been less
investigated. Nevertheless, topographical features are capable of enhancing the osteogenic
differentiation of MSCs by increasing cell attachment, actin rearrangement, and promoting the
activation of the YAP/TAZ signaling pathway.121 Specific nanopatterns that are optimal for
inducing osteogenic differentiation showed enhanced YAP activity when MSCs were cultured
on such surfaces.122 Nanotopographical features were also shown to promote the differentiation
of hESCs and iPSCs into pancreatic endocrine cells123 and neuronal cells,124 through the
regulation of the nucleocytoplasmic localization of YAP/TAZ.
In recent work by Abagnale et al., where nanoscale ridges support BMP4-induced differentiation
of iPSCs, the spatial distribution of TAZ was colocalized with actin filaments and cell material
adhesion sites when culturing iPSCs on nanogrooves.65 These studies support the notion that
YAP/TAZ pathways can play a role in transmitting topography-induced mechanical cues for
pluripotent stem cells.

Relevance to Tissue Engineering and Regenerative
Medicine
Human tissues are made up of many types of cells, which in turn interact with a variety of ECM
proteins. The organization of the ECM in each tissue and organ varies from nano to microscale
proteins with different feature sizes. Micro- and nanoscale proteins from the ECM transmit
chemical and physical cues to cells controlling various behaviors, including their adhesion,
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proliferation, migration, and differentiation. Therefore, topography-guided approaches that
attempt to mimic the natural ECM has become a field of topical interest, with the aim of
optimizing the generation of 3D artificial tissue grafts from stem cells.125–128
Substrates with topographical features can be beneficial in the field of tissue engineering, with
noteworthy examples, including improving tissue–implant interaction,129,130 generation of
cardiomyocytes from iPSCs,131 improving the retention time of transplanted cells and their
integration into the host tissue,132,133 generation of mature muscle patches,134 and improving the
process of skin regeneration.135 Altogether, these reports strengthen the notion that
topographical cues can help direct cell fate down a specific lineage and that patterned surfaces
can be employed efficiently in the field of regenerative medicine.

Open Questions and Future Directions
During development, ESCs do not develop in an independent and isolated fashion. Instead, they
respond to and interact with various biological, chemical, and physical cues. To further our
fundamental understanding of embryonic development (and its relation to particular
pathologies), as well as design improved in vitro culture methods to advance the field of
regenerative medicine, more in-depth studies are needed to unravel the role of the ECM in ESC
behavior. It is important to note that due to the complex interplay between ESCs and ECM and
the large number of ways in which the ECM can be modified, combinatorial, high-throughput
screening approaches, typically used for drug discovery in the pharmaceutical industry, will offer
novel opportunities (defined as ‘‘materiomics’’).136 Recently, with the emergence of micro and
nanotechnologies, novel platforms have been developed to systematically probe the cellsubstrate interface using cell size limiting adhesive islands from fibronectin,14 patterned surface
pits,15 patterned cell shapes,101 or varying matrix elasticity or stiffness.11,137 Taking this a step
further, others have developed platforms to independently and simultaneously manipulate two
cell–ECM interfacial properties, such as cell size and cell shape,13 or ECM stiffness and pore
size,138 and investigate their influence on cell behavior. Moreover, to systematically study large
numbers of surfaces, the platforms mentioned above are being miniaturized, enabling highthroughput screening of surface topographies50,139 or chemistry.140,141
Altogether, with the development of combinatorial high-throughput techniques, developing
advanced data mining techniques and system biological models are essential tools to identify
patterns in the data, generate novel hypotheses, and to perform in silico experiments for a wide
range of different conditions. Several examples in the literature exist such as (dynamic) models
of gene regulatory networks that allow exploring reprogramming strategies,142–144 computational
models of autocrine and paracrine signaling to determine the soluble factors essential for mESC
survival in vitro,145 and computational fluid dynamics models to optimize the culture conditions
to promote efficient cardiogenesis of hydrogel encapsulated ESCs in a rotating bioreactor.146 For
more detailed information on computational modeling, we refer the reader to the following
excellent reviews.147–149
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In summary, although it is clearly recognized that the ECM plays an important role during
embryonic development, several outstanding questions remain. What are the molecular
mechanisms that underlie ECM sensing, and how do they interact? How do these
(mechanobiological) pathways change during embryonic development and lineage specification?
Are these pathways conserved among different species, and if so, what can we learn from this?
Finally, how can we harness these mechanobiological cues to advance current scientific and
clinical models of embryonic development?

Conclusions
A key component to successfully translating regenerative therapies from the bench to the bedside
is an in-depth understanding of early embryonic development. In this review, we have detailed
how mechanical properties of the ECM affect the pluripotency of the ESCs, in addition to a
myriad of well-studied soluble factors, including growth factors and cytokines. It appears that
the effect of mechanical cues (such as topography) that replicate the conditions within the
developing embryo, favor ESC maintenance. Interestingly, although the influence of mechanical
cues is well recognized, the exact underlying molecular mechanisms are poorly understood in
the context of stem cells. However, as the field progresses through the development of new
tools to study the cell-material interface, details of particular signal transduction pathways will
emerge. As such, we believe that interdisciplinary collaborations of material scientists and
developmental biologists will have great potential to illuminate the fundamental questions on
ESC behavior and improve existing regenerative therapies.
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Abstract
In the field of regenerative medicine, optimization of the parameters leading to a desirable
outcome remains a huge challenge. Examples include protocols for the guided differentiation of
pluripotent cells towards specialized and functional cell types, phenotypic maintenance of
primary cells in cell culture, or engineering of materials for improved tissue interaction with
medical implants. This challenge originates from the enormous design space for biomaterials,
chemical and biochemical compounds, and incomplete knowledge of the guiding biological
principles. To tackle this challenge, high-throughput platforms allow screening of multiple
perturbations in one experimental setup. In this review, we provide an overview of screening
platforms that are used in regenerative medicine. We discuss their fabrication techniques, and in
silico tools to analyze the extensive data sets typically generated by these platforms.
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Introduction
A challenge in regenerative medicine is to control the complexity of biological systems. Advances
have been made to control cell behavior leading to clinical applications e.g., the differentiation of
pluripotent cells towards primary cells 1 or the use of bioactive graft materials 2. Many
opportunities and challenges remain, such as the high incidence of catheter implant infections 3,
the foreign body response against biomaterials 4, and the standing challenge to engineer
functional tissues and organs ex vivo. Progress in these and other fields of regenerative medicine
can be expedited if we can overcome current limitations in material design and increase our
knowledge of biomaterial-cell interactions. Materials need to meet some requirements, for
example, durability is a crucial factor in determining the success of the implant when supporting
or replacing tissues 5. At the same time, materials should not be cytotoxic or cause long-term
harm in the body, as is often seen with breast implant ruptures or pathological encapsulation 6.
Furthermore, cell-biomaterial interaction should favor matrix deposition that allows optimal
implant integration. Both physical and chemical properties can affect cell behavior. For example,
a promising approach for bone tissue regeneration is the use of calcium phosphate particles, of
which both chemistry (calcium phosphate) and structural properties (surface roughness) activate
transcriptional profiles associated with bone induction 7. This also reflects a challenge in finding
the most optimal material design due to a large number of design parameters. For example,
hundreds of different chemical compositions exist of the biocompatible and clinically applied
material polyurethane 8.
To address the issues associated with incomplete information on both the biological and material
side of the interface, methodologies that vary a large number of perturbations in one
experimental setup can rapidly increase knowledge. Below, we highlight the potential of
screening approaches where biology, material engineering, and computational science converge.

Biomaterials for High-Throughput Applications
During development and in the adult body, cells receive a wide variety of signals from their
external environment. Therefore, much research focusses on appropriately controlling cell
signaling in vitro for guiding cell behavior. This is not trivial because cells in standard culture
conditions are exposed to different stimuli compared to physiological conditions. For example,
standard culture media contains animal-derived serum, thus exposing cells to a-physiological
cytokines and growth factors. In addition, flat tissue culture polystyrene has unique chemical and
physical properties, which influence cell behavior. Therefore, it is not surprising that transferring
cells from their native environment into cell culture often leads to substantial loss of in situ
phenotypical identity. For example, chondrocytes that maintain cartilage homeostasis, quickly
lose morphological characteristics and chondrogenic gene expression when cultured on tissue
culture plastic 9. Although an undesirable result, this does indicate that the chemical and physical
properties of the substrate on which cells grow has a profound effect on cell physiology and
shows that we can use these properties to tweak cell behavior. In this section, we discuss different
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cell-biomaterial interfaces in a high-throughput setting in which large numbers of possibilities in
chemical, biochemical, and structural biomaterial designs are used to control cells.

Surface Structures
Standard cell culture is carried out on flat surfaces. For cells, this is fundamentally different from
their native 3D tissue environment. Therefore, physical cues in the form of surface structures
are a promising tool for controlling cell behavior. However, a challenge is identifying the most
optimal surface design that elicits a particular response. Surface structures can be constructed in
variable height profiles, in a disordered or ordered manner, with different geometries, or by
combining multiple profiles, thus creating hierarchical structures. Screening approaches can
provide essential insight into this highly complex design space. In Figure 1, we provide the
reader with a visualization of some high-throughput platforms, which we will be discussing in
this section.

Figure 1: Examples of different surface architectures. A) SEM images of a surface containing
roughness levels of 68 +- 30 nm. Scale bars: top image, 5 μm; middle image, 500 nm; bottom image, 100
nm. These hierarchical micro- and nanoroughness levels can promote ESC pluripotency. Adapted with
permission from 15. Copyright (2015) American Chemical Society. B) AFM image of groove structures
with a groove width of 350 nm (up) and 5 µm (down) known to modulate neuronal differentiation.
Adapted with permission from 211. Copyright (2013) Elsevier. C) Upper image represents a SEM image of
the TopoChip platform, a high-throughput platform containing 2176 unique micro-structural designs of
10 µm height and separated by walls of 30 µm. The bottom image represents the nanoTopoChip, a highthroughput platform containing 1246 unique nano-structural designs separated by walls of 30 µm. Adapted
with permission from 52. Copyright (2017) Elsevier.
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Roughness
Surface roughness can be regarded as topographies with randomly distributed height patterns in
micro- or nanometer dimensions. This random feature distinguishes itself compared to other
surface types, where the topographical dimensions are precisely controlled. Material roughness
is mostly associated with bone tissue engineering and can be introduced to the surface by
sandblasting and acid-etching, resulting in superior osteo-integrative capabilities compared to
smooth surface titanium implants 10,11. It is, therefore, not surprising that osteoblast-like cells
and MSCs demonstrate improved osteogenic differentiation potential on rough surfaces 12,13.
Also, calcium phosphate surfaces that closely mimic the bone microenvironment, both at a
chemical and topographical level, improve the osteogenic potential of MSCs 14 and the
osteogenic cell line MG63 7. Roughness is utilized for studying other types of cell-material
interactions as well. Here, it is interesting to mention that for embryonic stem cells, materials
with combined micro- and nanometer roughness 15 or nanometer roughness alone 16 promotes
pluripotency. Also, proliferation capabilities can improve on nanorough materials, as shown for
endothelial cells 17.
For surface roughness, screening is limited to gradient formats due to their simple design.
Through the use of gradients, increased roughness coincides with enhanced proliferation for
osteoblasts, while showing the opposite effects for fibroblasts 18. For osteogenic differentiation,
an optimal roughness niche was identified for MSCs 13.
Curvature
Curvature can exist as concave (inward curve) and convex shapes (outward curve). Curvature
can influence MSC migration and differentiation 19 and is a useful tool for studying
mechanobiology 20,21, since similarities can be found between curvatures in vitro and in vivo 22. The
effect of curvature on cell behavior is studied in a screening format through the use of wrinkles,
for instance, by Zhou and colleagues, who used wrinkles in nanometer dimensions to optimize
parameters for osteoblasts attachment 23. This concept can be expanded in micrometer
dimensions and in a 96-well plate format allowing the possibility for combining curvature with
different culture media combinations 24. Furthermore, combinations with other perturbations is
achievable through coating wrinkles with, for example, inorganic biocompounds 25.
Grooves
Grooves are continuous lines with variable dimensions across the material surface, which are
mainly associated with contact-guidance of cells, i.e., they influence cell orientation. Besides
orientation, other cell morphological characteristics such as cell area are affected depending on
the proximity and depth of these grooves 26. In general, grooves can be build in micro- and nano
dimensions with varying height profiles, of which both the grooves and ridge length are variable,
and even in hierarchical format combining both dimensions 27. Grooves can also be placed in
perpendicular orientations, which allows the construction of gratings that, depending on the
dimensions, gives rise to more complex topographical surface structures.
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Microgrooves influence cell behavior in very distinct ways. For example, an increase in global
histone acetylation resulted in improving the reprogramming process of fibroblasts towards
iPSCs 28. Grooves influence the differentiation potential of pluripotent cells, with nanogrooves
guiding BMP4-induced differentiation of iPSCs 29, the differentiation of ESCs into neurons 30,
and the differentiation of astrocytes into glia-like cells 31. Furthermore, phenotypical
characteristics of primary cells can improve on grooves. This is demonstrated by the increased
expression of tendon-related genes in tenocytes when cultured on nanogrooves 32. A similar
observation was found with microgrooves, which besides cellular alignment, also aligned
collagen-I, the main protein component of the tendon 33. A similar concept was applied for
neuronal cells, where axonal outgrowth orientates according to the grooves direction 34. Both
examples can mimicking the in vivo tissue organization, a useful property for tissue-engineering
applications.
Because the dimensionality of grooves is strongly variable, screening approaches have been
implemented to determine which dimensions are best suited for obtaining a particular cell
phenotype. This is illustrated by a screening platform containing 25 units with grooves and ridges
in different micrometer dimensions, termed the polyimide (PI) chip. The PI chip was used to
identify groove structures that stimulate adipogenic or osteogenic differentiation 26. The
integrated mechanobiology platform (IMP) utilizes gratings and grids in a 96-well plate format,
thus enabling the use of molecular biology analysis tools such as qPCR or ELISA. The pitch size
of the gratings varies between 500 and 3000 nm, while on the grid geometries the trench width
can be varied between 100-300 nm. This platform was used to demonstrate that surface
structures can influence IL-2 secretion in T cells, an important cytokine 35. A screening platform
containing both variable micro- and nano grooves is the multi-architectural chip (MARC). It is
noteworthy to mention that this platform contains only 18 surface structures, yet besides grooves
also contains pillars and pits, thereby creating a broad surface diversity. Surfaces from the MARC
were identified that promoted differentiation of neural progenitor cells 36 and ESCs 37 towards
either adult neurons or glial cells. Differentiation towards dopaminergic neurons 38 was
associated with anisotropic patterns (gratings), while isotropic patterns (pillars and wells)
supported glial differentiation.
Complex topographies
Topographies can be designed and produced in increasing complexity at both the micro- and
nanometer scale. With complexity also comes larger numbers of potential designs. These
designer topographies can, as roughness, curvature, and grooves do, profoundly influence cell
behavior, as illustrated by the influence of disordered nano-topographies on MSC differentiation
towards the osteogenic lineage 39. The height of topographies influences cell phenotype, as
shown for nano-topographies with high aspect ratios that support ESC differentiation towards
the endoderm lineage in contrast to smaller topographies 40. Besides enhancing differentiation,
pluripotency can also be supported by nano-topographies in honeycomb and hexagonal
configurations 41. These examples demonstrate that a large variation exists in the topographical
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design space, emphasizing the need for high-throughput approaches to find the most optimal
surface structure for a given application.
As a first example, the micro-topographical BioSurface Structure Array (BSSA) contains 504
unique topographical designs with variable spacing between circles or squares, and with variable
heights of 0.6, 1.6, and 2.4 µm. This platform has been used to explore the effect on osteogenic
differentiation with positive results obtained for an osteoblastic cell line 42 and dental pulp MSCs
43. Also, topographies were identified that promoted the pluripotency of ESCs 44. Besides these
studies, the BSSA platform found that topographies influence the proliferation of chondrocytes
and fibroblasts 45,46.
A high-throughput platform designed by our group, known as the TopoChip, is a 2x2 cm2
platform containing 2176 unique micro-topographies and 4 flat control surfaces 47. The in silico
design of these topographies uses three primitives: circles, triangles, and squares. Combining
these primitives while varying the number, size, and orientation leads to millions of potential
designs. The platform has been used extensively for studying the behavior of cells on microtopographies while enabling the identification of design parameters associated with a desired
phenotype. We identified micro-topographies that promote enhanced clonogenicity of
pluripotent iPSCs 48, augment differentiation of tonsil-derived MSCs towards fibroblastic
reticular cells 49, improving the osteogenic potential of MSCs 50, or improve phenotypic
maintenance of tenocytes 51. In addition to the TopoChip, a nano-topography version was

Figure 2: Multiplex ELISA applied in combination with the TopoWell Plate, a high-throughput
platform. Applying a multiplex ELISA targeting 8 cytokines and growth factors on this platform
allowed inferring if these micro-topographies influence the cell secretome. A) The TopoWell Plate
contains 87 unique surface topographies and 9 flat surfaces as a control. Seeding kidney derived
perivascular stromal cells on these surfaces induces a large variety in morphological characteristics. B)
Heat map visualization representing the influence of each topography on the expression of these
cytokines and growth factors. Through clustering algorithms, micro-topographical surfaces can be
grouped based on their secretome profile. Adapted with permission from 54. Copyright (2018) Nature
Publishing Group.
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created with 1246 unique designs 52. Furthermore, a 96-well platform was developed with each
well containing a unique micro-topographical design, enabling other experimental techniques
such as ELISA, qPCR or western blot 53. Combining this so-called TopoWell platform with
multiplex ELISA allowed us to associate the secretion profile of mesenchymal and perivascular
stromal cells with topographical design and cell shape 54 (Figure 2).

Surface Biochemistry
Cells interact with their surrounding tissue matrix in vivo. Some of these interactions are mediated
by cell adhesion molecules called integrins, which recognize and bind peptide motifs present in
proteins of the surrounding matrix. The RGD sequence is such a well-known peptide motif and
is found on multiple matrix proteins, including fibronectin and fibrinogen 55. Integrins are also
capable of specifically recognizing the matrix proteins collagen-I 56 and laminin 57. Matrix
proteins can be presented to cells as a coating and lead to different modes of attachment and
signaling. For example, a combination of laminin and poly-L-lysine coating improves the
differentiation of PC12 cells towards neuron-like cells 58. Also, a collagen-I or poly-D-Lysine
coating supports pluripotency of ESCs, while laminin or fibronectin activates integrins and
downstream pathways associated with differentiation 59.
Besides uniform surface coating, it is possible to create patterned areas with the matrix protein
of interest. One strategy is to produce a hydrophobic, cell-repellent surface with islands of matrix
proteins, with cells adhering only to protein-containing areas and adjusting their morphology
based on the pattern design. The effects of matrix compositions and morphology on cell
phenotype can thus be investigated. One of the earliest attempts to utilize this system is from
the mid-’90s and involved laminin islands with different surface areas. The authors demonstrated
that pattern design influences cell spreading and proliferation 60. Later, it was shown that the
differentiation potential of MSCs is altered when cultured on adhesive islands. Cells grown on
smaller patterns had a stronger tendency for adipogenic differentiation, while a larger surface
area favors osteogenesis 61. Besides MSCs, the differentiation potential of other stem cell types,
such as epidermal stem cells, can be influenced by utilizing adhesive islands 62.
Due to the large number of matrix components, their possible combinations, and the large
pattern design options, high-throughput methods offer an ideal opportunity to find the most
optimal biochemical environment. An interesting example is a study where the effects of 32
different combinations of collagen-I, collagen-III, collagen-IV, laminin, and fibronectin on
hepatocyte phenotype and differentiation of ESCs towards hepatocyte progenitor cells was
determined. The approach found that certain mixtures of ECM compounds had positive
synergistic effects on hepatocyte phenotype and ESC differentiation 63. In Figure 3 A-C, we
provide the reader with a visual representation of this ECM compound array. In another study,
an array of 18 peptide-terminated SAM array elements, each with a unique laminin peptide
sequence, allowed determining which sequence is responsible for promoting ESC pluripotency
64. Besides utilizing matrix proteins, extra complexity can be added by including signaling
proteins such as growth factors. This was accomplished on an array platform with 44 different
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combinations of signaling proteins, on which ESC neurogenic differentiation was investigated
65. In a similar study, an array of 25 different substrates was used to find that the effect of growth
factors was modulated depending on the underlying matrix compositions 66.
The examples above illustrate the usefulness of screening matrix compounds, especially in
combination with soluble cues. Concerning the dimensions of these adhesive islands, we reason
that varying this in a high-throughput matter can be of substantial biological importance,
especially when including different matrix compounds are included. Research in this niche can
easily be accomplished by utilizing the same lithographical masks for the fabrication of other
high-throughput biomaterial technologies. We recently developed such a high-throughput design
with RGD peptides based on the TopoChip design (Figure 3 D-E).

Figure 3: High-throughput screens involving ECM compounds. A) Life/Death assay on
hepatocytes cultured on an array of 32 different ECM compositions. Scale bar represents 1 mm. B)
High-magnification phase-contrast and C) Fluorescent image of a single island. Green represents
calcein AM and blue the nucleus through a DAPI counterstain. Scale bars represent 50 µm. Adapted
with permission from 63. Copyright (2005) Nature Publishing Group. D) RGD islands in a high
throughput platform in geometric shapes of varying parameters. The design is based on a mask for
creating the TopoChip platform. Scale bar represents 100 µm. E) CellPaint assay on BM-hMSCs
grown on this substrate allows studying the influence of different densities of RGD islands on cell
morphology in a high-throughput and high-content format (picture courtesy of Urandelger
Tuvshindorj from the MERLN Institute, Maastricht University).
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Surface Chemistry
Surface chemistry has a strong effect on cell behavior and can be used to endow medical implants
with specific bio-active properties. However, the relationship between surface chemistry and cell
response is difficult to model. Therefore, high-throughput strategies to study the effect of surface
chemistry on protein adsorption or cell function are of great interest. In cell culture, surface
chemistry has a strong effect on cell behavior. Standard cell culture is carried out on tissueculture plastic, which is an oxygen plasma-treated polystyrene material. Oxygen treatment
changes the chemistry of the material by incorporating oxygen radicals, which hydrophilizes the
surface, thus improving cell-substrate attachment 67, cell-cell contacts 68, and proliferation 69.
Through lithography, this concept can be implemented for creating shapes that facilitate cell
attachment 70,71. Also, gradients can be produced to find the most optimal oxygen incorporation
and roughness level for a particular phenotype 72. The link between surface chemistry and the
response it elicits on cells may be through differential deposition of serum matrix proteins such
as fibronectin that adsorb on the substrate 73. Surface chemistry can change the conformational
structure of fibronectin, which in turn affects the binding affinity to integrins and thereby
influences cell adhesion 74. Nevertheless, surface chemistry might affect cell behavior directly
through new and unknown mechanisms or mimic the effect of biological molecules, similar as
seen with small-molecule screens.
A large variety of monomers exists, the building blocks of polymers. These monomers can be
combined through chemical reactions into various polymers with different chemical and physical
properties. The amount of possible polymer variation is enormous, which is illustrated in a highthroughput study where 576 novel polymers were created by different combinations of 25
monomers, each carrying the same chemical acrylate backbone 75. Besides acrylates, other
polymers exist that are popular for biomedicine applications such as polyesters and
polyurethanes (PU), which are biocompatible and biodegradable. For PU, a polyurethane library
was created with 278 different glycol backbones for studying their effect on wettability 76. A
similar approach was utilized with 44 different poly-acrylates for determining their affinity with
fibrinogen 77. An overview regarding the different polymers used for biomedical applications
and their advantages and disadvantages is excellently reviewed elsewhere 78.
The previously presented examples did not involve cell-based experiments. Cell behavior can
give a more accurate representation of the in vivo properties of the surface chemistry on tissue
engineering constructs and medical devices by measuring properties such as toxicity, adhesion,
and matrix deposition. For example, by utilizing 60 different polymers based on different
combinations of polyurethane, polyols, diisocyanates, and variable chain extenders, their
compatibility with epithelial cell adhesion was determined 79. Also, in an extensive highthroughput manner involving 1152 different polymers, the adhesion properties of these
polymers against MSCs, neuronal stem cells, and chondrocytes were studied 80. In this study,
only 24 polymers were blended, including PGLA and PLA, which are frequently used in
regenerative medicine. Cell adhesion of suspension cells can also be accomplished through
polymer coatings, as demonstrated in a study utilizing a library of 210 different polyurethanes
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and 58 polyacrylates. Here, the authors identified polymers that promoted adhesion and
proliferation 81.
Polymer composition can be also be used to control specific cell behavior in vitro, e.g., to improve
proliferation or stem cell differentiation 82. We mentioned before the construction of a library
of 576 polymers based on 25 different acrylate monomers 75. The same library contained
chemical compositions promoting endothelial differentiation of ESCs 83. Utilizing different
blends of PDLA and PCL, both FDA approved biomaterials, it became possible to influence
ALP levels of two osteogenic cell lines 84. In a library of 120 varieties of polyurethane, polymers
were identified that enabled the preferential binding of an MSC subpopulation with increased
osteogenic potential 8. Through a library of 141 homopolymers and 400 co-polymers, the effect
of these substrates on dental pulp stem cell differentiation was assessed 85. Of interest, the
authors managed to predict the behavior of these cells on the polymers tested through
computation models. Polymers also allow the phenotypic maintenance of primary cells, as
demonstrated by a screen utilizing a library of 380 different polyurethanes and acrylates 86.
Chemistry can influence the phenotypical maintenance of ESCs, as demonstrated in a study
applying 496 polymer blends based on 22 different acrylate combinations 87. Through in-depth
characterization of polymer properties, such as wettability, roughness, and elasticity, associations
were made with cell phenotype. In Figure 4, we provide the reader with high-throughput data
visualization from this study. Furthermore, they found that vitronectin from the culture media
adsorbed to the polymers, and resulted in a specific integrin-binding, which initiated the cell
signaling that promoted pluripotency. In parallel with the study, this research group studied
embryoid body adhesion on the same polymer array. Of interest is that here both the preadsorbed fibronectin and the bare polymer were responsible for controlling cell adhesion 88.
Another clinically relevant application are polymers with properties that prevent implant
infection. Based on the previous library for studying the behavior of ESCs and EB’s, structurally
related polymers were identified that resist bacterial attachment, which was further validated by
in vivo testing 89. Follow-up studies demonstrated a clear relationship between the chemical
composition of the polymers and antimicrobial properties 90. Also interesting to mention is that
the same group applied a “multi-generation” screening, whereby first homopolymers from a
library of 116 acrylate monomers were identified that resist antibacterial attachment 91.
Afterwards, these hit monomers were mixed in polymer format to conduct a second screen, after
which hit polymers were selected to make composite materials.
Until now, we focused on chemical characteristics that influence protein adsorption, cell
behavior, and microbial attachment. However, in the context of medical implants, degradation,
durability, and physiomechanical properties are relevant parameters for clinical performance as
well. Assessing these characteristics in a high-throughput context is a challenging endeavor,
which Kohn and co-workers achieved by simultaneously assessing the polymer structure of 144
polymers, their glass transition temperature, hydrophobicity, mechanical properties, and
fibroblast proliferation 92.
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Figure 4: Example of a visualization of a high-throughput platform mapping the biological
response of ESCs against 496 different polymers. Through measuring surface roughness,
elasticity, and wettability, functional relationships between surface characteristics and cell
phenotype can be measured. Here, a positive relationship between ESC colony formation and
moderate wettability was established. Adapted with permission from 87. Copyright (2010) Nature
Publishing Group.

Hydrogels
Hydrogels are a popular tool for guiding cell behavior through the possibility to simultaneously
control physical, chemical, and biochemical parameters. The main difference between the
previous paragraphs is that hydrogels can provide a 3D environment, thereby more closely
resembling the in vivo context of some tissue types. In hydrogels, molecules for cell signaling can
be attached to a flexible backbone with dynamic physical properties. This allows regulating the
stiffness of the gel, which is a crucial regulator of cell behavior, as demonstrated by the landmark
paper of Disher and co-workers 93. In this study, hydrogels that match tissue elasticity drives
MSC differentiation towards the matching cell types. Also, for pluripotency of stem cells, the
stiffness of the surrounding environment can be a crucial factor 94.
Since parameters such as biodegradability, biomolecule presentation, growth factor release, and
mechanical properties can be varied, high-throughput approaches help determine the most
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optimal parameters for controlling cell fate in hydrogels. This is demonstrated by a microwell
platform with modular stiffness, where individual microwells can be functionalized with a
different protein combination 95. Environmental niches promoting the differentiation of MSCs
and the self-renewal of neuronal stem cells were discovered with this platform. This concept was
further expanded by fluctuating stiffness levels, gel degradability, cell density, ECM compounds,
soluble factors, and cell-cell interaction components, thereby creating more than 1000 different
niche environments that were assessed on their potential for controlling ESC pluripotency 96.
Also, combinational arrays can be generated where polymer concentration, peptide
presentations, and growth factor concentrations are varied. This allowed the identification of an
optimal niche for myofibrogenesis in human mesenchymal stromal cells 97. The same group
further demonstrated that also mechanical stimulation can be applied on hydrogels in an array
format, whereby implemented sensors allowed monitoring the progress of hydrogel stiffness
changes in real-time 98.
Other material fabrication parameters that can be controlled in hydrogel synthesis are monomer
blending, pH, and crosslinker concentration. In an array system, 80 different polymer blends
where combined resulting in gels with different stiffness and elastic properties 99. Thermoresponsive properties are interesting for clinical applications because they can be used to release
cells from the hydrogel, for example, after injection. A high-throughput screen for identifying
thermoresponsive hydrogels was performed by Zhang and colleagues. The authors tested 2280
different polymer compositions and identified hydrogels with optimal properties for cell
attachment and temperature controlled release 100.
An exciting opportunity for clinical application is the use of hydrogels in microbead format. Due
to the small size of these beads, nutrient and gas exchange is facilitated, while cells are in direct
contact with a physiologically relevant matrix. In this context, the optimal elasticity of agarosebased microbeads was identified using a high-throughput approach 101. Similarly, a highthroughput screen identified optimal parameters for an MSC and hepatocyte co-culture inside
alginate-based microbeads 102. This study further found improved liver enzyme levels after
implanting these co-culture microbeads in rats, suggesting that the approach does have potential
clinical applications in the future for restoring tissue and organ function.

Micro-Fluidics and Droplet Technologies
Microfluidics is defined as the control of fluids in micrometer dimensions. By working in these
dimensions, microfluidics enables the control of experimental parameters in the cell size range.
Due to these small dimensions, microfluidics come hand in hand with lab-on-a-chip technology
and hold the promise of influencing a large number of parameters on a small platform. The
architecture of the microfluidic platform is modifiable and allows, for instance, dynamic control
of growth factor or cytokine gradients 103. Furthermore, it is possible to apply different surface
(bio)chemistries 104 and surface structures 105 inside the platform. Some platforms have included
stretching as a biological signal mimicking in vivo conditions 106. An extra layer of complexity can
be introduced through compartmentalization, in which different separate cell systems are
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connected, which moves the platform more towards an organ-on-a-chip concept. These
examples demonstrate that the microfluidic lab-on-a-chip concept is a highly versatile and
attractive platform for high-throughput research in a regenerative medicine context 107.
Micro-fluidics research in a high-throughput setting often involves the use of compound
gradients. For instance, drug screening was performed on cancer cells to asses their effect on
migration kinetics 108. In a similar approach, Zhang and colleagues utilized 3120 microchambers
to monitor migration in combination with anti-metastatic drugs 109. In a tissue-engineering
context, micro-fluidic constructions also made it possible to generate growth factor gradients to
study the differentiation of neural stem cells 110,111. In a 3D mesenchymal stem cell culture,
growth factor gradients with the most optimal concentration of TGF-β1 to induce
chondrogenesis were identified 112.
An emerging technological micro-fluidics application is the use of droplets that enable highthroughput analysis at the single-cell level. The technology is compatible with single-cell omics,
which is highlighted by a study with embryonic stem cells where the early onset of differentiation
was studied in droplets containing lysis buffer, reaction mix, and barcoded primers 113. Other
applications and techniques concerning droplet-based microfluidics for single-cell omics are
excellently reviewed elsewhere 114.

Small Molecule Screens in Regenerative Medicine
Libraries of bio-active compounds are a useful high-throughput asset in the field of regenerative
medicine to fine-tune growth and differentiation conditions of cultured cells. For instance,
compounds targeting pluripotent stem cell viability were identified in a screen utilizing
approximately 52,000 compounds 115, which can be applied to eliminate undifferentiated stem
cells before implantation. For directing cell fate, high-throughput screens are a useful tool to
identify novel compounds for stem cell differentiation or phenotypical maintenance. For
example, in a screen utilizing 4000 compounds, two small molecules were identified that allowed
80% of ESCs to differentiate towards the endoderm lineage, superior to the commonly used
proteins Activin A or Nodal 116. Also, ESC neuronal differentiation is inducible through small
molecules, as shown in a study employing over 100,000 compounds 117. For MSCs, highthroughput compound screening can be useful to identify molecules that improve MSC
differentiation potential. In a study with a library of 1280 small molecules, novel compounds
were found that improved the osteogenic differentiation of MSCs with equal efficiency as
reference osteogenic molecules such as dexamethasone, vitamin D3, and cAMP 118. In standard
conditions, ESCs are cultured on a fibroblast feeder layer and in the presence of serum. The
presence of xenogenic compounds limits clinical application due to potential immunological host
reaction, which is why researchers try to define a chemically-defined media composition. In this
context, a high-throughput screen with 50,000 compounds resulted in a culture of pluripotent
ESCs without a feeder layer, serum, and LIF 119.
Besides directing cell fate, small molecules are also useful to improve matrix deposition.
Through a screen of 1280 small molecules, compounds were identified that improved the
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development of a collagenous-rich matrix in the pre-hypertrophic chondrogenic cell line ATDC5
120. These small molecules offer translational perspectives for bone tissue engineering by utilizing
them in allografts for promoting endochondral ossification. Through applying the same library,
compounds were identified that mimic hypoxia, resulting in increased secretion of VEGF in
MSCs 121. These compounds can have useful tissue engineering applications because VEGF
secretion stimulates blood vessel formation.

The Screening Toolbox
The use of materials to support missing or diseased tissues is not a novel concept. Evidence
suggests that the ancient Mayans used nacre shells as a biomaterial to replace missing teeth 122.
Similarly, archeologists found clues that inhabitants of the ancient Roman Empire applied iron
as tooth replacement 123. Other evidence exists that in ancient Egypt inhabitants carried
prostheses 124. In present times, biomaterials are very important for a large group of patients,
where titanium hip replacements, stents for obstructed blood vessels, or hemodialysis devices
for blood purification can be regarded as significant achievements in the field. In the previous
section, we discussed how the properties of materials could be altered to control their bioactivity.
Next, we will discuss the technologies needed to engineer these materials.

Micro- and Nanofabrication of Surface Architectures
Lithography and Hot Embossing
Multiple methodologies exist to fabricate micro- and nanopatterns. In Figure 5, a schematic
overview illustrates the methods we used to construct micro-topographies of the TopoChip
platform 47,125, which is a good example of the different steps to come from design to the final
material. First, a mask is produced based on a design, which is subsequently used to produce a
mold using the technique of lithography. It involves the use of a sturdy and hard substrate such
as silicon or nickel, coating with a photoresist, and shining light through the mask. This mask
design corresponds with the topographical pattern, with the passing of UV light subsequently
dissolving the underlying photoresist. Next, acid etches the material while leaving the photoresist
intact. The duration of the etching step determines the height of the surface structures. After the
creation of the mold, the patterns are transferred to a new material that is either photo- or heatcurable. A commonly applied material is the heat-curable polymer polydimethylsiloxane (PDMS)
that requires a chemical initiator to harden over time. Typically, PDMS with the initiator is
poured over the master mold and fills the pattern cavities. After hardening, the PDMS is peeled
off, containing the replica patterns. PDMS can be used directly for cell-based experiments 126
and is a favorite tool in the microfluidics research field due to its high fidelity for pattern transfer
and excellent optical properties. Nevertheless, PDMS is chemically very different from
polystyrene, the golden standard for cell culture, which makes it difficult to compare research
results 127. Therefore, patterns can further be transferred into secondary and even tertiary
substrates, eventually also into polystyrene.
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Another popular method to transfer imprints into another material is through hot embossing.
Here, the material temperature is increased beyond the glass transition temperature, causing it to
soften. By applying pressure, patterns are transferred from the mold to the polymer. After
cooling, the material is peeled off the mold. Hot embossing is not compatible with every
polymer. For instance, direct embossing of polystyrene on a glass waver results in breaking or
deforming either the waver or PS due to high demolding forces 125. It is possible to directly apply
hot embossing on a PDMS substrate 128. However, the pressure might damage the PDMS
imprints in the long term. Therefore, as shown in the scheme, we used an intermediate between
PDMS and PS, called Ormamold, to transfer the imprints. Here, the Ormostamp is photo-cured
through UV radiation, polymerizing the monomers into a hard substrate that carries the negative
imprint. The same principles also allow the transfer of nano-patterns with high fidelity 52. Besides
PS, many materials are compatible with hot embossing, making this a highly versatile method
for fabricating surfaces, also in an industrial setting 129. The photo-curing concept to generate
Ormostamps can also be applied in a wide variety of tissue-engineering applications. The
technique can be harnessed for tooth replacement materials 130, and cell culture applications such
as the generation of scaffolds 131. Also, for hydrogels, photocuring is very popular due to the
possibility to regulate physical behavior dynamically. We refer the reader to a recent review that
provides a detailed description of these applications 132.
Figure 5: Schematic overview for
micropatterning stiff and brittle
polystyrene. Due to the high demolding
forces required to remove PS from the Si
waver, extra steps through a OrmaStamp
intermediate facilitates the transfer of the
micro-patterns. A) PDMS heat curing
and demolding on a silicon waver. B)
Ormostamp mold fabrication involving
UV curing on the PDMS stamp. C) PS
hot embossing on the Ormostamp.
Adapted with permission from 125.
Copyright (2017) Elsevier.
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Besides hot embossing, other specialized thermoforming techniques exist. For example, for
creating COC microwells inside a screening plate, pressure through an inert gas is applied in
combination with heating of the material 133. Another alternative is injection molding, whereby
heated material is directly injected in a mold. This technique finds applications in creating
biomaterials such as micro-fluidic platforms 134. A detailed review of the advantages of these
methods are reviewed elsewhere 135.

Protein and Chemical Patterning
Microcontact Printing
Proteins or polymers can be printed onto surfaces in any desired pattern. A commonly applied
method to accomplish this is through micro-contact printing. As we explained previously,
through lithography techniques, a PDMS stamp with surface structures can be generated. Such
a stamp is employed for transferring either matrix proteins or chemicals to a new substrate.
Patterns are thus generated when only the elevated PDMS regions come into contact with the
substrate. Pattern transfer can be accomplished directly, for example, by coating a PDMS
substrate with laminin, after which the laminin is transferred to another substrate by bringing
the substrate into contact with PDMS. Such an approach allowed the generation of adhesive
islands and subsequent cell patterning in a microfluidic chamber 136. A more indirect, yet
commonly applied strategy, is creating hydrophobic and hydrophilic regions that either allow or
disallow protein adsorption. A chemical used to produce these regions can be alkanethiol, which
forms self-assembled monolayers (SAMs) on gold 137. Alkanethiols transfer to the PDMS stamp
when dipped into a solution. When the PDMS stamp containing dried alkanethiol comes into
contact with a gold substrate, SAMs on this gold substrate will form according to the pattern
present on the PDSM stamp. After exposure to a second type of alkanethiol, new SAMs will
form between the first SAM patterns. Because end groups on the alkanethiols determine their
protein adsorption affinity, patterns of adhesive and non-adhesive regions are created. For
instance, methyl groups favor the attachment of proteins, while SAMs with ethylene glycol resist
protein adsorption. We provide the reader with a schematic representation in Figure 6.
Deviations in these chemistries are common, yet the same principle concerning the use of a
stamp is applied. This is demonstrated in a study documenting improved keratinocyte
differentiation through adhesive islands 62. A substantial advantage of the technique is that it
allows creating polymer patterns at sub-100 nm resolution 138. Furthermore, considerable
flexibility exists in the viscosity and type of ink chemistry used in the setup, which typically
already contains polymers through a mixture of monomers and initiators. For example, lightemitting diodes can be created by stamping a conductive polymer solution 139. Even the
construction of topographical structures is possible through a combination of polymers and
inorganic chemistry 140,141. For a detailed documentation of the wide variety of micro-contact
printing applications, we refer the reader to specialized reviews 142–144.
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Figure 6: Schematic overview for micropatterning proteins. A) A stamp is inked with an alkanethiol
and placed on a gold surface; the pattern on the stamp is transferred to the gold by the formation of an
SAM on the regions that contacted the substrate. The bare areas of the gold are exposed to a different
alkanethiol to generate a surface patterned with a SAM that presents different chemical functionalities in
different regions. B) The PDMS stamp can also be used as a master to mold harder polymers and generate
contoured surfaces. After evaporation of a layer of gold, these surfaces can be functionalized by μCP of
one alkanethiol with a flat stamp. The grooves of the substrate can then be exposed to an alkanethiol
presenting a different functional group to produce a contoured surface with patterned chemical reactivity.
Adapted with permission from 137. Copyright (1999) Elsevier.

Inkjet Printing
A disadvantage of microcontact printing is that it requires the fabrication of a lithography mask
to construct the patters of the stamp. This is time-consuming and also reduces flexibility if new
patterns need to be generated. An attractive alternative in this regard is the use of inkjet printers.
Here, primary monomers are typically first printed, after which a second monomer or initiator
is mixed with the first monomer, allowing in situ polymerization of the monomers 145. The
technique, therefore, not only allows flexibility in pattern design, yet can also create a broad
polymer diversity making this ideal for high-throughput studies. For example, inkjet printing
allowed designing 2000 different hydrogels, of which their functionality was analyzed for cell
adhesion and thermos-responsive release 100, and for screening 380 different polyurethanes and
acrylates for inducing a hepatocyte phenotype 86. Deviations usually exist by altering the
surrounding environment during the printing process. Polymerization reactions can be inhibited
when oxygen is present, or slow down the polymerization reactions, causing the formation of
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irregular spots. These considerations were taken into account in studies utilizing the printing of
hundreds of polymer spots for ESC differentiation 83 and antibacterial attachment 89 by utilizing
an argon atmosphere and a UV lamp to increase the polymerization speed. A disadvantage
compared to microcontact printing are restrictions in the physical parameters of the chemical,
such as high viscosity levels 146.
Photopatterning
Lithography can directly pattern polymer surfaces, a method that does not require etching of a
mold. For example, exposure of surface-bound benzophenone to UV light enables stable
binding with target molecules 147. Through this method, matrix proteins are covalently bound to
the surface for cell adhesion experiments. Previously, we have shown that the use of photoresists
is useful for micro-patterning, and the same principle can also be utilized for protein patterning
when the resist adsorbs proteins. Photomasks give precise control of the desired pattern and are
also applicable for high-throughput purposes without the need to fabricate a stamp such as in
microcontact printing 148.

Computational Techniques
High-throughput experiments are characterized by generating massive amounts of data. To mine
this wealth of data, know-how is needed to process data correctly. In this time of big data, the
need to handle it increases, and fortunately, more and more user-friendly bioinformatics tools
exist to process them. Computer languages such as R 149 and Python 150 are becoming more
accessible, thanks to interfaces such as R Studio 151 and Spyder. Also, numerous online learning
platforms such as Edx (https://www.edx.org), Coursera (https://www.coursera.org), and
DataCamp (https://www.datacamp.com) offer basic and advanced bioinformatics courses. For
high-throughput imaging experiments, which can quickly amount to thousands of images, userfriendly software such as Cellprofiler and Fuji exist for handling large quantities 152,153. Machine
learning algorithms to correlate the experimental design variables to phenotypical outcomes can
be handled by software such as Rapidminer 154. In this chapter, we provide the reader with an
overview and description of how these computational techniques facilitate the analysis of highthroughput data.

Batch Effects
Data derived from high-throughput technologies is prone to batch effects due to data retrieval
from multiple time points or different experimental conditions. This leads to technical variations
in the data, resulting in biases and misleading conclusions. Batch effects can occur through the
performance of experiments by multiple operators, the use of different laboratory equipment,
and variations in serum or growth factor batches and other reagents. Biological factors can also
play a role. For example, the use of different stem cell donors can influence experimental
outcomes, as illustrated by Siddappa et al., demonstrating that the differentiation potential of
MSCs can vary between donors 155. Although batch effects can occur in any experimental setup,
finding batch effects is easier for high-throughput and high-dimensional data. Examples of the
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identification of batch effects in scientific studies are found in an interesting review by Leek et
al., where methods are described to correctly handle data influenced by batch effects 156. An
example of such a method is surrogate variable analysis, which demonstrated its usefulness for
overcoming heterogeneity in gene expression studies 157. Also, batch effects in high-throughput
applications can be identified by machine learning techniques like clustering analysis and PCA,
which will be discussed further.

Image Processing
Imaging is a particularly suitable technique for obtaining high-throughput data and is facilitated
by microscopes that can take thousands of images in a matter of hours. Our group applied this
technique multiple times on the TopoChip platform that contains a total of 4352 topographical
units on a 2 cm2 surface 49,51,158. A limitation is that usually, only a few proteins are targeted due
to the spectral overlap of the applied fluorochromes. However, for improving the information
content of images, techniques such as CellPaint allow staining multiple cell organelles besides
the classical nuclear or actin staining 159. To analyze the large number of images that are typically
generated, software scripts such as in Matlab can identify and quantify both cell morphology and
intensity features of the images 47. However, also open access software such as CellProfiler allows
image processing both in 2D and 3D while enabling the extraction of highly dimensional data
160. Examples of applications include the segmentation of nuclei and quantifying DNA content
in an RNAi library screen 161, or measuring protein levels in both the cytoplasm and the nucleus
during differentiation events 162. Also, in immunohistochemistry images, CellProfiler identified
CD4+ and CD8+ T cells in human tissue samples 163 and quantified the amount of CD4+ cells
in patients with chronic graft-versus-host disease for determining disease severity 164.
The algorithms that allow pattern recognition are continuously improved. A promising and
emerging strategy in this regard is the use of deep learning algorithms. This machine learning
approach allows superior nuclei segmentation across multiple image types 165,166. Furthermore,
it can be applied in a high-throughput context for identifying cellular phenotypes 167. In the clinic,
deep learning algorithms are beneficial for the automated detection of acute lymphoblastic
leukemia cells 168, tumors 169, and polyps 170. Since the creation of these scripts requires a
specialist to develop them, the application by biologists and clinicians is typically performed
through software such as U-Net 171. CellProfiler also offers modules for applying pre-trained
neural network models for cell segmentation 172, assessing the quality of images 173, and tracking
cells during live-cell imaging 174. In the future, more of these algorithms will become available,
which, in combination with user-friendly software, will further increase the possibilities and
quality of image-based studies. We further refer to two recent reviews that describe in detail the
use of deep learning for cellular imaging 175 and medical image analysis 176.
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Machine Learning
Besides applying deep learning in imaging studies, also other machine learning algorithms are
useful in a high-throughput context. For example, when we would like to understand which and
how strong experimental variables contribute to an observed effect. This effect can be a
phenotypic condition, with the input parameters being a wide variety of different materials or
polymers. Through machine learning, meaningful relationships between input and output
variables can be identified and visualized with the possibility to predict outcomes. Furthermore,
machine learning approaches such as PCA allows dimensionality reduction, thereby enabling to
filter out irrelevant data from datasets. In this section, we describe how machine learning
algorithms benefit high-throughput data analysis. We also refer to a recent review from our
group on the use of machine learning algorithms in a biomaterial context 177.
Regression Analysis
A classical machine learning approach for measuring cell-material interactions is through linear
regression. This method employs a best-fit line whereby the distance between the actual and
predicted measurements is minimized. This allows determining and quantifying significant
correlations between the input (independent) and output (dependent) variables enabling the
prediction of outcomes (Figure 7A). More complex methodologies exist, such as multivariate
linear regression with more than one independent variable. The following examples show how
regression models are useful for regenerative medicine applications. A regression method was
used for inferring if the output from magnetic resonance imaging correlates with
glycosaminoglycan content of different engineered cartilage constructs 178. Through multivariate
linear regression, optimal polyurethane compositions were identified against microbial
attachment 179. Similarly, regression models allowed identifying the effect of antibacterial
attachment of ions in a polymer array 89.
Classifier Algorithms
For some applications, it might be important to classify observations according to specific
criteria. This is useful for determining if an email should be classified as spam, or for identifying
plant species based on a picture alone 180. Here, classifier algorithms are trained for determining
which characteristics correspond best with a specific category. Usually, two subsections of the
data are taken, one for training the classifications and one for evaluating the performance of the
classifier. Many classifier algorithms exist; these include k-nearest neighbors 181, random forests
182, support vector machines (SVM) 183, and the before mentioned deep learning 184. These
algorithms are particularly well suited for high-throughput applications. For example, besides
useful for image processing, deep learning classifiers allowed modeling and predicting which
polymer characteristics are associated with embryoid body cell adhesion 185. In our group, we
applied random forest algorithms for identifying which topographical features are associated
with a particular phenotype (Figure 7B) 48,50,51.
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Cluster Methods and Dimensionality Reduction
For understanding and visualizing complex data acquired from high-throughput experiments,
clustering analysis is an essential computational approach. This method groups data points based
on similarity and is therefore useful for identifying surface structures or polymers with similar or
unique effects on cell behavior. An example of such a cluster method is called k-means clustering
186. k-means is a relatively simple algorithm adapted in many scientific disciplines. Applications
include grouping differentially expressed genes together to allow visualizing and identifying
genes associated with the different developmental stages of the kidney 187. Similarly, in embryonic
stem cells and trophoblasts, genes associated with pluripotency and lineage specificity can be
clustered and distinguished 188. However, k-means suffers from some drawbacks, since the user
has to choose the number of clusters beforehand, leading towards potential biases. Furthermore,
highly dimensional data is challenging to analyze through the k-means method as well as for
similar clustering approaches such as fuzzy c-means 189.
An alternative is hierarchical clustering. Here, all data points are split into two clusters that share
the least similarity based on Euclidian difference. This process is repeated until each data point
is divided into a cluster, creating a tree-like graph. We previously mentioned the TopoWellPlate,
where the influence of a large variety of surface structures on the secretome of MSCs was
investigated 54. Through hierarchical clustering, we grouped surfaces from the TopoWell plate
that exert similar or unique effects on the secretome profile of MSCs. In a similar approach, yet
with polymers instead of surface structures, and microarray data instead of multiplex ELISA, the
effect of different polymers on gene expression profiles in MSCs was assessed through clustering
190. Multiple variations in clustering algorithms exist, of which we refer the reader to a specialized
review discussing their advantages and disadvantages 191.
Datasets that are large in dimensionality can have adverse effects on cluster algorithms 192. This
is illustrated in a study where miRNA levels were measured from multiple cancer cell lines. When
217 miRNA targets (dimensionality of 217) were taken into account, hierarchical clustering
allowed to cluster cell lines from the colon, liver, pancreas, and stomach origin together,
reflecting their endodermic origin (Figure 7C) 193. However, this relationship was lost when
16000 mRNA’s were included in the analysis due to higher dimensionality.
Not all variables that contribute to higher dimensionality levels are relevant and thereby create
noise in cluster algorithms. A method to overcome this is through principal component analysis
(PCA) 194, which reduces data dimensionality. Besides a useful tool to enhance the accuracy of
clustering methods, it is also frequently applied to assess visual similarities between data points.
PCA simplifies dimensional complexity by geometrically projecting the data into a lowerdimensional space. This method was applied to demonstrate that a flat tissue culture surface, a
flat polyimide surface, and a nanogrooved polyimide surface, induced distinct gene expression
profiles independent of MSC donor variability 26. In research where the effect of microtopographies on chondrogenesis was assessed, PCA distinguished surfaces based on the gene
expression and morphological profiles they elicit 195. In a cytokine screening of multiple cancer
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cell lines cultured on different hydrogels, PCA allowed identifying biomaterials that induced
similar or distinct cytokine profiles (Figure 7D) 196.
PCA can, in some cases, experience computational limitations, which disallows a meaningful
data visualization 197. An alternative technique that is gaining popularity for dimensionality
reduction and visualization of high-dimensional datasets is t-distributed stochastic neighbor
embedding (t-SNE) 198. This method visualized different human tissues based on their respective
gene expression levels 199. Similarly, dynamic developmental processes in the zebrafish embryo
were visualized through single-cell RNA sequencing of more than 92000 cells 200. In the future,
this technique will likely gain traction in high-throughput applications with highly dimensional
data-sets. All the previous examples demonstrate that machine-learning algorithms are useful
tools for a correct data interpretation of high-throughput applications.
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Figure 7: Machine learning examples applied in regenerative medicine research. A) Simple linear
regression example. The dependent variable (Y) is predicted using the independent variable (X). Here, the
output (cell proliferation) is the dependent variable, and the input (grain size) is the independent variable.
Adapted with permission from 177. Copyright (2017) Elsevier. B) Example of a Random Forest output.
Each bar represents the importance of a surface feature characteristic associated with improved phenotypic
characteristics in tenocytes. Data originates from a TopoChip screen containing 2176 different microtopographies with Scleraxis, a tenogenic marker, as output. Adapted with permission from 51. Copyright
(2019) Elsevier. C) Hierarchical clustering representation of miRNA profiles from 218 tissue samples.
Samples are in columns, miRNA expression in rows. Samples from the same tissue and lineage origin cluster
together. Adapted with permission from 193. Copyright (2015) Springer Nature. D) PCA Dimensionality
reduction performed on the secretion profile from 5 different cell lines cultured on 5 different biomaterials.
PCA demonstrates that in this setup, alginate and PEG induce a similar secretion profile while being distinct
from agarose, collagen, and matrigel. Between cell lines, agarose induces a distinct secretion profile
compared to the other cell lines cultured on the same substrate. Adapted with permission from 196.
Copyright (2017) American Chemical Society.
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Discussion
Throughout this work, we presented multiple high-throughput approaches (Table 1). A general
disadvantage of these platforms is that the output only encompasses a few parameters, with ICC
as the most prominent technique. This is attributed due to technical limitations. In the highthroughout examples we gave, there are usually insufficient cell numbers to detect meaningful
RNA or protein concentrations. Nevertheless, techniques such as the aforementioned CellPaint
assay can increase the screening information content 159. Furthermore, other techniques such as
mass-spectrometric imaging 201, and single-cell RNA sequencing, might in the future find useful
high-throughput applications. When reducing the total number of input variables towards a wellplate format, other techniques such as qPCR, ELISA, RNA sequencing, and proteomics become
possible due to the presence of sufficient cell numbers 35,54. However, a strategy that is commonly
employed is first to find positive hits through a high-throughput screen. Afterwards, the positive
hits are fabricated in a larger format, enabling broader investigations into other markers or
pathways through other techniques besides ICC 51.
Screening technologies brought new culture environments that are useful for regenerative
medicine, while in parallel provided us with novel biological insights. However, the enormous
complexity that exists also illustrates the challenges the field faces. Although high-throughput
platforms comprise many perturbations, these are usually focused on one aspect of the cell niche.
For example, different roughness levels are rarely combined with various geometric shapes,
surface chemistry, and culture media compositions. Likewise, high-throughput screens that
investigate multiple matrix compositions do not include surface structures or apply stretch
forces. This can result in the loss of valuable information. For example, mechanical stimulation
can upregulate the presence of growth factor receptors in smooth muscle cells, sensitizing them
against growth factor stimulation 202. Integrins that bind to specific matrix molecules influence
growth factor activation by forming complexes with growth factor receptors 203,204. The
consequence of this can be that high-throughput screens utilizing growth factors or small
molecules in a collagen substrate environment can elicit different cell behavior compared to a
laminin substrate. Also, surface structures can alter cellular sensitivity against growth factors 205,
and the biological activity of matrix compounds 206. These are only a few examples of how
combinatorial environments can further improve experimental outcomes and underlines the
importance of employing this principle in high-throughput screens, which is still an
underdeveloped concept. The main reasons for these sparse combinatorial approaches are either
technical challenges or the lack of know-how.
Another interesting viewpoint is the use of databases to supplement and support data derived
from high-throughput applications. Techniques such as Cell Paint that produce a morphological
fingerprint 159, can further be compared with databases of other fingerprints produced by gene
alterations or small molecule treatment 207,208. In line with this are the possibilities that large scale
gene expression profiling initiatives offer, such as the recent expansion of the Connectivity Map
209, which contains a million gene signatures of cell lines treated with small molecules, shRNA,
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and overexpression constructs. With the rise in automatization, omics technologies, and artificial
intelligence, we foresee big opportunities to speed up scientific discoveries 210. In the future,
cross-high-throughput platforms involving design, chemistry, and biochemistry combined with
high-content technologies will open the road to novel biological insights and regenerative
medicine applications.

Table 1: Summary of different high-throughput approaches. (1) Not applied in a high-throughput
context. However, depending on the layout of the lithography mask, this can be accomplished. For
example, by applying the lithography mask of the TopoChip platform.
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Abstract
Tenocytes, the main cell type of the tendon, require mechanical stimuli for their proper function.
When the tenocyte environment changes due to tissue damage or by transferring tenocytes from
their native environment into cell culture, the signals from the tenocyte niche are lost, leading
towards a decline of phenotypic markers. It is known that micro-topographies can influence cell
fate by the biomechanical cues they provide. To identify the optimal biomechanical niche in vitro,
we seeded tenocytes on the TopoChip, a micro-topographical screening platform, and measured
expression of the tendon transcription factor Scleraxis. Through machine learning algorithms,
we associated elevated Scleraxis levels with topological design parameters. Fabricating microtopographies with optimal surface characteristics on larger surfaces allowed finding an improved
expression of multiple tenogenic markers. However, long-term confluent culture conditions
coincided with osteogenic marker expression and the loss of morphological characteristics. In
contrast, passaging tenocytes which migrated from the tendon directly on the topography
resulted in prolonged elongated morphology and elevated Scleraxis levels. This research provides
new insights in how micro-topographies elicit biomechanical cues, and supports the notion that
micro-topographical design can be implemented in a new generation of tissue culture platforms
supporting the phenotype of tenocytes.

Keywords
Micro-topography; tenocytes; phenotypic maintenance; machine learning; cell morphology
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Introduction
The tendon is a connective tissue enabling bone movement through the transmission of
mechanical forces originating from the muscle. Injuries in this tissue are common and represent
30% of musculoskeletal disorders 1. Low cellular content and hypovascularity in tendons go hand
in hand with limited regenerative capability, often leading towards scarred and inferior tissue 2.
Clinical interventions usually do not recover the original tendon architecture, emphasizing the
need for new tissue engineering approaches. Recent scientific advances such as the regeneration
of a complete epidermis 3 illustrate the potential of the tissue engineering field for clinical
applications. Tissue engineering a functional tendon, however, is hindered by the rapid loss of
cellular phenotype in vitro, evidenced by loss of spindle-shaped morphology and tenogenic
phenotypical markers 4–6.
The occurrence of phenotypic drift in cell culture is a generic problem in the tissue engineering
field and not only limited to cells of the tenogenic lineage. For example, chondrocytes grown in
a monolayer cell culture likewise lose their morphologic characteristics and chondrogenic gene
expression 7,8. Nevertheless, adjusting culture conditions through reducing oxygen tension 9,
substrate composition 10 or the addition of growth factors 11 can positively influence chondrocyte
phenotype. Expanding cells in an improved culture environment is not only beneficial for
phenotypic characteristics; it allows priming cells for in vivo applications. Examples include the
use of cAMP by our lab to improve osteogenic differentiation of mesenchymal stem cells for
bone repair 12 or the self-renewal of muscle stem cells for muscle regeneration through changing
the stiffness of the substrate material 13. These examples illustrate that growing cells in an
optimized culture dish can direct cell fate for tissue engineering applications.
Also for tenocytes, external stimuli such as growth factors 14,15 and small molecules 16 can
positively influence tenocyte characteristics. In vivo, mechanical stimulation enables maintenance
of the collagen-rich tendon matrix 17 and stimulates the expression of tenogenic genes 18,19. Since
tenocytes are mechanosensitive cells, we reasoned that micro-topographical architectures can
elicit biomechanical cues and thereby improve their tenogenic characteristics in vitro. In light of
this, it is known that geometric sensing can influence cell fate, ranging from inducing
proliferation or apoptosis 20, lineage differentiation 21,22 and maintaining phenotypic
characteristics 23. Of interest, altered geometric environments can activate the MAPK/ERK
pathway 24 or RhoA signaling 25, both known to effect Early-Growth-Response-Factor 1 (Egr1) 26,27, a tendon related transcription factor 28. These findings provide an interesting theoretical
framework for studying the effects of micro-topographies on tenocyte phenotype.
Currently, there is no marker uniquely expressed in tenocytes. Nevertheless, since the tendon
tissue is composed of an organized assembly of collagen fibers, an optimal expression of matrix
proteins is essential for proper tendon maintenance. The most prominent tendon related matrix
protein is Collagen-I (Col-I), which compromises the majority of the tendon dry mass 29.
Collagen-III (Col-III) is the next most abundant collagen protein and its expression is associated
with wound healing after injury 30. Other tendon matrix-associated proteins include Tenascin-C
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(Tn-c), which plays a role in collagen fiber orientation 31 and is known to be upregulated upon
mechanical loading 32. The proteoglycans Decorin (Dec) and Biglycan (Bgn) are essential for
proper fiber orientation, the mechanical properties of the tendon 33,34, and play important roles
in repair mechanisms 35. Also, Tenomodulin (Tnmd), a transmembrane glycoprotein and
predominantly expressed in tendons, is essential for proper tenocyte proliferation and collagen
fibril maturation 36. Knock-out models of the transcription factors Scleraxis (Scx), Mohawk
Homeobox Protein (Mkx) and Egr-1 coincide with reduced expression of the before mentioned
proteins and lead to disturbed tendon development 28,37,38. Both Egr-1 and Mkx can upregulate
the expression of Tnmd and Col-I upon mechanical stimuli 19, with Egr-1 also influencing the
expression of Scx 39. In tendons, Scx is upregulated upon physical stimulation 40 and acts upon
the expression of Col-I 41 and Tnmd 42. Due to the strong relationship between mechanical
stimulation and tenogenic gene expression, it is not surprising that a loss of mechanical stimuli
is detrimental to healing after injury, while mechanical stimulation improving clinical outcome
43. Of interest, overloading can cause the expression of chondrogenic and osteogenic markers 18,
potentially leading towards tendinopathy. These research findings illustrate the importance of
mechanical stimulation on proper tenocyte function for maintaining a healthy tendon.
To find an optimal in vitro biomechanical niche, we utilized the TopoChip, a high-throughput
screening platform with 2176 uniquely designed micro-topographies 44. Previous screens
performed with this platform successfully identified topographies enhancing osteogenic
differentiation of mesenchymal stem cells 45 and chondrogenic marker expression of the ATDC5
cell line 46. Due to its importance for proper tenocyte function, and known activation upon
mechanical stimuli, we chose Scx as screening target. We further utilized Scx promoting microtopographical surfaces for studying the behavior of tenocytes on these culture platforms and
their exerted influence on tenogenic and non-tenogenic marker expression. In this study, we
illustrate that micro-topographical designs can be implemented in tissue culture platforms
providing a biomechanical stimulus which improves the phenotype of in vitro cultured tenocytes.
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Results
Tenocytes lose morphological characteristics in vitro and SCX levels in confluent
culture conditions
In order to assess the effect of topographical cues on tenocyte markers, we first investigated the
behavior of tenocytes on standard, flat polystyrene. When comparing the morphology after
passaging, it became clear that their original spindle shape characteristics were lost towards a
spread morphology with a denser F-actin fiber architecture, coinciding with a flattened nucleus
(Fig. 1a). In order to have sufficient cell numbers for downstream experiments, we expanded
these tenocytes and investigated how in vitro culture conditions affect Scleraxis (SCX) levels, a
tenogenic related transcription factor. All cells showed a positive SCX signal, which was, as
expected, localized in the nucleus. We noticed that SCX levels remained constant when cells
were passaged every 3-4 days and fixed 24 hours later (Fig. 1b). We further validated this
observation by quantifying SCX nuclear intensity levels and found no differences at these
different passages (Fig. 1c). Next, we were interested in evaluating SCX levels of cells grown in
prolonged confluent culture conditions. In contrast to cells that were passaged, we observed a
lower SCX nuclear signal after 7 culture days. This decline continued and after 21 days SCX
nuclear localization was absent (Fig. 1d). Quantification of SCX intensity levels verified this
phenomenon (Fig. 1e; * P<0.05, ** P<0.01). These observations confirm that tenocytes rapidly
lose their morphological characteristics in vitro and that the culture method (passaging or a
confluent monolayer) can have a profound effect on tenogenic marker expression.
Fig. 1: Tenocytes lose phenotypic characteristics in
vitro. a) Representative ICC images of passage 0 and 1
rat tenocytes cultured on a PS flat surface. Tenocytes
obtained a spread, wing-like cell morphology and
flattened nucleus after passaging. Tenocytes were
stained with Phalloidin-568 to visualize F-actin
filaments (green) and counterstained with Hoechst to
visualize the nucleus (blue). b) Tenocytes stained
positive for SCX, and serial passaging resulted in
constant SCX levels. c) Quantitative analysis of SCX
intensities confirmed constant SCX levels when cells
are passaged. Bar chart represents the median of
integrated SCX intensities measured in the nucleus.
Error bars represent 95% confidence interval. d) In a
confluent culture, a steady decline in SCX levels was
observed. At 21 days, SCX nuclear localization was
undetectable. For visibility purposes, the contrast was
enhanced for the 21-day time point. e) Quantitative
analysis confirmed a steady decline in SCX intensity
levels for confluent culture conditions. Bar chart
represents the median of integrated SCX intensities
measured in the nucleus. Error bars represent 95%
confidence intervals (* P<0.05; ** P<0.01). Scale bars
represents 100 µm.
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TopoChip screen identifies micro-topographies elevating SCX levels in tenocytes
Since in vitro culture conditions induce changes in tenocyte phenotype, we investigated if microtopographical architectures can positively influence SCX levels and morphological characteristics
of these dedifferentiated tenocytes. For this, we produced TopoChips of polystyrene (PS), the
standard material used in cell culture. The quality of the spatial dimensions of the topographical
features (10 µm height) and the walls (30 µm height) separating the individual units (290x290
µm) each containing a unique micro-topographical design was assessed by profilometric imaging
(Fig. 2a). The height profile of the TopoChip can be found in Supplementary Figure 1. Next,
tenocytes were seeded on 6 TopoChips and cultured for 48 hours after which F-actin, DNA,
and SCX were fluorescently labeled. This enabled high-content imaging whereby 24 flat surfaces
and 12 replicas of each unique micro-topography were analyzed. In total, 29,534 cellular objects
were identified. Nuclear SCX intensity values of each individual cell were measured and used to
calculate the SCX median intensity per TopoUnit, thus allowing evaluation of the performance
of each individual micro-topographical design on SCX expression. The flat surface belonged to
the 100 surfaces inducing lowest SCX expression, which was approximately 2-fold lower
compared to the 100 surfaces inducing highest SCX expression (Fig. 2b; * P<0.001). No
significant difference was measured between the flat surfaces and the lowest top 100 scoring
micro-topographies. However, a significant difference was found on 1023/2176 surfaces which
induced higher SCX levels compared to flat (P<0.05). Fig. 2c further illustrates that the majority
of micro-topographies induce higher SCX levels compared to the flat surface. Visual inspection
of the morphological characteristics of cells cultured on the topographies revealed cell
morphology heterogeneity between topographies and their replicas (Fig. 2d). Tenocytes either
spread out on top of the micro-topographies, similar to when grown on a flat surface, while
others obtained elongated characteristics. These observations demonstrate that microtopographies can induce higher SCX levels in tenocytes, yet accompanied by a heterogeneous
response in cell morphology.
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Fig. 2: TopoChip screen identified microtopographies inducing elevated SCX levels
in tenocytes after 48 hours of culturing. a)
Profilometric quality control before cell seeding
confirms structural integrity of TopoChip
features. b) Dot chart represents median SCX
intensity levels of individual TopoUnits of either
the top 100 lowest or highest SCX expressing
units (* P<0.001). Median is represented by a
horizontal line. Errorbars represent interquartile
range. c) Dot chart representing median SCX
integrated expression levels of tenocytes
cultured on the TopoChip of each individual
TopoUnit, ranked according to statistical
significance.
1023/2176
surfaces
were
considered to be statistical significant (P<0.05).
The blue dot represents Scleraxis median
integrated intensity of the flat surfaces on the
TopoChip. d) Representative ICC images of
tenocytes cultured on flat, low and high hit
topographies. Two replicas per topography are
shown. Cells were stained for F-Actin through
Phalloidin-568 and counterstained with Hoechst
for nuclear visualization. Alexafluor-647 was
used to visualize SCX after primary antibody
binding. Scale bar represents 100 µm.
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SCX expression is associated with topographical and morphological shape
descriptors
After observing that the majority of micro-topographies induce higher SCX levels, we were
interested in identifying the relationship between surface design, cell morphological parameters,
and SCX expression. The surface architectures can be described through multiple parameters,
including feature size, pattern area, the number of primitives used and wavenumbers (WN). A
complete description of these parameters can be found in Supplementary Data File 1. In order
to characterize the relationship between these surface parameters and SCX expression, we
employed a Random Forest algorithm with binary classification. For creating the model we used

Fig. 3: Identification of topographical and morphological feature parameters associated with
increased Scleraxis expression. a) Bar diagram illustrating the importance of topographical feature design
parameters as predictive factors for SCX expression through random forest algorithms. Pattern area and
wavenumber 0.1 are the most prominent features to distinguish low and high SCX inducing Topo units. b)
ROC curve showing the prediction performance of the random forest classification algorithm. The AUC
is the area under the curve which indicates the predictive power of the model. c) Bar diagram representing
the importance of morphological parameters as predictive factors for SCX expression through random
forest algorithms. The cell area is the most prominent feature next to the nuclear area to distinguish low
from high SCX expressing Topo units. d) ROC curve showing the prediction performance of the random
forest classification algorithm. The AUC is the area under the curve, which indicates the predictive power
of the model.
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75% of the 200 lowest and highest SCX scoring Topo units. The accuracy of the model was
assessed on the remaining 25%. Models were trained with 10-fold cross-validation. Here, we
found that SCX expression can be predicted most prominently based on pattern area and
wavenumber 0.1 (Fig. 3a). Applying this model can predict with high accuracy (77% accuracy;
79% area under the curve (AUC)) SCX intensity levels based on surface parameters (Fig. 3b).
An AUC > 0.6 is typically regarded as signifying a positive signal.

Fig. 4: High pattern area and low WN0.1 promote Scleraxis expression. a) Scatter plot showing the
distribution of pattern area and wavenumber 0.1 for topographies with the highest (blue; top 200 hits) and
lowest (orange; bottom 200 hits) SCX inducing micro-topographies. b) Scatter plot showing the
distribution of cellular and nuclear area for topographies with the lowest (orange; bottom 200 hits) and
highest (blue; top 200 hits) SCX levels. c) Illustration of in silico topographical designs with low,
intermediate and high pattern area. Scale bar represents 100 µm. d) Tenocytes grown on higher pattern
areas are associated with more cell spreading and elevated SCX levels. Cells were stained for F-actin
through Phalloidin-568 and counterstained with Hoechst for nuclear visualization. Alexafluor-647 was
used to visualize SCX after primary antibody binding. Scale bar represents 100 µm.
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The same models were applied to correlate cell morphological features to SCX expression.
Through CellProfiler 47, we extracted multiple quantitative parameters describing morphologic
characteristics. These include cell and nuclear area, yet also compactness and solidity, which can
describe cell elongation or branching. An overview of morphological feature parameters and
their explanation can be found in Supplementary Data File 2. Applying the same random
forest algorithm identified cell and nuclear area as the most prominent morphological features
for distinguishing cells grown on the lowest and highest SCX inducing Topo units (Fig. 3c).
Here, the model can predict with very high accuracy (92% accuracy; 83% AUC) SCX intensity
levels based on morphological parameters (Fig. 3d). Of interest, parameters that define
elongation or branching were unimportant in determining SCX levels, which is in sharp contrast
with previous screens performed with mesenchymal stem cells, which exhibited a more diverse
morphologic response when grown on the micro-topographies 45. This indicates that the
morphologic response that micro-topographies elicit on cells can vary strongly depending on the
cell type used.
Fig. 4a illustrates how these models can successfully separate the lowest 200 and highest 200
SCX inducing micro-topographical designs based on WN0.1 and pattern area. A low WN0.1 and
an intermediate to high pattern area favor elevated SCX expression. Low values of this particular
wavenumber are generally associated with higher pattern areas in our micro-topographical design
space (Supplementary Figure 2). Fig. 4b illustrates the differences in low, intermediate and
high micro-topographical pattern areas. Fig. 4c highlights the separation of low and high SCX
inducing units through the cell and nuclear area. In general, we found that cells grown on microtopographies with a lower pattern area exhibited a less spread out morphology (Fig. 4d). Cells
belonging to the highest SCX hits are characterized by a larger cell spreading compared to flat
due to a more profound micro-topographical pattern area.

Large surface fabrication allows in-depth investigation of tenocyte behavior on
micro-topographies
To further investigate the influence topographies exert on tenocytes, we fabricated equivalent
micro-topographies from the TopoChip in larger surface areas (ø 1 cm), while maintaining the
original feature dimensions. The selected surfaces induced significant higher SCX levels
compared to flat when tenocytes were cultured on the TopoChip platform (Fig. 5a; * P<0.001).
The enlarged surface area allows the use of other experimental techniques besides
immunocytochemistry (ICC). Furthermore, feature design parameters of these surfaces were in
the same range as what the random forest algorithms considered to be important for inducing
elevated SCX levels (intermediate pattern area and low WN0.1) (Fig. 5b). Based on these
considerations; we selected surfaces designated PS-0264, PS-0304, and PS-1538. Fig. 5c depicts
the in silico design of surface architecture PS-0304. After fabrication of these surfaces, we applied
a quality control with the profilometer to verify structural integrity. In contrast to the TopoChip
platform, these constructs do not contain walls of 30 µm (Fig. 5d). A detailed height profile of
micro-topography PS-0304 is found in Supplementary Figure 3. Representative ICC images
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of tenocytes cultured on surfaces PS-0264, PS-0304 and PS-1538 on the TopoChip platform
with nuclear, F-Actin and SCX staining can be found in Supplementary Figure 4.
During the analysis of the TopoChip screen, we noticed cell morphology heterogeneity of cells
grown on the replicas of the individual micro-topographical designs. Despite the strong
association between increased cell spreading and SCX levels, we did observe that SCX positive
cells with an elongated morphology contributed to the observed cell morphology heterogeneity.
Therefore we wanted to investigate if cell shape is dynamic in nature on the micro-topographies
by monitoring tenocyte behavior for 16 hours. Cells were allowed to adapt and grow for 24
hours on the PS-0304 surface prior to the start of the live cell imaging. We indeed found that
cells had diverse morphologic characteristics at the start of the monitoring. Cells had obtained
either a spindle shape morphology and were localized between the micro-topographies, or were
spreading out and engulfing the structures, with the latter being similar as the morphologies
associated with highest SCX levels (Fig. 5e). We observed that spindle shape cells were able to
migrate in between the structures, while the spread cells seemed to be immobilized. Cells with
both shapes were able to proliferate. Of interest, we noticed that the elongated cells during

Fig. 5: Micro-topographies fabricated in large surface dimensions allow in-depth investigation of
micro-topographical influence on tenocyte behavior. a) Performance of the selected surfaces on the
TopoChip platform. Each of the selected surfaces induced significant higher SCX levels compared to flat
(P<0.001). The black dot represents the median, error bars represent interquartile range. b) WN0.1 and
pattern area design parameters of the selected surfaces are in comparable ranges as feature design
parameters associated with elevated SCX levels. c) Example of an in silico pattern design used for
downstream experiments. Depicted is micro-topography PS-0304. Scale bar represents 100 µm. d)
Profilometric quality control of PS-0304 confirms structural integrity before cell seeding. e) After 24h,
tenocytes exhibited either a flattened or elongated morphology on the PS-0304 surface. Scalebar represents
200 µm. f) During proliferation, tenocytes either kept their elongated morphology or g) lost this
characteristic and spread across the micro-topographies immobilizing their migration. h) The spread and
immobilized tenocytes were able to reobtain elongated characteristics during the 16 hours of culture time.
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proliferation were able to either keep their cell shape (Fig. 5f) or become spread and immobilized
upon the topography (Fig. 5g). However, of interest, these immobilized and flattened cells were
able to reobtain an elongated morphology during the 16 hour culture period (Fig. 5h). The
dynamic behavior of tenocytes on the PS-0304 surface can be studied in further detail in Movie
file 1. These observations demonstrate that micro-topographies elicit dynamic cell
morphological remodeling on tenocytes.

Micro-topographies increase tenogenic marker expression yet coincides with the
expression of chondrogenic and osteogenic markers at later culture times
To further assess if micro-topographies elicit a beneficial effect on tenocytes or induce
dedifferentiation, we performed gene expression analysis on tenogenic and
chondrogenic/osteogenic transcription factors, downstream target genes, and tendon matrixrelated proteins, both after 48 hours (Fig. 6a) and 7 days (Fig. 6b). Through
immunocytochemistry, we observed an increase of SCX on these large are surfaces after 48
hours, excluding the possibility that the walls of the TopoChip, or growth factors secreted by
neighboring Topo units, influenced SCX levels (data not shown). Through qPCR, we further
validated the observation that micro-topographies can upregulate Scx gene expression after 48
hours. Of interest, this effect persisted after 7 days with even a 2-fold increase in Scx transcription
levels present compared to the 48 hour culture time. Likewise, we found mild but significantly
higher Mkx levels for surfaces PS-0264 and PS-1538 compared to flat ( * P<0.05) after 48 hours.
However, also here the observed Mkx levels showed a higher elevation for all surfaces after 7
days. Col-I, a downstream target of the before mentioned transcription factors, followed a similar
trend as the Mkx gene expression pattern on these surfaces. For the downstream target Tnmd,
increased levels were observed both after 48 hours and 7 days. Of interest, no upregulation was
found for the transcription factor Egr-1 at the time points investigated.
Sox9, a chondrogenic transcription factor also expressed by tenocytes at the junction between
tendon and bone, likewise followed a similar gene expression pattern as Mkx and Col-I for which
elevated levels were found on PS-0264 and PS-1538 after 48 hours. Also here, Sox9 transcription
levels were markedly higher after 7 days on all surfaces. For the osteogenic associated
transcription factor Runx2, elevated levels were observed after 7 days, highlighting that also
osteogenic transcription is activated at this time point.
Of the matrix related proteins, Tn-c showed increased levels both after 48 hours and 7 days with
elevated levels of Col-III observable after 7 days. Of interest, Bgn and Dec were not elevated, with
even a decrease of Bgn detected at 48 hours for surfaces PS-0264 and PS-0304, which returned
to similar levels against flat after 7 days. The expression levels of Aggrecan (Acan), a protein
present in both tendons and cartilage and regulated by Sox9, was markedly higher after 7 days.
Furthermore, also Col-II, regulated by Sox9, and Alp regulated by Runx2, displayed increased
expression levels after 7 days. An overview of the expression profiles of these genes can be found
in Supplementary Figure 5.
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Since we did not observe differences in the expression levels of the transcription factor Egr-1 at
48 hours and 7 days, we wondered if we could detect differences in expression levels at earlier
time points. For this, we applied immunocytochemistry and detected an increased presence of
EGR-1 2 hours after cell seeding on the surfaces (Fig. 6c). Of interest, we observed that at this
early time point, all cells exhibit spreading across the micro-topographies. This demonstrates
that the morphologic remodeling of tenocytes on micro-topographies is already active at the
initial cell-substrate contacts.

Fig. 6: Gene expression profile of tenocytes grown on the micro-topographical surfaces PS-0264,
PS-0304, and PS-1538. a) Bar chart representation of tenogenic, chondrogenic and osteogenic expression
levels of tenocytes grown on micro-topographies after 48 hours. Increased levels for the majority of
tenogenic markers are observed (* P< 0.05). b) Tenocytes cultured on micro-topographies after 7 days
exhibit increased tenogenic marker expression compared to flat, yet coinciding with increased
chondrogenic and osteogenic marker expression (* P<0.05). c) Immunocytochemistry reveals that the
mechanosensitive transcription factor EGR-1 is activated early upon seeding on micro-topographies. Cells
were stained for F-actin through phalloidin-568. Alexafluor-647 was used to visualize EGR-1 after primary
antibody incubation. Scale bar represents 100 µm.
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The qPCR data confirms that topographies have a positive effect on the gene expression levels
of tendon-related markers. However, after 7 days, the upregulation of tenogenic markers
coincides with increased levels of chondrogenic and osteogenic markers, indicating that the
positive effect of micro-topographies needs further guidance by other environmental stimuli.

Evaluation of serial passaging and confluent culture conditions on tenocytes
cultured directly on the PS-0304 platform
Previous experiments indicate that micro-topographies can have a beneficial effect on tenogenic
marker expression, yet with heterogeneous morphologic characteristics and the expression of
chondrogenic/osteogenic markers at later time-points. However, until now, we utilized
tenocytes which exhibited dedifferentiated morphologic characteristics before seeding on the
micro-topographies. For tissue engineering applications, it would be most interesting to evaluate
the performance of micro-topographies on tenocytes isolated directly from a tendon tissue.
Therefore, we selected the PS-0304 surface, which we manufactured in a 50 mm diameter
dimension. Achilles tendon tissue was isolated from rats and placed on flat and the PS-0304
pattern which allowed the migration of tenocytes directly from a tendon tissue. After 5 days, we
observed that cells started migrating on the surface (Fig. 7a-b). Two days later, cells were either
fixed for ICC (Passage 0; P0) or passaged. These passaged cells (P1) were either grown to
confluency or passaged further every 3 days either on the PS-0304 surface or flat, after which
SCX levels were evaluated by ICC after 48 hours. We found only a modest and non-significant
increase in SCX expression of the P0 tenocytes grown on the PS-0304 surface compared to flat.
However, once cells were reseeded on the topography, we noticed improved SCX levels, and
this effect was maintained upon multiple passaging steps (Fig. 7c; * P<0.001). Furthermore, we
observed that cells homogenously retained a small and elongated nuclear and cell morphology
(Fig. 7d-e), which is in contrast with the dedifferentiated cells used previously which showed a
heterogeneous cell morphological response with a strong spreading across the microtopographies. Quantification of cell spreading revealed that cells grown on topographies had a
similar spreading as P0 tenocytes across multiple passages, with confluent cells on PS-0304 losing
their spindle-shaped morphology and re-obtaining characteristics similar as cells cultured on flat
(Supplementary Figure 5a; * P < 0.05; ** P <0.001). Of interest, P0 tenocytes grown on PS0304 had even smaller spreading compared to cells grown on flat. Nuclear dimensions of
tenocytes cultured on PS-0304 remained similar as P0 tenocytes and was markedly different
compared to tenocytes grown on the flat surface (Supplementary Figure 5b; ** P < 0.001).
For tenocytes that were allowed to grow confluent, SCX levels remained elevated compared to
flat after 7 days, a similar observation as seen with the qPCR experiments. However, after 14
days SCX levels dropped and micro-topographies were unable to counteract SCX loss as seen
with confluent cells grown on the flat surface (Fig. 7f). The loss of spindle-shaped
characteristics of tenocytes allowed to grow confluent on PS-0304 demonstrates that microtopographies are unable to counteract dedifferentiation and the loss of SCX levels in these
conditions. Nevertheless, it seems that passaging cells on the topographies repeatedly leads to
increased SCX expression and maintenance of elongated morphological characteristics, which is
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best applied with tenocytes isolated directly from the tendon tissue and which are not
preconditioned in classic culture conditions.

Fig. 7: Evaluation of serial passaging and confluent culture conditions on tenocytes cultured
directly on the PS-0304 platform. a) Bright field image of tenocytes migrating out of the tendon tissue
on PS-0304. The white arrow directs towards the tendon tissue. The black arrow guides towards tenocytes
migrating on PS-0304. Scale bar represents 100 µm. b) Close-up of P0 tenocytes migrating from the tendon
tissue on PS-0304. Scale bar represents 100 µm. c) ICC quantification of nuclear SCX in tenocytes after
serial passaging reveals elevated protein levels. P0 tenocytes grown on the topography show only a slight
non-significant elevation. Bar chart represents the median of integrated Scx intensities measured in the
nucleus. Error bars represent 95% confidence interval (* P<0.01). d) Representative ICC image of P0
tenocytes grown on flat or PS-0304. e) Representative ICC images of P3 tenocytes reveals that cells grown
on PS-0304 retain an elongated morphology. f) A drop in SCX intensity levels is observed for tenocytes
cultured in confluent conditions on PS-0304 after 14 days. Tenocytes furthermore lose their morphological
characteristics. Cells were stained with phalloidin-568 to visualize F-actin filaments. Alexafluor-647 was
used to visualize SCX.

Discussion
This study is the first to assess the performance of substrate structures in micro-topographical
dimensions on tenocyte phenotype. Previously, other research groups have investigated the
influence of alternative surface structures on tenocyte phenotype by utilizing groove structures
in nano- and micrometer dimensions 48–50. When comparing these studies with our research
results, some interesting similarities are observed. In the study of English et al., grooves in
micrometer dimensions led to elongated morphological characteristics in tenocytes and also gave
rise to an upregulation of Scx and other tenogenic markers 48. Yet also here, the increased
expression of tenogenic markers coincided with the upregulation of chondrogenic and
osteogenic markers at later time points (10 days). In another study, micro-grooves in larger
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dimensions (50-250 µm) led to increased elongation of tenocytes with an improvement in Col-I
and Col-III levels 49. Of interest, in the study of Zhu et al., culturing tenocytes on grooves in the
µm range increased the expression of both Tnmd and Col-I across multiple passages 50, an
approach similar as in this study where we found a repeated upregulation of SCX, upstream of
Tnmd and Col-I 41,42. These research findings support the notion that substrate structures can
positively modulate tenogenic gene expression, favoring a culture system where cells are
passaged upon these substrates.
The previous statement is further highlighted by the observation that tenocytes reaching
confluency on the micro-topographies adapt a spread shape similar as when cultured on flat.
This confluent condition is further associated with elevated osteogenic and chondrogenic
markers and eventually a decline in SCX levels. Of interest are the elevated levels of EGR-1 at
the initial moments of cell-substrate contact, which might be linked with the upregulation of
SCX. Although it is beyond the scope of this study to investigate the pathways involved in this
phenomenon, a plausible explanation might be RhoA dynamics, previously shown to play a role
in increasing the expression of Tnmd and Col-I on microgrooves 50, and tenogenic
differentiation of MSCs 51,52. The influence of RhoA on Egr-1 might be due to the pathways’
involvement in ERK signaling 53. In light of this, we did observe active cytoskeleton remodeling
towards a smaller and elongated morphology when tenocytes are cultured on topographies. This
could explain why machine learning algorithms indicate an association between elevated SCX
expression, a spread morphology and an intermediate to high pattern area, since this will require
more cytoskeletal reorganization to adapt to the environment, which we show to be an active
process on micro-topographies.
Surprisingly, we found only a slight increase in SCX levels of P0 tenocytes migrating on microtopographies, even with elongated morphological characteristics. However, these tenocytes did
not receive any mechanical loading during the first week they were in culture, further
emphasizing the observation that micro-topographies initiate a biomechanical stimulus upon
reseeding. The resulting beneficial effect on SCX expression was observed on dedifferentiated
tenocytes, yet was more pronounced with P0 tenocytes, which also retained their elongated
morphologic characteristics upon multiple passages. This could imply that the standard in vitro
culturing of tenocytes on flat elicited a mechanical memory. We did observe a higher presence
of F-Actin fibers on these dedifferentiated tenocytes already after one passage, which is
associated with increased cell stiffness 54 and might result in a decreased ability to adapt to the
micro-topographical environment.
In vivo, Egr-1 expression is elevated shortly upon mechanical stimulation 55, a similar observation
when tenocytes are seeded on micro-topographies. This provokes an interesting hypothesis that
micro-topographies can in vitro provide biomechanical stimulation of tenocytes through the same
signaling mechanisms as when tenocytes are in vivo subjected to mechanical loading.
Nevertheless, when considering the use of micro-topographies in cell culture platforms, the
multifactorial nature of the culture system should be taken into account. Although Egr-1
regulates tenogenic signaling upon mechanical stimulation 39, it is not expressed solely in cells of
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the tenogenic lineage, yet is involved in chondro- and osteogenesis as well 56,57. This might
explain the observed early elevation of Sox9, a chondrogenic transcription factor 58. Since
tenocyte gene expression is dependent on the location of the tenocytes in the tendon 59, with
even a SCX and SOX9 positive subpopulation existing 60, it is difficult to assess if the observed
gene signature is similar as when tenocytes are in vivo subjected with mechanical stimulation.
Nevertheless, since other tenocyte subtypes do not readily express chondrogenic or osteogenic
markers, we believe that the biomechanical stimulus elicited by the micro-topographies needs
additional guidance from the culture environment. Examples for improving in vitro culture
conditions include changing the polystyrene material towards a collagen substrate or altering the
growth factor composition of the medium. We conclude by stating that micro-topographical
architectures can be applied in tissue culture platforms for providing tenocytes with
biomechanical stimulation otherwise absent in classical culture platforms.

Conclusion
This study illustrates that micro-topographies can positively modulate the expression of
tenogenic associated markers. Furthermore, we demonstrated that this is largely dependent on
the cell culture context, whereby culturing cells during multiple passages is more advantageous
compared to confluent culture conditions. This work supports the concept that microtopographies can provide a xenofree biomechanical niche for supporting the phenotype of
tenocytes.

Materials and methods
TopoChip and large area surface fabrication
A detailed description of the surface fabrication procedures can be found elsewhere 61. In short,
the in silico design of the TopoChip is generated using an algorithm that combines triangles,
circles, and rectangles to generate complex shapes. The combination of these shapes in varying
orientations, numbers and sizes leads towards the generation of 154.320.600 unique
topographies. For the TopoChip design, 2176 topographies were randomly selected from this
pool and placed in areas of 290x290 µm, separated by walls of 30 µm. All topographies have a
height profile of 10 µm. The inverse pattern of the topographies was etched from a silicon wafer,
by directional reactive ion etching (DRIE), generating a silicon master mould for hot embossing.
To facilitate the demoulding procedure, the master was coated with a layer of
perfluorodecyltrichlorosilane (FDTS, Sigma-Aldrich). Polydimethylsiloxane (PDMS; Down
Corning) was used to generate a positive mould. The PDMS mould was subsequently used 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 (Goodfellow). The conditions
for the hot embossing were 140°C for 5 min at a pressure of 10 Bar, with a demoulding
temperature of 90°C. For micro-topographies imprinted in larger surface areas (⌀ 1-5 cm) the
same procedures were performed. For these surfaces, micro-topographies with the same feature
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parameters as the TopoChip are etched across larger areas and without 30 µm walls. Before cell
culture, the PS topographies were treated with oxygen plasma to improve cell adhesion. The
plasma treatment was performed for 30 s at 75 mTor, 50 sccm O2, and 50W. Quality of the
fabricated imprints was assessed using a Keyence VK-H1XM-131 profilometer.
The topographical numbering utilized in this manuscript is based on our TopoUnit database, a
repository containing the design parameters of each individual micro-topography. For example,
T2-PS-0304 refers to the second generation of TopoChip design (T2), of which the microtopographies are imprinted on polystyrene (PS). The first two digits represent the row number
starting from the top of a TopoChip, while the second two digits represent the column number.
Throughout the manuscript, we will apply the abbreviation PS-0304.

Tenocyte isolation and cell culture
A protocol describing the isolation of rat tenocytes is described elsewhere 48. Rat tendon tissues
were harvested post-mortem from rats enrolled in studies approved by the institutional Ethics
Committee of NUI Galway. The isolated tenocytes were placed in culture flasks in DMEM low
glucose (Merck) supplemented with 10% (v/v) FCS (Merck) and Penicillin/Streptomycin (100
U/ml; ThermoFisher). Cells were grown at 37 °C in a humid atmosphere with 5% CO2. Media
was changed every 2-3 days. Cells were seeded at 5000 cell/cm2 at passage 3 unless stated
otherwise.

Immunocytochemistry
After cell culture, the cells were washed with phosphate buffered saline (PBS; Merck) and fixed
with 4% (w∕v) paraformaldehyde (Sigma-Aldrich) for 5 min at 37 °C. After washing three times,
cells were permeabilized with 0.01% (v/v) Triton X-100 (Acros Organics) and blocked with goat
serum (1:100; Sigma-Aldrich) in PBT (PBS + 0.02% Triton-X-100, 0.5% BSA) for 1h.
Afterwards, cells were incubated with the primary antibody dissolved in PBT for 1h. Cells were
washed three times and incubated with goat anti-rabbit secondary antibody conjugated to Alexa
Fluor 647 (1:500; ThermoFisher), together with Phalloidin conjugated to Alexa Fluor 568 (1:500;
ThermoFisher) in PBT for 1h. After washing, the nucleus was counterstained with Hoechst
33258 (1:1000; Sigma-Aldrich) for 20 min. After washing three times, surfaces were mounted on
glass cover slides with mounting media (Dako). All washing steps were performed with PBT.
Primary antibodies used in this study were: anti-Scx antibody (1:200; Abcam; ab58655) and antiEgr1 antibody (1:200; Thermo Fisher Scientific; T.126.1). For live cell imaging, Celltracker Green
CMDFA (Thermo Fisher Scientific) was used according to manufacturer’s instructions.

Image Analysis
Fixed samples were inverted and fluorescent images were acquired through the glass coverslip
using a fully automated Nikon Eclipse Ti-U microscope in combination with an Andor Zyla 5.5
4MP camera. For live cell imaging, the same microscopy setup was applied, yet whereby cells
were held inside an incubation chamber at 37 °C and a 5% CO2 atmosphere. Images were
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analyzed through CellProfiler 47 with custom-made pipelines. After illumination corrections,
nuclei morphology was captured using the Otsu adaptive thresholding method applied on the
Hoechst 33258 channel. Subsequently, cell morphology was determined by applying Otsu
adaptive thresholding and appropriate propagation algorithms on the Phalloidin channel. To
prevent the influence of the walls on the cell morphology measurements, cells touching the walls
were filtered out of the dataset. After background correction, Scleraxis integrated intensity values
were calculated based on the Scleraxis staining inside the nuclear area.

Machine learning algorithms to associate SCX levels with surface features and
cell morphology
To identify surface design parameters that influence SCX expression, the 200 surfaces with the
highest SCX expression and the 200 surfaces with the lowest SCX expression were selected. To
classify the topographies that had a positive or negative effect on the integrated Intensity of the
SCX signal, a classification tree algorithm from “rpart” package ver. 4.11 that was run in R ver.
3.3.3 62. The classification tree was visualized by this “partykit” package ver. 1.0 63. The Random
Forest algorithm was used to create the predictive model. The accuracy was depicted by the
receiver operating curve (ROC), which illustrates the performance of the binary classifier by
plotting the true positive rate, against the false positive rate, at various threshold settings. In
order to have a training set for testing accuracy of the model, the data set was split into 2 parts.
The first part contained 75% of the data and was used for model training and the remaining 25%
was used for model testing. The models were trained with 10 fold cross validation in “caret”
package version 6.0.

Quantitative PCR (RT-qPCR)
Total RNA was isolated by using the RNeasy Mini Kit (Qiagen) according to manufacturer's
protocol. Reverse transcription was carried out using an iScript™ cDNA synthesis kit (Bio-Rad).
Quantitative PCR was performed using the iQ™ SYBR® Green Supermix (Bio-Rad) in a
CFX96™ Real-Time PCR Detection Kit (Bio-Rad). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as a housekeeping gene and relative expression was determined using the
∆∆Ct method. Primer sequences are listed in Supplementary Data File 3.

Statistical analysis
Statistical significance of integrated SCX intensity values between flat and surface microtopographies was determined by Dunns post-hoc test. A p-value smaller than 0.05 after
Benjamini and Hochberg correction for multiple testing is considered significant. Statistical
significance of RT-qPCR experiments is determined by one sample t-test after log
transformation of expression fold changes.
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Supplementary Figures

Supplementary Figure 1: Optical profilometric imaging of the TopoChip
platform. a) 3D reconstruction reveals the wall and feature structures of the
TopoChip. The black line represents cross-section taken for measuring the height
profile. b) The height profile confirms a 10 µm height of the feature structures
and a 30 µm height of the walls dividing the individual TopoUnits in a 290x290
µm area.
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Supplementary Figure 2: Dot plot representation of WN0.1 and pattern area of
all 2176 micro-topographical architectures on the TopoChip. The flat surface is
represented by a WN0.1 and pattern area of 0. Higher micro-topographical pattern areas
are only allowed with lower WN0.1.

Supplementary Figure 3: Optical
profilometric imaging of the PS0304 surface. a) 3D reconstruction
reveals the feature architecture of PS0304. The black line represents crosssection taken for measuring the
height profile. b) The height profile
confirms a 10 µm height of the PS0304 feature structures with a side
length of 20 µm.
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Supplementary Figure 5: Bar chart representation of gene expression levels
of tendon-related matrix genes and the osteogenic marker Alp and the
chondrogenic marker Col-II. Tenocytes were cultured on PS-Flat, PS-0264, PS0304 and the PS-1538 surface (* P <0.05).

Supplementary Figure 6: a) Quantification of cell area reveals that cells grown on PS0304 had smaller spreading compared to cells cultured on flat and similar levels as P0
tenocytes on flat (* P <0.05; ** P<0.001). b) Quantification of the nuclear area reveals
that cells grown on PS-0304 obtained smaller nuclear dimensions compared to cells
grown on the flat surface (* P<0.001) and similar levels as P0 tenocytes. Median is
represented by a black dot. Error bars represent interquartile range.
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Abstract
We previously found that surface topographies induce the expression of the Scxa gene, encoding
Scleraxis in tenocytes. Because Scxa is a TGF-β responsive gene, we investigated the link between
mechanotransduction and TGF-β signaling. We discovered that mesenchymal stem cells
exposed to both micro-topographies and TGF-β2 display synergistic induction of SMAD
phosphorylation and transcription of the TGF-β target genes SCXA, a-SMA, and SOX9.
Pharmacological perturbations revealed that Rho/ROCK/SRF signaling is required for this
synergistic response. We further found an activation of the early response genes SRF and EGR1
during the early adaptation phase on micro-topographies, which coincided with higher
expression of the TGF-β type-II receptor gene. Of interest, PKC activators Prostratin and
Ingenol-3, known for inducing actin reorganization and activation of serum response elements,
were able to mimic the topography-induced TGF-β response. These findings provide novel
insights into the convergence of mechanobiology and TGF-β signaling, which can lead to
improved culture protocols and therapeutic applications.
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Introduction
Under physiological conditions, tissue homeostasis is maintained by the appropriate spatiotemporal responses of cells to environmental signals, such as secreted cytokines and
transmembrane proteins from adjacent cells, but also by mechanical forces and changes in cell
shape 1. The latter is evident by the secretion and autocrine activity of insulin-like growth factor
(IGF) by myocytes upon mechanical stimulation, a potent growth factor that induces muscle
growth 2. Similarly, tendon tissue homeostasis and growth depends on both mechanical forces 3
and transforming growth factor (TGF-β) signaling 4. Also, the myofibroblastic state during tissue
repair depends both on the mechanical characteristics of the matrix environment as well as the
presence of TGF-β 5. During embryonic development, mechanical forces are essential for proper
morphogenesis in conjunction with biochemical signals, as shown by the spatial reorganization
of TGF-β receptors upon cell confinement in gastruloids 6. Mechanical forces can rapidly
activate various intracellular signaling pathways 7. Well-documented examples include the
activation of the transcription factors yes-associated protein 1 (YAP), and transcriptional
coactivator with PDZ-binding motif (TAZ) through stretching 8 and cell shape changes 9. These
transcription factors are essential for tissue homeostasis and embryogenic processes 10,11, such
as osteogenesis 12, which is also influenced by bone morphogenetic protein 2 (BMP-2) 13.
Changes in actin dynamics influence serum response factor (SRF) activity through altered
binding with co-transcription factors 14, leading to broad changes in physiological processes 15,16,
including myofibroblast differentiation 17 which in turn can be regulated through TGF-β
signaling 18. How these mechanical and biochemical signals converge to drive cell behavior is
poorly understood. Therefore, gaining novel insights in these mechanisms is vital for developing
therapeutics in case of improper cell function and tissue engineering applications.
Since it is difficult to decouple the effects of biochemical and mechanical stimuli in vivo, essential
insights are gained by in vitro experiments. Here, physical cues relayed through altered surface
geometry can offer mechanical stimulation through changing cell shape. Cell geometry
profoundly affects cell behavior, as shown by altering the lineage specification of stem cells 19–
21. Evidence exists that cell geometry also influences the biological effects of soluble factors. For
example, adhesive islands alter the genomic response after tumor necrosis factor (TNF)α
stimulation 22, and growth factor signaling from BMP-2 23 or serum 24. Also, cell confinement
through micro-wells reduces the inflammatory response to lipopolysaccharide (LPS) in
macrophages 25. Of interest here is that surprisingly little is known how surface topography
controls the cell's response towards growth factor signaling. This is an important consideration
since growth factors are involved in numerous biological processes, including differentiation 26
and maintenance of phenotypic identity 27. Research involving cell stretching hints towards an
interesting interplay between biomechanical forces and soluble factors. For example, cell
stretching increases the sensitivity for soluble factors through altering receptor expression or
activity 28–30. In this manuscript, we provide new insights in this field by demonstrating that
topographical cues alter the response of mesenchymal stem cells (MSCs) to TGF-β signaling.
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Results
MSCs cultured on micro-topographies display altered actin dynamics and
differential expression of cytoskeletal genes
An eye-catching characteristic of cells cultured on surface structures are profound changes in
cell morphology 31,32. We seeded adipose-derived MSCs on micro-topography PS-281 (Fig. 1A),
and after 24 h observed changes in shape accompanied by a reduction of filamentous(F)-actin
stress fibers compared to MSCs cultured on a flat surface (Fig. 1B-C). We previously assessed
the transcriptome of bone marrow-derived MSCs on surface PS-281 relative to MSCs on flat
control surfaces (manuscript in preparation) and produced a STRING protein-protein
interaction network with 248 nodes and 1839 edges based on differentially expressed genes
(DEGs) with a fold change > 1.5 and adjusted p-value < 0.05. The network includes early growth
response gene 1 (EGR1) (Fig. 1D-E; 3.0 fold change), FBJ murine osteosarcoma viral oncogene
homolog (FOS) (4.7 fold change), and FOSB (2.2 fold change), all of which are mechanosensitive
transcription factors 33. We next produced a volcano plot of genes with Gene Ontology (GO)
term “cytoskeleton organization”, and noticed that many cytoskeleton related DEGs exhibit lower
expression when cultured on surface PS-281, with a total of 48 DEGs downregulated and 11
DEGs upregulated (Fig. 1F and Supplementary Table 1 and 2). Downregulated genes are
involved in microtubule dynamics, e.g., stathmin 1 (STMN1; -1.6 fold change), an important
cytoskeletal effector regulating microtubule dynamics 34, tubulin β class I (TUBB; -1.9 fold
change), tubulin β 4B class IVb (TUBB4B; -1.8 fold change), tubulin α 1a (TUBA1A; -1.8 fold
change), and tubulin β 6 class V (TUBB6; -1.6 fold change). Other genes such as actin γ-1
(ACTG1; -1.9 fold change) and tropomyosin 3 (TPM3; -1.7 fold change) form integral parts of
the cytoskeleton 35. Of interest, we also observed a slight downregulation of actin β (ACTB; -1.3
fold change). We further found a reduction in expression levels of genes associated with small
GTPase rho signal transduction and subsequent cytoskeletal organization 36 (Supplementary
Fig. 1). For example, we detected a downregulation of ezrin (EZR; -1.9 fold change), an actinbinding protein that acts as a linker between the actin cytoskeleton and plasma membrane
proteins 37, and positively modulates rho signaling through the interaction with rho GDP
dissociation inhibitors 38. A downregulation was observed for diaphanous related formin 3
(DIAPH3; -1.5 fold change), which is required for F-actin stress fiber formation 39 and regulates
SRF activity 40. We also mention the downregulation of anillin actin-binding protein (ANLN; 1.7 fold change), which is important for cytoskeletal dynamics 41 and is involved in rho signaling
42. The gene signature induced by surface PS-281 demonstrates that the cytoskeleton is under a
lot of change 24h after cell seeding, which corresponds with the visual observed alterations in
cytoskeleton architecture and cell geometry.
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Figure 1: MSCs cultured on micro-topographies display altered actin organization and
differential expression of cytoskeletal genes. A) In silico design of the PS-281 micro-topographical
surface. Scale bar represent 10 μm. B) MSCs cultured on a regular PS flat surface exhibit spread
morphological characteristics and a profound presence of F-actin stress fibers. C) MSCs cultured on
surface PS-281 exhibit elongated and smaller nuclear and cellular characteristics, which coincides with a
reduction of F-actin stress fibers. F-actin was immunolabeled with phalloidin (yellow) and the nucleus
counterstained with Hoechst33342 (magenta). Scale bars represent 50 μm. D) Partial representation of a
STRING gene network based on a microarray study of MSCs cultured on the PS-281 surface for 24h.
The mechanosensitive transcription factors EGR1, FOS, and FOSB are represented here. E) EGR1, FOS,
and FOSB expression levels have increased 2 to 5 fold on the PS-281 surface compared to a flat surface
(*** P<0.001). F) Volcano plot representation of the PS-281 microarray data. Blue dots are probe targets
associated with cytoskeletal organization. Majority of these DEGs exhibit lower expression levels
compared to flat. DEG cut-off is determined at a 1.5 fold change and an adjusted P value of 0.05.

Activation of early response genes is associated with early actin reorganization
Based on the observed increased expression of FOS and EGR1 at 24h, we decided to investigate
actin organization dynamics and the expression of early genes and proteins with a known relation
to actin remodeling on surface PS-1018, which we previously discovered as a surface that induces
Scleraxis (Scx) expression in tenocytes 43. Furthermore, PS-1018 can be manufactured in a 100
mm dish format, thereby facilitating downstream experiments. Surface PS-1018 (Fig. 2A)
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induced cell elongation with a profound reduction in cell, and nuclear size, while reducing actin
stress fibers (Fig. 2B), similar to surface PS-281. As early as 1h after cell seeding, we noted that
cells on flat surfaces exhibited a diffuse actin pattern with a round cell morphology (Fig. 2C);
however, MSCs adhering on the surface PS-1018 displayed different dynamics. Here, MSCs
engulfed the micro-topographies with concentrated F-actin stress fiber formation on top of the
structures (Fig. 2D), but a more diffuse actin pattern at the bottom and in between the structures
(Fig. 2E). Quantification of F-actin levels showed significantly elevated F-actin levels at 1h and
2h on PS-1018, with levels peaking at 1h and dropping afterward (Supplementary Fig. 2A-B).
To probe the early regulatory responses, we exposed MSCs cultured for 2h to flat and surface
PS-1018 and analyzed the phospho-proteome by mass spectrometry (Supplementary Fig. 3).
We detected increased levels of phosphorylated actin in cells cultured on surface PS-1018,
indicating active cytoskeletal reorganization 44,45. Also, we detected increased levels of
phosphorylated adenylyl cyclase-associated protein 1 (CAP-1) and drebrin 1 (DBN1), which
regulate actin dynamics 46,47. These observations indicate that MSCs cultured on the microtopography are subjected to dynamic cytoskeletal regulation, characterized by an early adaptation
phase involving actin remodeling.
We next investigated genes and proteins, of which it is known that their expression or activity is
influenced by actin. First, we observed a 3.6 fold increase in EGR1 mRNA levels compared to
flat at 24h and no significant difference at 48h (Fig. 2F). At earlier time points, we assessed
EGR1 protein expression dynamics on both flat and PS-1018 (Fig. 2G). At 2h, we found
increased EGR1 levels in the nucleus when MSCs are cultured on PS-1018 compared to flat (Fig
2H). Of interest, we measured a slight yet non-significant increase at 24h. This seemingly
contradicts the qPCR and microarray observations on surface PS-281; however, we believe this
caused by a subpopulation of cells with high EGR1 levels on the PS-1018 surface that skews the
global EGR1 levels measured on RNA level. Equally interesting was the observation that after
2h EGR1 levels on a flat surface were higher than on flat and the PS-1018 surface at 24h. We
contribute this phenomenon to cell-seeding that induces a biomechanical response.
Next, we explored if we could detect alterations in SRF levels after 2h and 24h on PS-1018 (Fig.
2I). SRF is an important transcription factor that is associated with changes in actin dynamics 42
and known for inducing transcription of genes with serum response elements in its promoter,
which includes FOS, EGR1, and SRF itself 48,49. Similar to EGR1, high intensities of nuclear
SRF were observed at 2h (Fig. 2J), followed by a slight yet non-significant decrease at 24h
compared to the flat surface.
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Figure 2: Micro-topographies elevate the early response genes SRF and EGR1 during the cells
early adaptation phase. A) In silico design of the PS-1018 surface used in subsequent experiments. Scale
bar represent 10 μm. B) Similar as the PS-281 surface, the PS-1018 surface elicits smaller, elongated
morphological characteristics and a reduction in F-actin stress fibers. F-actin was immunolabeled by
phalloidin (yellow) and the nucleus counterstained with Hoechst33342 (magenta). Scale bar represent 50
μm. C) Immunolabeling of F-actin after 1h of cell culture reveals that MSCs on a flat surface exhibit a
round morphology with a diffuse F-actin pattern. D-E) Immunolabeling of F-actin of MSCs cultured for
1h on the PS-1018 surface reveals an increase in F-actin stress fibers concentrated on the upper part of
the micro-topographical structures, while a diffuse pattern is observed at the bottom of the PS-1018
structures. Scale bar represent 10 μm. F) EGR1 levels are elevated at 24h as measured through qPCR (*
P<0.05), a similar observation as with the PS-281 microarray data. G-H) Immunolabeling of EGR1
demonstrates elevated intensities on the PS-1018 surface at 2h, with only a few cells on the PS-1018
surface showing elevated levels after 24h. Quantification of EGR1 fluorescent signal confirms the visual
observation, with elevated levels measured at 2h (*** P<0.001), and no significant difference at 24h. Scale
bar represent 100 μm. I-J) Immunolabeling of SRF demonstrates elevated levels on the PS-1018 surface
at 2h (*** P<0.001), with no significant differences at 24h. Barplot represent the mean with error bars
representing SEM. Dotplots represent intensity levels of individual nuclei. Blue line indicates median.
Scale bar represent 100 μm.

Micro-topographical cues elevate TGF-βR-II and SCX levels in MSCs
EGR1 elevation on surface PS-1018 is interesting, considering that EGR1 is involved in the
expression of the tendon-specific transcription factor scleraxis (SCX) 50,51, which in previous
work was induced in tenocytes on micro-topographies 43. It is unclear how EGR1 influences
SCX but considering that SCX is upregulated in response to TGF-β 26, evidence exists that this
is through increased expression of the TGF-β2 ligand 52 or the transforming growth factor-β
type II receptor (TGF-βR-II) 53. Browsing of the PS-281 transcriptomics data set for TGF-β
signaling revealed five genes with a significant fold change of more than 1.5 associated with GO
biological process “Response to TGF-β” (Fig. 3A). These include the previously mentioned
FOS gene (4.6 fold change), known for participating with small mothers against decapentaplegic
(SMAD) proteins to influence TGF-β signaling 54. Also, an upregulation was observed for the
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TGF-β inducible genes Collagen-III (COL-III; 1.6 fold change) 55, prostate transmembrane
protein androgen-induced 1 (PMEPA1; 1.5 fold change) 56, and matrix remodeling-associated
protein 5 (MXRA5; 1.5 fold change) 57. We also noted a downregulation of neuronal
regeneration related protein (NREP; -1.5 fold change), which is related to an expression decrease
of the growth factors TGF-β1 and TGF-β2 58. In addition, we noticed an increase in SMAD7
expression (1.41 fold change), an antagonist of the TGF-β/SMAD pathway that functions as a
negative feedback activator after TGF-β signaling 59. We also mention a 2.81 fold change increase
of VCAM1, which is TGF-β inducible 60, yet was not part of the GO list.
Of interest, we also noted (through multiple probes) an upregulation of TGF-βR-II (1.9 and 2.0
fold change), an essential component of the TGF-β/SMAD signaling pathway. These findings
strengthen the hypothesis that micro-topographies sensitize MSCs for TGF-β related signaling.
We confirmed increased TGF-βR-II expression on surface PS-1018 by qPCR after 8h (Fig. 3B;
1.3 fold change), and reaching a maximum at 24h (2.1 fold change). At 48h, no significant

Figure 3: Micro-topographies induce elevated levels of TGF-βR-II and the TGF-β target gene
SCX. A) Volcano plot of the PS-281 microarray with probe targets associated with TGF-β signaling
represented in blue. DEG cut-off is determined at a 1.5 fold change and an adjusted P value of 0.05.
Increased levels of TGF-βR-II are observed (1.9 and 2.0 fold increase; *** P<0.001). B) qPCR of MSCs
cultured on the PS-1018 surface validates the PS-281 observation regarding TGF-βR-II expression, with
elevated levels observed at 8h and 24h. The ERK inhibitor U0216 inhibits the topography induced TGFβR-II expression (* P<0.05). C) The PS-1018 surface induces elevated levels of the TGF-β target gene
SCX. Significant elevated levels were detected at 8h, 24h and 48h (** P<0.01), with a maximum expression
at 24h. In addition, the inhibitor U0216 abolishes topography-induced SCX expression. D) Schematic
representation of the mechanism involving the activation of SRF and EGR1 leading to an upregulation of
TGF-βR-II. Barplots represent the mean with error bars representing SEM.
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differences in TGF-βR-II levels were detected between PS-1018 and flat. It is known that
mitogen-activated protein kinase kinase (MEK) inhibitors, such as U0216, can inhibit the
activation of its downstream target EGR1 61,62, which we experimentally verified
(Supplementary Fig. 4). Interestingly, U0216 also decreased TGF-βR-II expression on the PS1018 surface.
We further observed a 2.5 fold increase of the TGF-β inducible gene SCX after 8 hours, with
maximum SCX levels after 24h (3.5 fold change), which decreased to 2.8 fold after 48 hours.
After 72h, no significant SCX elevation was detected (Fig. 3C). We also found that U0216
reduced topography-induced SCX upregulation. These findings demonstrate that microtopographies enhance SCX levels in MSCs, which could be guided by a general sensitization for
TGF-β signaling through SRF, EGR1), and TGF-βR-II (Fig. 3D).

Surface topography and TGF-β2 synergistically induce TGF-β target genes
Given that SCX can be induced by both TGF-β2 26 and topography 43, we investigated the
combined effect of TGF-β2 and micro-topographies on TGF-β signaling. First, we measured
SMAD2/3 phosphorylation (P-SMAD) as an immediate response to TGF-β receptor signaling
and mediator of TGF-β target gene expression. 24h time after cell seeding, the timepoint with
maximum TGF-βR-II expression, we exposed MSCs to TGF-β2 and fixed the cells 30 minutes
after the treatment (Fig. 4A). Quantification of nuclear P-SMAD levels demonstrated that TGFβ2 treatment resulted in a 1.2 fold increase in nuclear P-SMAD levels compared to cells cultured
on flat (Fig. 4B). Of interest, we observed that TGF-β2 treatment of MSCs grown on PS-1018
resulted in a 1.7-fold increase in nuclear P-SMAD levels compared to non-treated cells. Next,
we isolated the RNA of MSCs cultured on flat or PS-1018, treated with and without TGF-β2
between 4h and seven days after cell seeding (Fig. 4C). The most striking and important
observation we made is a synergistic induction of SCX expression at 24h. Whereas SCX levels
on PS-1018 were 3.5 fold higher compared to a regular flat surface, TGF-β2 stimulation alone
resulted in a 14.5 fold increase in SCX levels compared to flat. Of interest, is that the combined
exposure of MSCs to PS-1018 and TGF-β2 induced SCX 39.9 fold. This synergy was already
detected after 8 hours, although at lower levels, and was observed during the whole seven days
culture period. It is interesting to note that SCX expression declines over time.
The synergistic response to TGF-β2 on surface PS-1018 was not unique to MSCs. We induced
a similar biological response in human dermal fibroblasts and C3H10T1/2 cells, a mouse
mesenchymal-like cell line that is frequently utilized in differentiation studies (Fig. 4D). These
findings demonstrate that the synergy between TGF-β signaling and surface topography is
reproducible in multiple TGF-β2-response cell lines. Besides SCX, we also found a similar effect
for other TGF-β responsive genes. Expression of α-SMA, a differentiation marker of smooth
muscle cells and myofibroblasts 63, and the chondrogenic transcription factor SOX9 64 can be
induced by TGF-β2, and display a synergistic effect when combined with micro-topographies
(Fig. 4E-F). These observations demonstrate that micro-topographies sensitize cells for TGFβ signaling.
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Figure 4: Micro-topographies positively modulate TGF-β signaling. A-B) P-SMAD immunolabeling
revealed elevated nuclear distribution in MSCs cultured on the PS-1018 compared to flat when treated with
TGF-β2 for 30 minutes. Scale bar represents 100 μm. C) TGF-β treatment induces elevated SCX
expression already 4h after cell seeding, while PS-1018 induces an observable increase after 8h. Also at 8h,
improved SCX levels are observed when combining micro-topographies with TGF-β2. Peak SCX levels
are reached at 24h for all conditions. After 24h, overall SCX levels drop. Micro-topographies however
retain their synergistically effect when combined with TGF-β2 at 48h, 72h and 7 days. D) Synergistic effect
on SCX expression induced by the micro-topography can be reproduced with dermal fibroblasts and the
mouse mesenchymal stem cell line C3H10T1/2. E) Improved α-SMA expression is observed when
combining both PS-1018 and TGF-β2 at 72h and 7 days. F) Improved SOX9 expression is observed when
combing PS-1018 and TGF-β2 at 48h and 7 days (* P<0.05; ** P<0.01; *** P<0.001). Barplots represent
the mean with error bars representing SEM.

Rho/ROCK/SRF signaling is required for topography-induced TGF-β sensitization
We next set out to investigate the signaling events that occur between surface topographyinduced actin-mediated signaling and transcriptional activation of TGF-β target genes, by
investigating the synergistic effect in the presence of several small-molecule inhibitors of signal
transduction. We confirmed the synergy in the presence of DMSO, the diluent of the inhibitors
used in the rest of the study (Fig. 5A), and validated that SCX gene expression is indeed
dependent on TGF-β receptor activation, using its inhibitor SB431542 65 (Fig. 5B). Interestingly,
this compound abolished SCX expression in MSCs on PS-1018 alone, which indicates that even
without the addition of TGF-β2, TGF-β/SMAD signaling is occurring. This may hint at autoor paracrine signaling elicited by the MSCs, or TGF-β originating from the serum media.

102

Mechanotransduction is a Context-Dependent Activator of TGF-β Signaling in MSCs
Next, we studied the effect of the Rho-associated protein kinase (ROCK) inhibitor Y27632,
because Rho proteins influence numerous biological responses, including cell shape and actin
cytoskeletal rearrangement 66 and are important for driving cell behavior of cells grown on
physical cues. Y27632 did not affect the induction of SCX by TGF-β2 on flat control surfaces
but did abolish the synergistic effect on the PS-1018 surface (Fig. 5C). Very similar results were
obtained with CCG-203971, a compound which inhibits SRF/Myocardin Related Transcription
Factor A (MRTF) gene transcription 67 (Fig. 5D) and blebbistatin (Fig. 5E), an inhibitor of nonmuscle myosin-II 68 which prevents actin-myosin interaction resulting in subsequent disruption
of actin dynamics 69. Of interest, utilizing the MEK inhibitor U0216 did lower the level of SCX
but did not abolish the synergistic effect (Fig. 5F), which indicates that the topography-induced
mechanotransduction is not guided through MAPK signaling. These observations demonstrate

Figure 5: Pathway inhibitors reveal that micro-topographical induced SCX expression requires
Rho/ROCK/SRF signaling. A) DMSO does not affect SCX levels in each condition. B) Inhibitors
against the TGF-β receptor abolish SCX levels on all conditions including PS-1018, emphasizing the
involvement of TGF-β signaling for micro-topographical induction of SCX. C-E) The
Rho/ROCK/SRF inhibitors Y27632, CCG-209371, and blebbistatin abolishes the topography-induced
effect on SCX expression. F) The MAPK/MEK inhibitor U0216 reduces overall SCX expression, yet
does not reduce the synergistic effect on SCX expression (* P<0.05; *** P<0.001). Barplots represent
the mean with error bars representing SEM.
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that actin dynamics and the Rho/ROCK/SRF signaling pathway is necessary for microtopographies to enhance the expression of SCX, but not for basal TGF-β2 activity.

PKC activators mimic topography-induced mechanotransduction
Small molecules that inhibit actin-related signaling were able to block topographic induction of
TGF-β2 signaling, so vice versa, it may be possible to mimic topographic mechanotransduction
with small molecules that mimic actin-related signaling. To find these molecules, we searched
the Connectivity Map, a compendium of more than one million gene expression profiles induced
by small molecules and genetic perturbations, which is used for determining similarities in gene
expression profiles between these perturbations 70. We previously described that topographyinduced TGF-β2 signaling coincides with high levels of F-actin and concomitant SRF signaling
after 1h, but reduced F-actin and genes related to Rho/ROCK/SRF signaling after 24h. We
reasoned that topography mimicking small molecules should, therefore, recapitulate the actin
dynamics observed on topographies. The Connectivity Map only contains gene expression data
from later time points, and we therefore retrieved small molecules using the gene expression
fingerprint of cells in which β-actin, SRF, and FOS genes were knocked down as bait for the
search (Fig. 6A-C), because this best reflects the lower Rho/ROCK/SRF signaling axis after 24
hours. Of interest, perturbagen class “Protein Kinase C (PKC) activators” was present in the
lists of β-actin (ACTB), SRF, and FOS and thus resembles gene signatures associated with these
knockdowns. Furthermore, in the list of PKC activators, “MEK inhibitors” were present with a
negative score, which could indicate a positive involvement for EGR1 (Fig. 6D). Also for
tubulin, of which we see a decrease of multiple isoforms in the microarray data, we see an

Figure 6: The connectivity map associates the gene signature of PKC activators with topographyinduced mechanotransduction. A) ACTB knockdown gene signature corresponds with a PKC activator
score of 94.94. B) SRF knockdown gene signature corresponds with a PKC activator score of 95.69. C)
FOS knockdown gene signature corresponds with a PKC activator score of 88.48. D) PKC perturbagen
class gene signature corresponds with a MEK inhibitor score of -98.08. E) Through qPCR, we found that
the PKC activators prostratin and ingenol reproduce the micro-topographical effect on SCX expression,
both with- and without the addition of TGF-β2 (* P<0.05; ** P<0.01; *** P<0.001). Barplots represent
the mean with error bars representing SEM.
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association with PKC activators (Supplementary Fig. 5), suggesting that treatment of cells with
PKC activators leads to similar gene expression profiles as when ACTB, SRF, and FOS are
knocked-down.
PKC activators can induce actin reorganization 71, which eventually leads to a decrease in actin
stress fibers 72. Furthermore, they can activate FOS 73 and EGR1 74. This makes this perturbagen
class an interesting candidate for molecules that can mimic topography-induced TGF-β
sensitization. We want to mention that in the β-actin knockdown gene fingerprint list, we found
gene signature resemblances with other perturbagens such as cytochalasin-B, a microtubule
inhibitor, and cytochalasin-D, an actin polymerization inhibitor (Supplementary Fig. 6).
However, as shown with the actin polymerization inhibitor blebbistatin, this compound fails to
recapitulate the synergistic effect with TGF-β2, since unlike PKC activators, no activation of
early response genes is achieved. Also of interest is that an EGR1 knockdown corresponds
strongly with the gene signature of a TGF-βR-II knockdown, further emphasizing the
relationship between these genes (Supplementary Fig. 7).
From the PKC activator component list (Supplementary Fig. 8), ingenol and prostratin were
added to MSCs with and without TGF-β2, and SCX levels were measured after 24h. Without
TGF-β2, ingenol and prostratin induced similar SCX levels as the PS-1018 surface (Fig. 6E). In
the presence of TGF-β2, prostratin induced a 36.2 fold SCX expression compared to a regular
flat surface without TGF-β2. Ingenol-3 induced a similar response, with slightly higher SCX
levels (39.1 fold change) than prostratin. No significant differences between the topography and
PKC activators were observed when adding TGF-β2. These findings demonstrate that PKC
activators strikingly mimic the effect of the micro-topography in inducing SCX levels.
In previous work, we found that tenocytes rapidly lose their phenotypic characteristics in cell
culture 43. Cells transform from a spindle-shape towards a rounded morphology, which coincides
with the formation of F-actin stress fibers. We were therefore interested in investigating if PKC
activators could improve phenotypic characteristics in tenocyte culture. Therefore, we treated
passage one tenocytes with- and without the PKC activators and TGF-β2 and found more
profound spindle-shaped characteristics in confluent conditions when cells were treated with
ingenol, both without and with TGF-β2 (Fig. 7A). To further investigate their morphological
characteristics, we fixed cells 72h after adding the compounds and stained for F-actin, and SCX.
Ingenol caused an apparent reduction in F-actin stress fibers and a decrease in F-actin intensity
levels (Fig. 7B). Of interest is that TGF-β2 induces a more spread out morphology, which
coincided with higher F-actin levels. This observation was also abolished by ingenol. We found
that TGF-β2 was able to increase SCX levels, which could be further amplified by the ingenol
treatment (Fig. 7C). These novel findings demonstrate that PKC activators replace the
synergistic effects of the micro-topography both in the context of TGF-β induced MSC
differentiation and phenotypic maintenance of tenocytes.
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Figure 7: PKC activators reduce F-actin and elevate SCX in tenocytes. A) Ingenol-3 induces
elongated cell characteristics in confluent conditions. Furthermore, reduced F-actin levels in tenocytes
both with- and without a TGF-β2 treatment are observed when treated with ingenol. Similar was with
MSCs, SCX levels increase by treating tenocytes with a PKC activator. Scale bar represent 100 μm. B)
F-actin immunolabeling quantification reveals significant lower levels when tenocytes are treated with
ingenol, both with- and without TGF-β2. C) SCX immunolabeling quantification reveals significant
increased levels when cells are treated with ingenol and TGF-β2, with a most optimal effect when
combining both perturbations (*** P<0.001). Dotplots represent intensity levels of individual nuclei.
Blue line indicates median.
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Discussion
We present evidence that TGF-β signaling is positively modulated through mechano-induced
topographical cues. This work emphasizes the importance of recapitulating the crosstalk typically
seen in vivo between mechanical and soluble cues in an in vitro culture setting. In addition, the
results of this work put other research from the tissue-engineering field in a new perspective.
BMP-2 is a growth factor that improves bone formation in a clinical setting, but only at unphysiologically high levels of the protein 75. We hypothesize that BMP-2 is presented in the
wrong mechanical context, and mechanical fine-tuning can lead towards greater efficacy.
Research combining BMP-2 with mechanical loading indeed seems to indicate this 76. Similarly,
VEGF promotes angiogenesis, yet it also leads to vascular disruption 77. Here it is plausible that
the underlying mechanisms will be better controlled by implementing alternative stimulation as
well. It is therefore interesting to reconsider growth factor-mediated cell differentiation and cell
growth in the context of biomechanical conditions.
In an in vitro context, other studies involving geometrical-induced modulation of tenogenic gene
expression do not consider the potential synergistic effects of growth factor signaling in their
experimental setup 43,78–82. An exception is a study documenting improved SCX expression in a
dermal fibroblast culture on micro-grooves combined with TGF-β1 83. Besides microtopographies, other physical cues such as scaffolds also enhance tenogenic characteristics of
MSCs and progenitor cells 84,85, making this an interesting material design parameter for
exploring if it might modulate TGF-β signaling. In this context, matrix stiffness can influence
SCX expression 86, another physical environmental factor known for modulating TGF-β
signaling 87–89. These examples highlight the potential of future research involving biomaterials
that investigate interactions with TGF-β signaling and other signaling cascades elicited by soluble
cues.
In this study, we found mechanobiological signaling similarities with other experimental setups.
For example, increased levels of EGR1 during the cell adaptation phase are also found early
upon cell stretching together with increased levels of FOS 33. EGR1 plays a crucial role in
tenocyte mechanical signaling and can influence TGF-βR-II 53, SCX, and other tenogenic
markers 50–52. It is therefore not surprising that mechanical stimulation through stretching is
studied extensively for inducing MSC differentiation 90,91, and tenogenic matrix deposition 92.
Furthermore, a clear link exists between mechanical forces and TGF-β/SMAD activation in
numerous cell types 93–95. SRF activity plays a central role in mediating actin dynamics 14,96, which
is clearly altered and dynamically modulated by physical cues in this study. A plausible scenario
is that SRF binds to serum response elements (SRE) in its promotor and those of FOS 48 and
EGR1 97, triggering the biological events we observe. This concept is further emphasized
through the use of PKC activators, known to induce SRE activation 73, and thereby mimicking
the effect of the topography. Although physical cues can regulate Rho/ROCK signaling 19,
evidence points towards SRF as a subsequent and essential mediator in the observed
biomechanical signaling events 22,24,25. Also, experimental readouts that involve mechanical
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stretching can be blocked by inhibiting the Rho/ROCK/SRF pathway 98,99. Related to this, the
concept that SRF is involved in TGF-β signal transduction is not novel. Evidence exists that
force-induced activation of α-SMA and subsequent fibrosis is blocked by inhibiting the
Rho/ROCK pathway and subsequent SRF activity 17,100.
This research provides novel insights into how physical cues transmit mechanobiological
signaling. Especially the dynamical nature of the signaling cascades elicited by the microtopographies is fascinating. Parts of the mechanisms behind the phenomena we observe are
however still unknown. For example, we do not rule out that FOS plays a role in TGF-β
sensitization due to a binding affinity against SMAD2/3 54. Also, despite the apparent
requirement of SRF for inducing TGF-β sensitivity, other transcription factors might play a role
in activating SRE’s of EGR1 and FOS in conjunction with SRF 101. More insights will need to
be gained by investigating how much pathway overlap there is between physical cues, PKC
activation, and mechanical stretching. The observation that PKC activators mimic topographyinduced biomechanical stimulation is a fascinating concept since it extends the translational
perspectives of our experiments. Small molecules inducing the same synergistic effect as microtopographies could be introduced into a clinical context where mechanical loading events
typically support tissue repair. For tendon tissue-engineering, this implies the potential to utilize
PKC activators for stimulating a growth factor-mediated healing response, which might improve
current clinical treatments 102.

Conclusion
We demonstrate that micro-topographies influence TGF-β signaling in MSCs, leading to
increased expression of the differentiation markers SCX, SOX9, and α-SMA. We connect the
origin of this mechanobiological signaling with actin remodeling elicited by physical cues, which
coincides with subsequent activation of early response genes associated with an upregulation of
TGF-βR-II. Through extensive pathway analysis, we identify small molecule compounds that
mimic the effect of the micro-topography. The results of this study can lead to improved
protocols for the differentiation of MSCs or phenotypic maintenance of primary cells involving
TGF-β signaling. Furthermore, the identification of small molecules that mimic
mechanobiological stimulation might be applied in a clinical setting for replacing mechanical
stimulation in conjunction with soluble cues.

Materials and Methods
Surface fabrication
A detailed description of the surface fabrication procedures is found elsewhere 103. In short, the
inverse pattern of the topographies was etched into a silicon wafer by directional reactive ion
etching (DRIE). To facilitate demoulding procedures, the wafer was coated with a layer of
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FOTS, Sigma-Aldrich). Polydimethylsiloxane
(PDMS; Down Corning) was cured on the silicon wafer to generate a positive mould and was
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subsequently used as a template to create a second negative mould in Ormostamp polymer
(micro resist technology Gmbh), which serves as the mold for hot embossing the polystyrene
(PS) films (Goodfellow). The hot embossing procedure was carried out at 140 °C for 5 min, and
a pressure of 10 Bar, with a demoulding temperature of 90 °C. Before cell culture, the PS
topographies were treated with oxygen plasma to improve cell adhesion for 30 s at 0.8 mbar, 50
sccm O2, and 100 W. Quality of the fabricated imprints was assessed using a Keyence VKH1XM-131 profilometer.

Cell culture
Adipose-derived human mesenchymal stem cells (AD-hMSCs) and dermal fibroblasts (DF) used
in this study were purchased from Lonza. AD-hMSCs and DF were isolated from a 42-year-old,
and 27-year-old female respectively. C3H10T1/2 cells were purchased at ATCC. All methods
were performed in accordance with the relevant ethical guidelines and regulations of the
University of Maastricht. Basic medium for AD-hMSCs and DF consists of MEM Alpha
GlutaMAX, no nucleosides (Gibco). For the culture of C3H10T1/2 cells, DMEM low glucose
(Merck) was used as basic media. Basic media was supplemented with 10% v/v fetal bovine
serum (FBS), 0.2 mM ascorbic-acid-2-phosphate (ASAP), and 10 U/mL
Penicillin/Streptomycin. Cells were grown at 37 °C in a humid atmosphere at 5% CO2. For
experimental purposes, cells at passage 3-4 were seeded at a density of 5000-10000 cells/cm2 on
flat and the topographical surface. Human TGF-β2 (Peprotech), and mouse TGF- β2 (R&D
Systems) were included in the media during cell seeding at a final concentration of 20 ng/ml.
Pathway inhibitors blebbistatin, Y27632, CCG-203971, U2016, and SB431542 were purchased
from Sigma-Aldrich and included in the media at a final concentration of 10 μM. For inhibitor
studies, inhibitors were added to the cell media 1h prior and during cell seeding. PKC activators
Ingenol, and Prostratin were purchased from Sigma-Aldrich, and added to the medium at a final
concentration of 10 μM during cell seeding or media replacement.

Microarray study and pathways analysis
Bone marrow-derived human MSCs were seeded on topography PS-281 for 24 hours in basic
medium at a density of 15,000 cells/cm2 in 24 well plates in three replicas. Total RNA was
isolated using the Nucleospin RNA isolation kit (Macherey–Nagel). Then, from 100 ng of RNA,
cRNA was synthesized using the Illumina TotalPrep RNA amplification kit. Both RNA and
cRNA quality was verified on a Bioanalyzer 2100 (Agilent). Microarrays were performed using
Illumina HT‐12 v4 expression Beadchips. 750 ng of cRNA was hybridized on the array
overnight, after which the array was washed and blocked. Then, through the addition of
streptavidin Cy‐3, a fluorescent signal was developed. Arrays were scanned on an Illumina
Beadarray reader, after which raw intensity values were background corrected in BeadStudio
(Illumina). Further data processing and statistical testing were performed using the online portal
arrayanalysis.org. The probe‐level raw intensity values were quantile normalized and transformed
using variance stabilization (VSN). A detection threshold of 0.01 was used for reducing the
number of false positives. A linear modelling approach with empirical Bayesian methods, as
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implemented in Limma package, was applied for differential expression analysis of the resulting
probe‐level expression values.
To construct a gene network of the DEGs, we applied an online STRING analysis
(https://string-db.org/). Only DEG with a fold change higher than 1.5 and an adjusted p-value
lower than 0.05 were included in the list.
For identifying small molecules that mimic topography-induced pathways, we searched for
relevant genes affected by the micro-topography in the connectivity map (https://clue.io/).

Phospho proteomics study
In-liquid digestion
A total of 60 µg protein in 50 µl 50 mM ammonium bicarbonate (ABC) with 5 M urea was used.
5 µL of dithiothreitol (DTT) (20 mM final) was added and incubated at room temperature for
45 min. The proteins were alkylated by adding 6 µL of IAA solution (40 mM final). The reaction
was taken place at room temperature for 45 min in the darkness. The alkylation was stopped by
adding 10 µL of DTT solution (to consume any unreacted IAA) and incubated at room
temperature for 45 min. For the protease digestion, 2 µg trypsin/lysC was added to the protein
and incubated at 37 ºC for 2 h. 200 µl of 50mM ABC was added to dilute the urea concentration
and further incubate at 37 ºC for 18 h. The digestion mix was centrifuge at 2x 103g for 5 min
and the supernatant collected.
Phospho-peptides were enriched by using TiO2 spin columns according the manufacturers
protocol (Thermo Scientific). Samples were subsequently labelled with TMT isobaric mass
tagging labelling reagent (10-plex; Thermo Scientific) according to the manufacturer’s protocol.
In short, 60 μg of protein for each sample was used. The TMT labelling reagents were dissolved
in 41 μl acetonitrile per vial. The reduced and alkylated samples and control were added to the
TMT reagent vials. The reaction was incubated for 1 h at room temperature and quenched for
15 min by adding 8 μl of 5% hydroxylamine. Equal amounts of the samples and control were
combined in a new vial and analysed by liquid chromatography-tandem mass spectrometry (LCMS/MS).
Protein identification using LC-MS/MS
A nanoflow HPLC instrument (Dionex ultimate 3000) was coupled on-line to a Q Exactive
(Thermo Scientific) with a nano-electrospray Flex ion source (Proxeon). The final concentration
of the TMT labeled digest/peptide mixture was 0.33 μg/μl and 5 μl of this mixture was loaded
onto a C18-reversed phase column (Thermo Scientific, Acclaim PepMap C18 column, 75-μm
inner diameter x 15 cm, 2-μm particle size). The peptides were separated with a 90 min linear
gradient of 4-68% buffer B (80% acetonitrile and 0.08% formic acid) at a flow rate of 300
nL/min.
MS data was acquired using a data-dependent top-10 method, dynamically choosing the most
abundant precursor ions from the survey scan (280–1400 m/z) in positive mode. Survey scans
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were acquired at a resolution of 70 x 103and a maximum injection time of 120 ms. Dynamic
exclusion duration was 30 s. Isolation of precursors was performed with a 1.8 m/z window and
a maximum injection time of 200 ms. Resolution for HCD spectra was set to 30,000 and the
Normalized Collision Energy was 32 eV. The under-fill ratio was defined as 1.0%. The
instrument was run with peptide recognition mode enabled, but exclusion of singly charged and
charge states of more than five.
Database search
The MS data were searched using Proteome Discoverer 2.2 Sequest HT search engine (Thermo
Scientiﬁc), against the UniProt human database. The false discovery rate (FDR) was set to 0.01
for proteins and peptides, which had to have a minimum length of six amino acids. The precursor
mass tolerance was set at 10 parts per million (ppm) and the fragment tolerance at 0.02 Da. One
miss-cleavage was tolerated, Phosphorylation of serienes, tyrosines and threonines as well as
oxidation of methionine were set as a dynamic modification. Carbamidomethylation of cysteines,
Tandem mass tag (TMT) reagent adducts (+229.162932 Da) on lysine and peptide amino termini
were set as fixed modifications.

Immunocytochemistry
After cell culture, the cells were washed with phosphate buffered saline (PBS; Merck) and fixed
with 4% (w∕v) paraformaldehyde (Sigma-Aldrich) for 5 min at 37 °C. After a washing step, cells
were permeabilized with 0.01% (v/v) Triton X-100 (Acros Organics) and blocked with goat
serum (1:100; Sigma-Aldrich) in PBT (PBS + 0.02% Triton-X-100, 0.5% BSA) for 1h.
Afterwards, cells were incubated with the primary antibody in PBT for 1h. After a washing step,
cells were incubated with a secondary antibody targeting the primary antibody protein of interest
and conjugated to an Alexa Fluor (1:500; ThermoFisher) in PBT. After washing, the nucleus was
counterstained with Hoechst 33258 (1:1000; Sigma-Aldrich) for 10 min. After a subsequent
washing step, surfaces were mounted on glass cover slides with mounting media (Dako). All
washing steps were performed in triplicate with PBT. Primary antibodies used in this study are:
anti-SCX antibody (1:200; Abcam; ab58655), anti-EGR1 antibody (1:200; ThermoFisher;
T.126.1), anti- Phospho-Smad2/3 (1:200; Cell Signaling Technologies; 8828S), and anti-SRF
antibody (1:200; Santa Cruz; sc-335).

Image analysis
Fixed samples were inverted and fluorescent images were acquired through the glass coverslip
using a fully automated Nikon Eclipse Ti-U microscope in combination with an Andor Zyla 5.5
4MP camera. Fluorescent images were analyzed through CellProfiler 3.1.8 104 applying custommade pipelines. All images were cropped in order to remove out-of-focus objects. Objects
touching the border of the subsequent images were filtered out of the dataset. After illumination
corrections, morphology of the nucleus was captured by the Otsu adaptive thresholding method
applied on the Hoechst 33258 image channel. Subsequently, cell morphology was determined by
applying propagation and Otsu adaptive thresholding on the Phalloidin image channel.
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Missegmentation artifacts were removed by applying an arbitrary threshold on nuclei and cell
size. After background correction, intensity values of the target of interest were calculated either
inside the nuclear or cell area. The image software Fiji was used for image visualization 105.

Quantitative polymerase chain reaction (qPCR)
After cell lysis by Trizol (Thermo Fisher), total RNA was isolated using the RNeasy Mini Kit
(Qiagen) according to the manufacturer's protocol. Reverse transcription was carried out using
an iScript™ cDNA synthesis kit (Bio-Rad). Quantitative PCR was performed using the iQ™
SYBR® Green Supermix (Bio-Rad) in a CFX96 Touch Real-Time PCR Detection System (BioRad). The software qBase+ allowed determining relative expression using the ∆∆Ct method.
The geometric mean of the reference genes Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and TATA-Box Binding Protein (TBP) was applied for normalization. Primer
sequences are listed in Supplementary Table 3.

Statistical analysis
Statistical analysis was performed with GraphPad Prism (GraphPad Prism Software Incl. San
Diego, USA). For image analysis where more than two experimental conditions are considered,
a two-way ANOVA was applied for determining statistical significance between conditions.
Each data point represents a measurement from an individual cell. Image experiments were
replicated with similar results. For image analysis with two experimental conditions, such as is
the case for the P-SMAD data, a two-sided T-test was applied. For qPCR data, two-sided T-test
statistics was applied for determining if the fold change of a condition is significant different
than the flat control. One-way ANOVA was applied for determining statistical significance of
the fold changes between conditions. qPCR data is based on at least three independent
experiments, with each data points representing an independent experiment. Microarray P‐values
were corrected for multiple testing using the Benjamini and Hochberg method. Genes with a
corrected p-value below 0.05 were considered differentially expressed.

MSC osteogenic and adipogenic differentiation
To assess if the AD-MSCs were multipotent during the experiments, we investigated their
potential for differentiation towards the osteogenic and adipogenic lineage. Differentiation of
AD-hMSCs towards the osteogenic lineage was achieved by seeding AD-hMSCs at a density of
5 x 103 cells/cm2. After 24h, medium was changed with either a control or mineralization
medium. The mineralization media is basic media supplemented with 10% v/v fetal bovine
serum (FBS), 10 U/mL Penicillin/Streptomycin, with 10 nM dexamethasone (Sigma) and 10
mM β-glycerol phosphate (Sigma), while control medium includes the same components except
dexamethasone. Media was refreshed every 2-3 days and after 21 days, cells were fixed overnight
at 4 °C with 4% formaldehyde (VWR) in PBS. Afterwards, osteogenesis was assessed through
staining mineralized deposits with a 2% Alizarin Red solution (pH=4.2) for 2 min. Excess
staining was washed off with demineralized water (Supplementary Fig. 9A).

112

Mechanotransduction is a Context-Dependent Activator of TGF-β Signaling in MSCs
Differentiation of AD-hMSCs towards the adipogenic lineage was achieved by seeding ADhMSCs at a density of 15 x 103 cells/cm2. After 24h, medium was replaced with either a control
or adipogenic medium. The adipogenic media consist of basic media supplemented with 10%
v/v fetal bovine serum (FBS), 10 U/mL Penicillin/Streptomycin, 0.5 mM 3-isobutyl-1methylxanthine (Sigma), 0.2 mM indomethacin (Sigma), 10 μg/mL Insulin (Sigma), and 1 μM
dexamethasone (Sigma). Control medium consisted solely of basic media with 10% v/v fetal
bovine serum (FBS) and 10 U/mL Penicillin/Streptomycin. Media was refreshed every 2-3 days
and after 21 days, cells were fixed overnight at 4 °C with 3.7% formaldehyde (VWR), 0.01 g/ml
CaCl2.2H2O (Merck) in PBS. Afterwards, adipogenesis was assessed by rinsing the fixation
solution with demineralized water, and subsequently incubating the substrates in a 60% (v/v) 2propanol (VWR) for 5 min. Fat droplets were stained through a freshly filtered solution of 0.3%
(w/v) Oil Red O dissolved in 60% (v/v) 2-propanol (VWR). Afterwards, the substrates were
washed in triplicate with demineralized water (Supplementary Fig. 9B).
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Supplementary Figures
Supplementary Figure 1: STRING gene
network representation illustrating RhoA
interconnectedness with cytoskeletal
genes. Every dot represents a DEG in the
gene network. Red dots are DEGs associated
with
the
GO
term
“cytoskeletal
organization”. For illustration purposes,
RhoA was included in the network to
demonstrate the strong relationship with
cytoskeletal associated genes.

Supplementary Figure 2: Early
attachment of MSCs on microtopographies is characterized by
increased
F-actin
levels.
A)
Immunolabeling by phalloidin allows
visualizing F-actin in MSCs. During the
early phase of cell attachment MSCs
engulf the micro-topographies which
coincides with increased F-actin levels.
B) Quantifying F-actin of MSCs across
multiple time points reveals that
strongest intensities are detected on the
PS-1018 surface 1h after cell seeding
after which intensity levels declines ( ***
P<0.001). Scale bar represents 100 μm.
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Supplementary Figure 3: Phospho proteomics on MSCs after 1h of cell culture
on PS-1018 reveals active cytoskeletal remodeling. A) Phospho proteomics was
able to detect both the phosphorylated and non-phosphorylated form of actin,
adenylyl cyclase-associated protein 1, and isoform of drebrin 3. B) P-Proteomics
reveals increased levels of phosphorylated actin and the actin associated proteins
CAP1 and DBN1 (n=1).

Supplementary Figure 4: MEK1/2 inhibitors downregulate EGR1 levels. AB) Quantifying the EGR1 immunolabeling signal reveals that the MEK1/2
inhibitor reduces EGR1 levels 2h after cell seeding on PS-Flat (*** P<0.001).
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Supplementary Figure 5: Tubulin inhibitor perturbagen class score. From this list, we notice the
presence of PKC activators as inducing gene signatures similar as tubulin inhibitors.

Supplementary Figure 6: ACTB compound class score. PKC activators ingenol and
phorbol-12-myristate-13-acetate are part of the list together with cytochalasin-d, an actin
polymerization inhibitor, and cytochalisin-b, a microtubuline inhibitor. These inhibitors give
rise to similar gene signature patterns in ACTB knockdown cell lines.
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Supplementary Figure 7: EGR1 genetic connectivity list. From this list, it is clear that there
is a strong relationship between EGR1 and the TGF-βR-II.

Supplementary Figure 8: PKC activator compound scores. From this list, we selected ingenol and
prostratin to assess their potential to replace micro-topographical induced signaling. MAPK and TGFβR-II inhibitors induced opposite gene signatures.
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Supplementary Figure 9: Assessment of AD-MSC multipotency. A) After osteogenic induction,
mineralized calcium deposits were formed as visualized by Alizarin Red staining. B) After adipogenic
induction, oil droplets were formed as visualized by Oil Red O staining. Scale bar represent 100 µm.
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Abstract
Integrin-matrix interactions provide essential means of communication between the cell and the
surrounding environment. A challenge in the tissue-engineering field is recreating these
conditions in the culture dish for optimally controlling cell behavior. Current approaches include
the use of matrix coatings or printed peptide sequences such as RGDs that are biologically active
against integrin receptor proteins. Implementing these concepts in the culture environment are
known for inducing beneficial effects on cell behavior. However, these approaches fail to
recapitulate the dynamic physiological environment. Supramolecular surfaces through
cucurbit[8]uril chemistry can allow such a dynamical environment through the non-covalent
presentation of RGD peptides. In this study, we compare how this dynamic presentation
influences cell behavior compared to static RGD that is covalently bound to the surface and
conventional fibronectin coatings. We found that these surfaces induced distinct focal adhesion
and morphological profiles in fibroblasts. Furthermore, non-covalent RGD presentation
induced a more robust mechanobiological response compared to covalent bound RGD and
regular fibronectin, as shown by higher levels of the mechanosensitive transcription factors SRF
and EGR-1. This study provides a more in-depth understanding on cell response to noncovalent surfaces while substantiating the high potential of these surfaces as better biomimetic
models for the culture dish.
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Introduction
Cell adhesion to the natural extracellular matrix (ECM) is largely mediated by a family of
adhesion receptors, the integrins. These transmembrane receptors recognize and interact with
specific sequences in ECM proteins (i.e., ligands) and transmit signals to the intracellular space
acting as a signaling platform 1. Integrin-mediated adhesions are tightly linked to the actin
cytoskeleton through integrin-cytoskeleton linker proteins such as talin and vinculin, directing
actin assembly as well as fibrillar (F)-actin organization and dynamics 2–4. Furthermore, they are
able to regulate cellular processes such as migration, morphology, and signaling events such as
transcriptional activity and, eventually, cellular fate and function 2,5–8. The ECM derived amino
acid sequence Arg-Gly-Asp-Ser (RGDS) is the minimal adhesion domain of fibronectin 9 and
has been employed to introduce integrin-mediated effects on a large variety of surface engineered
systems for controlling cell behavior 10–12. Seminal studies by Mrksich and co-workers made use
of self-assembled monolayers (SAMs) of alkanethiolates on gold to covalently immobilize RGD
ligands. Variations in the ligand affinity towards integrins (i.e., linear vs. cyclic RGD) as well as
ligand density on these surfaces had critical effects on cell adhesion and spreading, focal adhesion
development, gene expression, and differentiation in cells 13–15. Furthermore, precise control
regarding the positioning and spacing of the RGD ligands, as achieved by Spatz and co-workers
on gold nanoparticles, revealed that a critical ligand spacing exists for focal adhesion activation,
and enabled studying the effect of ligand (dis)order and immobilization chemistry on cell
adhesion and migration 16–20. These and many other studies have been essential in advancing the
design of cell-instructive biointerfaces and to reveal the mechanisms of integrin-mediated cell
adhesion as well as cellular fate 10,12,19,21–23.
Nevertheless, these biointerfaces introduce a static presentation of peptide ligands, in contrast
to the dynamic native microenvironment, where instructive cues are presented in a
spatiotemporally regulated fashion 1024. Therefore, incorporation of bioinspired dynamic cues
has become an important focus in the design of new biomimetic cell-instructive biointerfaces.
Dynamic biointerfaces have been achieved using static ligands where the specific ligand or the
surrounding groups were chemically modified with stimuli-responsive elements (e.g., responsive
to light and electrochemistry) 21,25–30. For example, when a light-responsive azobenzene group
was introduced to the RGD molecular backbone, ligand availability for integrin binding could
be reduced by light-induced trans-to-cis conformational changes of the azobenzene molecules,
thereby reversibly preventing cell adhesion 27,30. Yousaf and co-workers have achieved
reversibility in the conformation of RGD ligands between linear and cyclic RGD by
immobilizing them with redox reactive hydroquines 28. Furthermore, del Campo and co-workers
have developed light-reactive integrin ligands providing dynamic control over ligand availability
for influencing cell adhesion and migration 26,31.
A step further are supramolecular systems, which rely on non-covalent interactions for
assembling molecular components, introduce an elegant way for achieving highly biomimetic
and dynamic display of bioactive ligands 32–35. Due to the non-covalent and dynamic nature of
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interactions forming these biointerfaces, they have been suggested to better mimic the ECM
10,36–38. In this context, supramolecular systems that use host-guest interactions introduce a
powerful tool for designing dynamic biointerfaces, where the affinity between the host and
ligand conjugated guest molecules is tunable 33,34,39,40. For example, Stupp and coworkers linked
the β-cyclodextrin (β-CD) host molecule to alginate matrix and used guest molecules naphthoic
acid and adamantane for the functionalization of RGDS and non-functional RGES peptides,
respectively. Surfaces could be switched from cell adhesive (RGD-surfaces) to cell repellent
(RGES-surfaces), due to the higher affinity of adamantane for β-CD competing with naphtoic
acid for binding 41. In this context, we and others have also demonstrated the possibility to
reversibly control cell adhesion by control of light and electrochemical switching on host-guest
supramolecular biointerfaces 40,42.
Recently, we employed a supramolecular cucurbit[8]uril (CB[8])-based host-guest system
displaying RGD ligands to cells for studying dynamic cell-generated adhesive forces in
comparison to static surfaces 36. Dynamic surfaces were prepared by first conjugating a thiolated
methyl viologen (MV2+), that can bind to CB[8] as the first guest, to the maleimide groups on a
SAM. Then, a naphthyl modified RGD (Np-RGD) was introduced as the second guest for
binding to MV2+⸳ CB[8] binary complex, resulting in a ternary complex of MV2+⸳ CB[8]⸳ NpRGD. For covalent surfaces, a cysteine bearing RGD peptide was directly conjugated to the
maleimide groups on the surface. Utilizing this platform, we showed that non-covalent surfaces
performed as well as covalent surfaces in sustaining cell adhesion and presented a highly versatile
and chemically controlled way to generate new dynamic cell-instructive biointerfaces 36.
In this study, we employ these non-covalent RGD presenting CB[8]-based surfaces for
determining if this ligand presentation alters the behavior of fibroblasts, a cell type that is
extensively used for integrin-mediated cell adhesion studies 19, compared to static covalent
surfaces and standard fibronectin coatings. Each of these surfaces induced a distinct
mechanobiological profile in fibroblasts, which was visible due to altered morphological
characteristics, actin and focal adhesion organization, and gene expression. Non-covalent RGD
presenting surfaces induced the strongest response concerning F-actin assembly, which
coincided with the expression of mechanosensitive transcription factors such as EGR-1 and
SRF. In conclusion, this study provides a more in-depth understanding on cell response to noncovalent surfaces, while substantiating the high potential of these surfaces as better biomimetic
models to develop new biointerfaces for biomaterial development and platforms for
fundamental cell biological studies

126

The Covalent State of Immobilized RGD peptides dictates the Mechanobiological Response

Results
Surface analysis of covalent and non-covalent RGD functionalization
In earlier work, we developed a surface functionalization strategy, where mixed self-assembled
monolayers of tetra(ethylene glycol) and maleimide (Mal-EG4) were employed as a base layer to
further functionalize gold surfaces with the cell-adhesive RGD peptide via covalent (COVRGD)
or non-covalent (supramolecular) (NON_COVRGD) approaches 36. In the COVRGD approach,
a cysteine bearing RGD (COVRGD) was directly coupled to Mal-EG4 monolayers. In order to
achieve NON_COVRGD surfaces, a ternary complex of a cucurbit[8]uril (CB[8]) host and two
aromatic guests, i.e., thiolated methylviologen (MV2+) and naphthol-coupled RGD
(NON_COVRGD) peptide, were assembled onto the Mal-EG4 monolayers 36 (Figure 1). It is
important to note that, in this system, the molar density of Mal-EG4 corresponds to ligand
density (i.e., RGD density) that is used for cell experiments.
The formation of both monolayers was validated with Fourier-transform infrared reflectionabsorption spectroscopy (FT-IRRAS) (Figure S1). For NON_COVRGD surfaces, peaks of
CB[8] can be observed at 1746 cm-1 (C-N) and 1470 cm-1 (C=O), while these peaks were absent
on COVRGD. The peptide peaks were visible on both SAMs around 3300 cm-1 (N-H) as well as
1670 (C=N), 1544 (C-N), and 1270 cm-1 (C-OH) 43. Peaks in the region between 1195 cm-1 and
1375 cm-1 are characteristic for single bond stretching of C-N, C-C and C-O bonds, found in
CB[8] as well as in MV2+ and EG4 alkane chains. Peaks between 2929 cm-1 and 2865 cm-1 are
characteristic for C-H stretching vibrations and can be assigned to alkane chains in Mal-EG4 in
both NON_COVRGD and COVRGD.

Figure 1: Fabrication scheme. Supramolecular (non-covalent, host-guest) vs. covalent presentation of
RGD peptides on thiolated ethylene glycol (EG4) based self-assembled monolayers (SAMs) on gold. A)
Components and B) surface assembly for NON_COVRGD and COVRGD on the surfaces.
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Focal adhesions mature faster on non-covalently bound RGD ligands and
fibronectin compared to covalently bound RGD ligands
In order to have a deeper understanding on how integrin-mediated adhesions are regulated on
COVRGD and NON_COVRGD surfaces, focal adhesion (FA) dynamics (by studying the
localization of focal adhesion protein vinculin in time)3 was investigated in response to ligand
density, as one extensively studied parameter on traditional covalent surfaces 14,23,44. Since ligand
availability and presentation have been linked to changes in cellular morphology, we also studied
F-actin reorganization and cell spreading. Fibronectin coated glass substrates (FN, at 10 µg/mL),
a well-established surface for adhesion studies, were used as a reference surface 3,4.
Vinculin localization and actin organization (cell spreading) on the different surfaces were
studied at 15, 30, 45, 60, and 120min after cell seeding (Figure 2). On FN surfaces, small dotlike vinculin localization (resembling nascent adhesions) was already observed at 15 min, while
cells remained mostly spherical as characteristics of initial stages of cell adhesion and spreading
24,45,46. At 30min, distinct vinculin localization in elongating focal adhesions was seen primarily
in protruding lamellipodia of spreading cells. Over 45, 60, and 120min, the cell elongation and
spreading slowly matured. More visibly, actin stress fibers became more prominent throughout
this time, and vinculin adhesive assemblies matured into qualitatively more elongated shapes
found throughout the cell, characteristic of FA maturation 24.
For both COVRGD and NON_COVRGD surfaces, peripheral vinculin localization could be seen
at 30min (Figure 3), which acquired more distinguishable structures at 45 min. Interestingly, at
45 min, NON_COVRGD surfaces induced more qualitatively elongated focal adhesion (vinculin)
structures compared to the cells on COVRGD surfaces (with mostly dot-like focal adhesions).
Elongating focal adhesions on NON_COVRGD surfaces became more prominent at 60min, as
they matured further, a state that was visible on COVRGD surfaces only at 120min. Altogether,
these results clearly show that NON_COVRGD surfaces induced a more robust focal adhesion
development in time, compared to COVRGD surfaces, albeit following a slower development

Figure 2: Fluorescence micrographs of NIH3T3 fibroblasts cultured on glass coated with 10
µg/mL fibronectin at different time points. Vinculin localization became visible at 15min. Red: Factin, green: vinculin and blue: nucleus. Magnified images show the vinculin staining in more detail.
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compared to FN surfaces. Nevertheless, a more profound clustering of vinculin in these focal
adhesions was present on the NON_COVRGD surface, which hints at the possibility of stronger
FAK signaling.

Figure 3: Distinct regulation of focal adhesion dynamics in NIH3T3 fibroblasts cultured on
COVRGD and NON_COVRGD surfaces. Red: F-actin, green: vinculin and blue: nucleus. Magnified
images show the vinculin staining in more detail.
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The (non-)covalent state of RGD surfaces induces distinct morphological
characteristics and F-actin development dynamics in NIH3T3 fibroblasts
After determining that these surfaces induce differences in focal adhesion formation and
dynamics, we wanted to investigate if cell shape characteristics, an important determinant of cell
behavior 47,48, was altered as well. We, therefore, seeded NHT3T fibroblasts on FN, COVRGD,
and the NON_COVRGD surfaces and cultured them for 25min, 1h, 2h, and 4h (Fig. 4).
Afterward, cells were fixed and fluorescently labeled with F-actin and DAPI for cytoskeleton
and nuclear visualization. Images were analyzed through CellProfiler 49, which allowed detailed
quantification of morphological characteristics on the single-cell level. Principal component
analysis revealed that the parameterization of morphological parameters could distinguish cells
grown on fibronectin, COVRGD, and NON_COVRGD at different time points (Fig. S2).
Figure 4. F-actin development
dynamics of NIH3T3 fibroblasts
cultured on the different surfaces.
Visual observations reveals a latency
in cell spreading and a round cellular
morphology for NIH3T3 fibroblasts
cultured on COVRGD. F-actin staining
was accomplished through Phalloidin
immunolabeling. Scale bar represents
100 µm.
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Figure 5. Cell morphology is
dependent on the covalent state of
RGD presentation. A) Cell area
quantification reveals that cells seeded
on the COVRGD (C) surfaces have
diminished cell spreading compared to
cells seeded on FN and NON_COVRGD
(NC) peptides. After 4h, cell area
between COVRGD and NON_COVRGD
peptides becomes similar with the
highest cell spreading observed on FN.
B) Nuclear area follows a similar
dynamics as cell area. C) Cell solidity
quantification reveals that besides cell
spreading also less protrusions are
present on the COVRGD surface after 25
min. This effect remained present after
4h. Each dot represents the
quantification of a single cell. The blue
line represent median intensity levels of
each condition. (* p<0.05; ** p<0.01;

Already during the early phase of cell attachment, we observed morphological differences
between the cells cultured on the three surfaces. At 25min, cells grown on the COVRGD surface
experienced a latency in cell spreading compared to cells attaching on either fibronectin or
NON_COVRGD (Fig. 5A). After 1h, cell spreading continued on all surfaces, however also here,
the COVRGD surface induced slower cell spreading. Only after two hours, cells grown on
COVRGD spread to similar levels as on NON_COVRGD, on which cells already reached their
maximum spreading after 1h. Only for cells grown on FN, spreading continued to increase.
Therefore, cells cultured on FN exhibit the largest spreading after 2h and 4h compared to the
COVRGD and NON_COVRGD surface. Nuclear spreading is known to correlate with cell
spreading 50, and also in our experimental setup, we observed that nuclear spreading coincided
with differences in cell spreading elicited by the surfaces (Fig. 5B).
Besides cell spreading, other morphologic parameters can distinguish cells grown on the
surfaces. Cell solidity represents the number of pixels located in the cell relative to the pixels in
the convex hull, which is based on the area formed by drawing straight lines between the outmost
cell boundaries (Fig. S3). This morphological parameter allows assessing protrusions levels of
the cell. Of interest is that cell protrusions are already observable during the first 25min of cell
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attachment on the FN and NON_COVRGD in comparison with the COVRGD surface (Fig. 5C).
At 1h, solidity is sharply decreased for all surfaces, which can be interpreted with increased
protrusion formation due to spreading. Cells cultured on COVRGD kept exhibiting the highest
solidity values compared to cells grown on FN and NON_COVRGD, which is visually confirmed
to be due to decreased roundness and diminished protrusion formation. The FN surface induces
slightly lower solidity levels compared to NON_COVRGD. These effects stabilize at 2h, with no
differences observed between FN and NON_COVRGD, with the solidity of the cells grown on
COVRGD being consistently highest (Fig. 5D). These observations confirm that the covalent
state of RGD peptides profoundly changes focal adhesion characteristics and cell morphology.

The (non-)covalent state of RGD peptides dictates the activation of early response
transcription factors
Because alterations in cell shape are known for inducing distinct gene expression patterns 51, we
investigated how the covalent state of RGD peptides influences the NIH3T3 fibroblast gene
signature at these early time points. Due to the observations that RGD peptides exert their
influence already at the early stages of cell-material contact, we applied microarray sequencing
on RNA extracted from cells cultured on these surfaces for 30, 60, and 120min. Already at
30min, differentially expressed genes (DEGs) on COVRGD and NON_COVRGD surfaces
compared to FN are detectable (Fig. 6A). At 60min, NON_COVRGD surfaces induced 33
DEGs, and 19 DEGs were detected on the COVRGD surface compared to FN. Three DEGs are
shared between the surfaces compared to FN at 30min, and eight DEGs at 60min. A common
DEG between COVRGD and NON_COVRGD at 30min is the transcription factor Fos with a fold
change higher than two on both surfaces (Fig. 6B). Other early transcription factors become
apparent after 60min with a fold change of 2.29 for Egr-1 on NON_COVRGD (Fig. 6C) and
1.37 on the COVRGD surface. Of interest, after 60min, only NON_COVRGD elicited significantly
higher levels of Fos together with other early response transcriptional factors such as Egr-2 and
JunB (Fig. 6D). These observations demonstrate that these surfaces elicit a distinct response in
the early gene expression profiles of NIH3T3 fibroblasts.
Besides the expression of early response genes, we were interested in identifying pathway
activation associated with NON_COVRGD, the surface that induced the most DEGs. We,
therefore, applied pathway analysis on the microarray data at 60min to compare DEGs of
NON_COVRGD against FN. Using the STRING database web-based tool 52, we represent the
15 most significantly enriched gene ontology (GO) terms for “biological process”, two GO
terms for “cellular component”, and seven KEGG pathways in Fig. 6E-G. For GO “biological
process”, we mainly find an upregulation for genes associated with metabolic activity, and
responses to external stimuli (Fig. 6E). This wide variety in identified pathways is likely due to
the association of early response genes with multiple cellular processes. For example, Egr-1 is
activated through a plethora of stimulations like stress treatments 53, viral infection 54, growth
factor signaling 55,56, and mechanical stimulation 57. Of which the latter is also known to acti vate
Egr-2, Fos, and JunB 57. In light of this, GO cellular compound analysis highlights the AP-1
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complex (Fig. 6F), which consists of both Fos and JunB 58. Similar to Egr-1, AP-1 is implicated
in a variety of biological processes, including proliferation 59 and differentiation 60.

Figure 6: Microarray study reveals a distinct gene expression signature in NIH3T3
fibroblasts. A) Distinct and common DEGs were identified both for COVRGD surface and the
NON_COVRGD surface compared to FN. B) The transcription factor Fos is commonly upregulated
on NON_COVRGD and the COVRGD surface. C) Also, the transcription factor Egr-1 is significantly
upregulated on both COVRGD and NON_COVRGD, with the highest elevation detected on the
NON_COVRGD surface. D) At 60 minutes, we see an upregulation of the transcription factors Egr2, Fos, and JunB on the NON_COVRGD surface compared to COVRGD. E) Pathway analysis on the
DEGs of NON_COVRGD compared to FN reveals a divers set of DEGs associated with a variety of
biological processes, including metabolic processes and cell signaling. F) GO pathway analysis
focusing on cellular components reveals an association with the AP-1 transcription complex. G)
KEGG pathway analysis of DEGs from NON_COVRGD are associated with a divers set of pathways,
including the MAPK signaling pathway. H) After 60 minutes, a slight upregulation is observed for
Dusp1 on the NON_COVRGD surface. I) Dusp6 is upregulated on both surfaces with the strongest
elevation observed on the NON_COVRGD surface. J) STRING gene network composed of DEGs
of NON_COVRGD compared to FN at 60 minutes reveals a gene hub of the key transcriptional
factors Egr1, Fos, JunB which are associated with a variety of biological processes. (* P < 0.05; ** P <
0.01; *** P <0.001).
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KEGG pathway analysis highlights the involvement of these transcription factors in viral
infection, addiction, differentiation, TNF, estrogen, and MAPK signaling (Fig. 6G).
Furthermore, we found a slight elevation of Dusp1 expression on the NON_COVRGD surface
(Fig. 6H), and Dusp6 on both the COVRGD and NON_COVRGD surface with a fold change of
1.46 and 2.57 respectively (Fig. 6I). Both are involved in deactivating MAPK after a MAPK
signaling event 61. Visualization of the DEG network based on known protein-protein
interactions indeed reveals a strong hub network around the early response transcription factors,
which play a central role in both the GO and pathway results (Fig. 6J).
Next, we focused on gene expression differences between NIH3T3 fibroblasts grown on the
COVRGD and NON_COVRGD surfaces. For this, we further employed microarray studies after
a 120min culture on these surfaces, the time point after which morphological characteristics
became stabilized. At 120min, gene expression differences become more profound between the
COVRGD and NON_COVRGD surfaces, with a total of 137 up-regulated and 69 down-regulated
DEGs (Fig. 7A). Due to the higher number of DEGs, we applied ClueGO to cluster redundant
biological terms in functionally grouped networks to improve biological interpretation 62. This
approach allowed the identification of several biological processes related to the apoptotic
signaling pathway, immune system response, transcription, differentiation, reactive oxygen
species, and growth factors (Fig. 7B). Again when using STRING, we see a cluster of
transcription factors with high connectivity with each other and other proteins that are associated
with these biological processes (Fig. 7C). Of interest, we could not detect JunB at this time
point, which might be due to higher levels of Dusp1, Dusp6 observed at 60min, and Dusp4 at
120min. These genes contribute to the negative regulation of the MAPK pathway and junB. We
also detected a higher presence of other transcription factors, including Klf2, Klf4, and Klf6, which
are associated with a variety of biological processes, including differentiation and proliferation
63,64. Also, Bcl6 and Bcl10 as DEGs are present, which play a role in modulating immune signaling,
preventing apoptosis, and the production of reactive oxygen species 65–67. Of interest, we also
observed an increase in Srf known to be regulated by actin dynamics 68, together with Egr-1 (Fig.
7D). Srf is a crucial transcription factor and can bind to a multitude of gene targets 69. Srf can
furthermore control the expression of the early transcription factors Fos, JunB, Egr-1, and is also
auto-regulatory, depending on the binding with co-transcription factors 69–71. These observations
demonstrate a more robust mechanotransduction event elicited by the NON_COVRGD surface.
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Figure 7: Microarray analysis of COVRGD and NON_COVRGD surfaces after 120 min. A) 137
significant DEGs were upregulated and 69 were downregulated on the NON_COVRGD surface
compared to COVRGD. B) Pathway analysis reveals a large diversity in signaling pathways activation. C)
Partial STRING representation of the DEGs color-coded with their association with GO biological
pathways reveals a central interaction hub of transcription factors. D) Key transcription factors Egr-1
and Srf are upregulated on the NON_COVRGD surface compared to COVRGD.
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Non-Covalent RGD Surfaces elicit the Strongest Response in SRF, EGR-1, and Factin Levels
Due to the vital role of SRF and EGR-1 as mechanosensitive transcriptional factors, we further
investigated their protein levels through immunostaining in NIH3T3 fibroblasts grown on FN,
COVRGD, and NON_COVRGD. The time points 25min, 1h, 2h, and 4h were chosen as
incubation times, after which cells were fixed and immunolabeled against either EGR-1 or SRF
for protein quantification (Fig. 8A). Elevated EGR-1 levels were already detected after 25min
for cells grown on both COVRGD and NON_COVRGD compared to the FN surface (Fig. 8B).
No significant difference was detected between COVRGD and NON_COVRGD at this time point.
Similar to the microarray data, elevated EGR-1 levels were present for cells grown on both the
COVRGD and NON_COVRGD surfaces at 1h compared to FN. At 2h, protein levels further
coincided with the microarray data, with EGR-1 levels on COVRGD dropping towards similar
levels as on the FN surface, with NON_COVRGD inducing higher EGR-1 levels. Also,
NON_COVRGD elicited the most robust response in EGR-1 levels compared to COVRGD at 1h
and 2h. Of interest is that overall EGR-1 levels drop between 25min and 4h on all surfaces,
including FN, indicating that the seeding procedure itself played a crucial role in eliciting higher
EGR-1 levels. After 4h, only NON_COVRGD elevated EGR-1 levels compared to COVRGD and
FN. EGR-1 quantification on NON_COVRGD is characterized by single-cell heterogeneity,
especially at 4h, with a subpopulation of NIH3T3 fibroblasts exhibiting high EGR-1 levels which
contribute to the significant elevation towards the other surfaces.
SRF immunolabeling followed a similar trend with clear differences between the surfaces (Fig.
8C). Of interest is that already after 25min, both COVRGD and NON_COVRGD display elevated
nuclear SRF levels compared to FN, with the strongest response noticeable for NON_COVRGD
(Fig. 8D). After 25min, SRF levels dropped, again indicating an important role of cell seeding
as a biomechanical stimulation. Similar to EGR-1, NON_COVRGD induced the highest SRF
levels compared to both COVRGD and the FN surface on all time points. For cells grown on the
COVRGD surface, higher levels were observed compared to the FN surface, yet reached equality
at 4h.
Because of the relationship between actin dynamics and SRF 68, we were interested in measuring
F-actin levels across the different conditions to investigate similar trends. Visually, we found
profound increased levels of F-actin for NIH3T3 fibroblasts grown on both the COVRGD and
NON_COVRGD surfaces after 4hours (Fig. 9A). F-actin quantification revealed a gradual
increase of F-actin intensity levels on all surfaces that reached a peak at 2h (Fig. 9B). After 4h,
F-actin intensity levels dropped again. Across all time points, slight yet significant elevations of
F-actin were observed for the NON_COVRGD surface compared to COVRGD and FN surface.
In conclusion, here we unprecedentedly demonstrate that the (non-)covalent state of RGD
presentation influences cell shape, F-actin structure, and coincides with an early gene and protein
expression response in NIH3T3 cells. Here, non-covalent RGD presentation enhances cellular
dynamics, induces faster focal adhesion maturation and more robust F-actin levels, as well as
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increasing the expression of transcription factors known to be involved in early growth response
and actin signaling.

Figure 8. Immunostaining of EGR1 and SRF on FN, COVRGD (C), and NON_COVRGD (NC). A)
Elevated EGR-1 levels are present on both C and NON_COVRGD surfaces at 25min. This trend was still
present at 4h, yet with slightly higher levels on the NON_COVRGD surfaces. B) Immunostaining
quantification confirmed this observation with no statistical differences between COVRGD and
NON_COVRGD at 25min. After 1h however, NON_COVRGD levels remained constant while on COVRGD
EGR-1 levels dropped. After 4h, EGR-1 levels dropped on all surfaces while highest levels remained
observed on the NON_COVRGD surface. C) Following a similar trend, the highest levels of SRF were
observed on the COVRGD and NON_COVRGD surface. After 4h, this effect faded away while SRF levels
remaining highest on the NON_COVRGD surface. D) Immunostaining quantification confirmed this trend
with NON_COVRGD levels remaining significant highest across all conditions (* p<0.05; ** p<0.01; ***
p<0.001). Each dot represents the quantification of a single cell. The blue line represent median intensity
levels of each condition. (* p<0.05; ** p<0.01; *** p<0.001).
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Figure 9: F-actin levels follow a similar pattern as the SRF and EGR-1 dynamics observed on the
RGD surfaces. A) Visual observation of F-actin staining through phalloidin reveals increased intensity
levels in NIH3T3 fibroblasts on the COVRGD and NON_COVRGD surface after 2h. B)
Immunofluorescent quantification indeed reveals that both COVRGD and NON_COVRGD induce
profound higher levels of F-actin compared to FN. NON_COVRGD induces slightly higher levels across
all conditions compared to the COVRGD surface. After 2h of culture time, F-actin levels decrease on all
conditions. Scale bar represent 100 µm. (* p<0.05; ** p<0.01; *** p<0.001). Each dot represents the
quantification of a single cell. The blue line represent median intensity levels of each condition. (* p<0.05;
** p<0.01; *** p<0.001).

Discussion
In this work, we move beyond classical matrix coatings and peptide imprints through presenting
cells with dynamically active RGD peptides. How these peptides are modified in the culture dish
can have different effects on cell behavior, as shown by studies where RGD spacing is altered
72,73, where RGD organization follows ordered or disordered patterns 74, or are presented as
either a cyclic or linear RGD peptides 75. Here, we further add to the design space RGD peptides
that are either covalent or non-covalently presented and influence cell behavior. Non-covalent
presented RGD peptides might reflect more physiologically relevant conditions compared to the
standard covalent bound RGD peptides or coatings used in experimental setups. Therefore,
these surfaces can be considered as a novel and valuable tool to guide cell behavior in the culture
dish.
The effect of the non-covalent bound RGD peptides on the phenotype of the cell already
becomes clear during the early stages of cell attachment. Focal adhesion maturation is more
profound on these surfaces compared to covalently bound RGD peptides. This could indicate a
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stronger mechanical coupling between the cells and the surface. A multitude of integrins, part of
the focal adhesion complex, are known to bind to these RGD sequences 76, leading to cell
adhesion, spreading, and other signaling events that influence proliferation and differentiation
77,78. Although we did not investigate the long-term consequences of these RGD peptides on the
phenotype of the cells, exciting possibilities might arise with other cell types, such as for
embryonic stem cells, of which is known that their phenotypic maintenance or differentiation
potential can be altered depending on the matrix coating applied 79. In this regard, replacing
RGD with other signaling peptides found in matrix proteins such as collagen 80 or laminin 81
might further expand the design space of this platform.
The interaction of the NIH3T3 cells with the surface substrates offers novel insights into the
elicited mechanobiology. Of interest, the type of peptide binding (fibronectin, covalent, or noncovalent) influences focal adhesion dynamics, cell shape, F-actin levels, and gene expression
profiles. Since focal adhesions are protein complexes that are tightly connected with the
cytoskeleton, it comes as no surprise that the different focal adhesion dynamics we observe on
the surfaces coincide with different F-actin architectures 82. We believe the increased formation
of focal adhesions and F-actin stress fibers on non-covalent RGD surfaces to be related to
increased Rho activity, which affects the downstream activity of the transcription factor SRF,
thereby given rise to its higher levels compared to other surfaces 83,84. In this regard, it is
interesting to mention that the elevated levels of SRF we quantified were highest at the early
moments of cell attachment and before the most convincing F-actin and focal adhesion
formation. There exist a tight relationship between altered actin dynamics and SRF activity 68. In
this experimental setup, it could be that SRF mediated the F-actin and focal adhesion formation
since SRF is known to target a multitude of actin-related genes 6,85. Additional research is,
however, required to elucidate the exact mechanobiological mechanisms that are elicited by the
surfaces. This platform can thereby be regarded as an exciting tool to study pathway signaling
and dynamics associated with focal adhesion, actin, and SRF signaling.
Additional evidence for increased SRF activity on these surfaces is evident by the upregulation
of FOS, known to be regulated by SRF through the presence of SRE elements in its promoter
86. Similarly, evidence exists that SRF is also involved in EGR1 regulation 70. Both EGR1 and
FOS are transcription factors associated with mechanobiological events such as stretching 57 and
control a wide variety of processes such as proliferation 59 and differentiation 60,87. It is, therefore,
not surprising that these genes show a high interconnectedness with each other and other genes
in the generated gene networks. In this study, we show that increased focal adhesion dynamics
and F-actin formation coincides with higher levels of the transcription factors SRF, EGR1, and
FOS, amongst others. Thereby clearly demonstrating that a non-covalent presentation of RGD
peptides presentation has a profound impact on the mechanobiological response in these cells.
In the future, Chip sequencing can elucidate the binding partners of these transcription factors,
thereby allowing greater insights in the biomechanical consequences that this platform exerts.
Furthermore, follow-up experiments with other cell types and long-term culturing can elucidate
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what other functional consequences are of applying non-covalent bound peptides in the culture
environment.

Materials and Methods
RGD Synthesis
Thiol-functionalized methyl viologen (4, 4'-bipyridinium, 1-dodecyl-1'-methyl-, bromide iodide,
MVSH) was synthesized and characterized as previously reported 88. Peptides NpGGRGDSG
(6-Hydroxy-2-naphthoic-acid conjugated RGD, NON_COVRGD) and GGCGGRGDS
(COVRGD) was synthesized using an automatic solid phase synthetic robot (Syro II,
Multisyntech) following standard Fmoc procedures on a Rink amide resin. Purification was done
by reversed phase high-performance liquid chromatography using water/acetonitrile gradient
(10/90% to 0/100% with 0.1% Trifluoroacetic acid (TFA), RP-HPLC, C18 Column, Waters),
followed by analysis with analytical HPLC and mass spectrometry.

FT-IRRAS
For the measurements, 200 nm gold coated Si wafers of sizes 2x2 cm were functionalized with
NON_COVRGD and COVRGD as described above. Fourier Transform Infrared Reflection
Absorption Spectroscopy (FT-IAS) was carried out using a Thermo Scientific TOM optical
module. Polarized FT-IRRAS spectra were obtained by 1000 scans at 2 cm-1.

Surface preparation for cell experiments
20 nm gold coated surfaces (Ssens, Enschede, Netherlands) were cleaned with piranha solution
(95% H2SO4 and 30% H2O2 (3:1 v/v)) for 15 s, rinsed thoroughly in milliQ water and rinsed in
absolute ethanol. Freshly cleaned substrates were incubated overnight (16-24h) in 1 mM
ethanolic solution of tetra(ethylene glycol) disulfide (HO-EG4-C11-S-S-C11-EG4-OH, referred
as EG4-EG4, Prochimia) and maleimide-terminated mixed disulfide (HO-EG4-C11-S-S-C11EG6-OCH2-CONH-maleimide, referred as EG4-maleimide, Prochimia) at defined molar ratios
(0.05%, 0.1% or 1%), protected under argon atmosphere. After overnight incubation, EG4Maleimide surfaces were thoroughly rinsed in absolute ethanol, were dried under N2 flow and
further incubated and reacted with either freshly prepared 100 µM MVSH in 0.1Xphosphate
buffered saline (PBS) (first step for noncovalent RGD functionalization, referred as
NON_COVRGD) or 100 µM COVRGD (covalent RGD functionalization, COVRGD) in 0.1XPBS
for 1h at room temperature (RT). Subsequently surfaces were rinsed thoroughly in milliQ water,
dried under N2 stream and COVRGD surfaces were stored under a nitrogen atmosphere before
use. MVSH conjugated surfaces were further incubated with 50 µM NON_COVRGD
Cucurbit[8]uril in 0.1X PBS for 1h at RT (NON_COVRGD). For this purpose, CB[8] (CB[8]
hydrate, Sigma) was dissolved in milliQ water at 80°C by sonication (for at least 30min and then
was brought to room temperature), and then a 50 µM 0.1XPBS solution of CB[8] was prepared
to dissolve NON_COVRGD also at 50 µM (hence resulting in 1:1 NON_COVRGD ·CB[8]).
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MVSH surfaces that were functionalized with NON_COVRGD CB[8] were then gently and
briefly rinsed with milliQ water. Next to RGD functionalized surfaces, as a control surface,
piranha cleaned glass substrates (as above) were coated with fibronectin (FN, Sigma) at 10
µg/mL (in 1xPBS) for at least 1h at room temperature, before cell seeding (see below). Surfaces
were always used for cell experiments immediately after preparation.

Cell culture
NIH3T3 fibroblasts (ATCC® CRL-1658TM) were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma) supplemented with 2 mM L-Glutamine (Sigma), 100 U/mL penicillin
and 100 µg/mL streptomycin (Sigma) and 10% v/v Fetal Bovine Serum (FBS, Sigma) and used
between passage 15 and 30. Cells were sub-cultured on COVRGD, NON_COVRGD or FN
surfaces at 10,000 cells/cm2 in serum free basic medium (without FBS) for microarray analysis
and gene expression profiling or for immunocytochemical analysis of cell adhesion, spreading,
actin organization as well as protein expression analysis of microarray validation (also via
immunocytochemistry).

Immunocytochemical assays
Cells on the surfaces were fixated with cold 4% paraformaldehyde (PFA) for 10 min at room
temperature (RT), rinsed in PBS (3X, 5 min each) left in PBS with 0.05% sodium azide and kept
at 4°C before immunocytochemical assays. For the experiments that are explained in Figures 13 and Figure S3 and S4, PFA fixed cells were permeabilized in 0.5% Triton X-100 (Acros
Organics) in PBS (Sigma) for 10 min at room temperature (RT). After permeabilization, cells
were incubated with 0.1% Triton X-100 and 5% (w/v) bovine serum albumin (BSA, Sigma)
solution in PBS for 1h, to block nonspecific sites. Afterwards, cells were incubated with a
solution of AlexaFluor-568 phalloidin (Molecular Probes, Thermo Fisher Scientific, 1:100) and
monoclonal anti-human vinculin-FITC antibody (anti-hVIN-1, Sigma, 1:200) in 0.1% Triton-X100 and 5% (w/v) BSA in PBS for 1h at room temperature, in the dark. Cells were gently washed
with PBS 3X, 10 min each. For characterization of cell polarization, after blocking non-specific
sites, cells were incubated with, rabbit anti-Giantin antibody (Golgi marker, BioLegend, 1:400)
in 0.1% Triton-X-100 and 5% (w/v) BSA for 1h at room temperature and cells were washed
2X, 0.1% Triton-X-100 and 5% (w/v) BSA, 10 min each. Then, cells were incubated with a
solution of AlexaFluor-568 phalloidin (Molecular Probes, Thermo Fisher Scientific, 1:100) and
secondary antibody (AlexaFluor-488 goat-anti-rabbit IgG, 1:400) in 0.1% Triton-X-100 and 5%
(w/v) BSA in PBS for 1h at room temperature, in the dark. Cells were washed 2X with 0.1%
Triton-X-100 and 5% (w/v) BSA in PBS and 1X with PBS. In both cases, nuclear staining was
performed with DAPI nuclear stain in PBS (1:1000) for 10 min and after that cells were washed
2X with PBS (10 min each).
For the validation of microarray data, PFA fixed cells were permeabilized with 0.1% Triton-X100 in PBS for 10 min, at RT. Then, cells were incubated with PBT solution (0.02% Triton-X100 and 0.5% (v/v) goat serum (Sigma) in PBS) supplemented with 5% (v/v) goat serum for 1h,
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to block nonspecific sites. Cells were then incubated with rabbit polyclonal anti-SRF antibody
(G-20, Santa Cruz, 1:100) or rabbit monoclonal anti-EGR1 antibody (T.126.1, Thermo Fisher
Scientific, 1:100) in PBT solution for 1h at RT. After that cells were rinsed 3X in PBT, 10 min
each. Cells were subsequently incubated with secondary antibody (AlexaFluor-488 goat-antirabbit IgG, 1:500) and AlexaFluor-568 phalloidin (1:60) for 1h in PBT solution, and rinsed 3X
in PBT, 10 min each. Nuclear staining was performed with DAPI (1:500) in PBT for 10 min.
Cells were rinsed 1X with PBT and 1X with PBS, 10 min each and left in PBS. Finally surfaces
were mounted with an aqueous mounting medium (Aqua Poly/Mount, Polysciences, Inc.) on
coverslips and left to dry overnight at room temperature, in the dark. Then, cells were put at 4°C
and kept at dark before image acquisition.

Image and Statistical Analysis
For the experiments described in Figures 1-3, immunolabeled cells were imaged using an
inverted fluorescence microscope with corresponding excitation and emission filters (Olympus,
1X71, Melville NY, USA). For shape analysis, 5-7 images taken per substrate condition. 2
independent experiments were done per condition. Fluorescence microscopy images of actin
and DAPI were used for Cell Profiler based shape analysis.
For validation of microarray data and time point analysis of protein expression, at least 2
independent experiments were performed in duplicates per time point, validating surface
preparation for each experiment based on the trends achieved in cellular morphology (or protein
expression). Fluorescent images of the stained samples were acquired using an automated Nikon
Eclipse Ti-U microscope with an Andor Zyla 5.5 4MP camera. For protein quantification and
determining cell morphological characteristics, 10 random images of each sample were taken
with a 20x objective (Nikon, NA=1.2). For detailed actin analysis, a 40x oil objective (Nikon,
NA=1.3) was applied. Images were analyzed through CellProfiler 3.1.8 with a custom-made
pipeline 49. After illumination correction, nuclei morphology was captured using the Otsu
adaptive thresholding method based on the DAPI staining. Subsequently, cell morphology was
determined by applying Otsu adaptive thresholding and propagation algorithms based on the
Phalloidin staining. Cells touching the border of the image were filtered out of the dataset. In
addition, mislabeled cellular objects were identified by failure of the object to propagate in the
Phalloidin channel and were subsequently removed. For quantification of F-Actin, SRF and
EGR-1, the protein intensity values of each pixel inside the segmented nuclear or cellular area
are summarized to calculate the integrated protein values of each individual cell.
Single cell parameter quantification from CellProfiler was further analyzed through R 89, whereby
image artifacts were removed from the data by applying arbitrary thresholds. PCA 90 was
performed in R through the function prcomp and visualized through the packages ggfortify 91
and ggplot2 92.
GraphPad Prism 7.03 was applied for visualization of single cell protein quantification,
morphological characteristics and determining statistical significance between the different
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conditions. Integrated protein intensities across different pertubations are considered statistical
significant (P value lower then 0.05) after non-parametrical ANOVA test (Kruskal-Wallis).

RNA Isolation
After culturing cells on different surfaces (in triplicates), total RNA was isolated using the RNA
isolation kit (Bioline, Isolate II). Then, from 190 ng RNA, cRNA was synthesized using the
Illumina® TotalPrepTM RNA amplification kit. Both RNA and cRNA quality were verified on a
Bioanalyzer 2100 (Agilent).

Microarray experiments and data analysis
Microarrays were performed using Illumina HT-12 v4 expression Beadchips. Briefly, 750 ng of
cRNA was hybridized on the array overnight, after which the array was washed and blocked.
Then, by addition of streptavidin Cy-3, a fluorescent signal was developed. Arrays were scanned
on an Illumina Beadarray reader and raw intensity values were background corrected in
BeadStudio (Illumina). Further data processing and statistical testing were performed using R
and Bioconductor statistical software. The probe-level raw intensity values were quantile
normalized and transformed using variance stabilization (VSN). A linear modeling approach
with empirical Bayesian methods, as implemented in Limma package was applied for differential
expression analysis of the resulting probe-level expression values. P-values were corrected for
multiple testing using the Benjamini and Hochberg method. Genes were considered
differentially expressed when a corrected p-value below 0.05 was reached. The raw and
normalized gene expression data and associated metadata have been uploaded in the
Compendium for Biomaterial Transcriptomics.
To construct a gene network of the DEGs, we applied an online STRING analysis
(https://string-db.org/). DEGs were further also included in the software ClueGo to cluster
redundant biological terms in functionally grouped networks.
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Supplementary Figures

Figure S1: Monolayer validation through FT-IRRAS. Illustrated are FT-IRRAS spectra of COVRGD
(blue) and NON_COVRGD (red). CB[8] peaks at 1477 cm-1 and 1740 cm-1 and RGD peptide at 3300 cm-1.

Figure S2: PCA analysis based on morphological parameters distinguishes cells grown
on the different surfaces. A) Already after 25min, NIH3T3 fibroblasts can be classified in
distinct clusters. B) Also after 4h of culture on the surfaces, morphological characteristics of
the NIH3T3 fibroblasts were different between the surfaces.
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Figure S3: Illustration of solidity, a Cell Profiler morphological parameter. Solidity is defined as
the proportion of the pixels in the convex hull that are also in the region. Solidity levels are low for
cells that have a branched morphology.
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Abstract
Physical structures are known for their ability to control cell and nuclear morphology. Since the
shape of the nucleus regulates chromatin architecture, gene expression, and cell identity, surface
structures can play an essential role in controlling cell phenotype. In this study, we explore how
micro-topographies influence nuclear morphology, their effect on histone modifications, and
the expression on histone-associated proteins through histone mass spectrometry and
microarray analysis. We noticed that nuclear confinement is associated with a loss of both
histone acetylation and nucleoli abundance. Pathway analysis revealed a substantial reduction in
gene expression associated with chromosome organization and the cell cycle. We connect these
findings with a quiescent-like phenotype in mesenchymal stem cells, as shown by the retainment
of multipotency on micro-topographies after long-term culture conditions. Furthermore, the
influence of micro-topographies on nuclear morphology and proliferation was dynamic in origin,
as shown by a re-adaptation on the flat surface after topographical culture conditions. These
findings provide novel insights on how biophysical signaling influences nuclear organization and
subsequent cell phenotype.
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Introduction
Primary cells exposed to the in vitro culture environment can quickly lose morphological
characteristics and phenotypic marker expression, such as is the case for chondrocytes and
tenocytes 1,2. This phenomenon also occurs for multipotent cells, such as mesenchymal stem
cells (MSCs), leading to a gradual decrease of multipotency after multiple passages 3. This
problematic nature of the standard culture environment impedes tissue-engineering applications
since tissue or organ construction requires a significant number of cells. However, different
approaches exist to alleviate this problematic phenomenon. The addition of growth factors can
improve multipotency in MSCs 4. Coating the surface with matrix compounds can alter the
differentiation of embryonic stem cells or the phenotypic maintenance of primary cells 5.
Furthermore, changing physical properties such as elasticity can improve phenotypic
maintenance of stem cells 6, or enhance their differentiation 7. An interesting and further
extension of biomaterial properties capable of directing cell fate are physical cues, which have
gained popularity in recent years for cell culture applications.
Physical cues can mimic essential aspects of the physiological environment. For example,
scaffolds or gels mimic 3D environments, which results in signaling events otherwise absent on
a regular flat surface 8. Physical cues change morphologic characteristics, which leads to
profound alterations in cell phenotype. In this context, the use of adhesive islands can
profoundly alter cell area and morphology, leading to altered differentiation events in MSCs 9,10.
Similar changes in morphology and phenotype are induced by surface structures such as grooves
11 and topographies 12. The biological pathways elicited by these structures are usually associated
with cytoskeleton dynamics. An important consideration is that physical cues also have a direct
effect on nuclear shape and resulting phenotype. Distinguishing if physical cues exert their effect
either through cell or nuclear morphology changes are challenging to assess due to the strong
relationship between the two parameters 13,14. Nevertheless, nuclear shape alterations are
associated with epigenetic changes, such as chromatin organization or histone modifications,
which result in altered gene expression 15,16. Therefore, utilizing physical cues such as microtopographies are an excellent tool for elucidating how modifying nuclear shape effects epigenetic
and the resulting functional consequences.

Results
Micro-topographies elicit a broad nuclear confinement and deformation diversity
in MSCs
It is well established that physical cues alter cellular morphological characteristics 10,17,18,19,
including those elicited by topographical structures 20–22. However, despite the strong
relationship between cell and nuclear shape, the effect of physical cues on nuclear architecture
has not yet been thoroughly investigated. We, therefore, aimed to investigate how different
physical cues in micro-topographical dimensions affect nuclear morphology. For this, we utilized
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the TopoChip, of which 2176 different surface topographies were created in silico by using three
primitives in unique combinations (Fig. 1A). Before seeding MSCs on the TopoChips, we
assessed the quality of the substrate using profilometric imaging. This allowed confirmation of
the spatial dimensions of the topographical features and the walls separating the individual units
(Fig. 1B). After a positive quality assessment, MSCs were seeded on eight TopoChips and
cultured for 48h, after which F-actin and DNA were fluorescently labeled (Fig. 1C). Since the
TopoChip platform contains four flat surfaces and each micro-topography in duplicate, a total
of 32 flat surfaces and 16 replicas of the same micro-topography were included in the analysis.
High-content imaging of each unit enabled the identification of 41,540 cells. We observed a
broad cellular morphological heterogeneity between the individual units, similar to previous
TopoChip studies involving tenocytes 2 and MSCs 23. Furthermore, we found a diversity of
nuclear morphologies as well, with varying degrees of nuclear area and deformation (Fig. 1D).
Figure 1: Micro-topographies create a
large variety in cell- and nuclear
morphological characteristics. A)
Through a circle, rectangle, and triangle,
we created a large variety in surface design.
B) Profilometric image of the TopoChip
platform. A 2x2 cm2 chip with 2176 unique
micro-topographies with a height of 10
µm, and walls of 30 µm. C) Illustration of
morphological diversity elicited by microtopographies. Depicted are MSCs cultured
on the flat control surface and three microtopographical surfaces. F-actin was stained
with Phalloidin conjugated with an Alexa
Fluor. The nucleus was counterstained
with Hoechst33258. Scale bar represents
100 µm. D) Representative images of
nuclear deformation occurring on microtopographies. Depicted are nuclei of MSCs
cultured on the flat control surface and a
random sample of MSCs cultured on
micro-topographies. In general, microtopographies elicit smaller nuclei, which
different degrees of elongation and
branching. Scale bar represents 10 µm.

Next, we quantified this diversity by measuring nuclear morphological characteristics through
CellProfiler 24. We provide the reader in Supplementary Fig. 1 a visual explanation of the
morphological parameters. Both cell and nuclear area were decreased for the majority of MSCs
grown on the micro-topographies, with 984 of 2176 micro-topographies (45%) reaching
significant lower cell area (Fig. 2A) and 580 of 2176 micro-topographies (26%) inducing lower
nuclear area (Fig. 2B). Plotting nuclear and cell areas indeed revealed a correlation between
these two parameters (Supplementary Fig. 2), a known phenomenon also observed on other
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platforms such as for adhesive islands 14. Also, we found through quantifying the morphological
parameters compactness and eccentricity, a global trend for micro-topographies to induce
nuclear elongation. Here, we determined that 1692 micro-topographies (77%) induced
significantly higher compactness levels, while 1670 micro-topographies (76%) induced
significantly higher eccentricity levels compared to a flat surface (Fig. 2C-D). Besides
elongation, we were interested in determining nuclear branching or deformation through
measuring solidity levels. Here, we determined that 982 micro-topographies (45%) induced
significantlylower solidity levels and thus induced nuclear deformation (Fig. 2E). These findings
demonstrate that micro-topographical diversity elicits diversity in nuclear morphology.
Next, we characterized the relationship between the feature parameters of the microtopographies and morphological outcomes. A complete overview of the surface parameters such
as pattern area, the number of primitives, or feature area, is documented in Supplementary
Table 1. We employed random forest algorithms to create models that associate nuclear
morphological parameters with the feature descriptors. We used 75% of the lowest 200 and 75%
of the highest 200 scoring TopoUnits associated with inducing a morphological characteristic.
The accuracy of the model was assessed on the remaining 25%. Models were trained with 10fold cross-validation. When assessing which feature characteristics induced either low or high
nuclear area, we found that pattern area and wavenumber 0.1 (WN0.1), a Fourier transformation
algorithm, were important determinants for the prediction model, with an area under the curve
(AUC) of 94% and a 93% accuracy (Supplementary Fig. 3). Plotting the WN0.1 and pattern
area of micro-topographies inducing the smallest and largest nuclear area indeed allows a
separation between the top and lowest 200 micro-topographies (Fig. 2F). Of interest is the
existence of a subpopulation of cells with a sizeable nuclear area induced by a large pattern area
and an intermediate WN0.1. This is an indication of very dense patterns where cells have little
room to settle between the structures. The same parameters were also significant determinants
for influencing compactness (Fig. 2G) and solidity levels (Fig. 2H). Of interest here, is that
WN0.1 can achieve this separation, independent of pattern area, indicating that the distance
between the features is essential to achieve elongation and deformation of the nuclei.
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Figure 2: Pattern area and wavenumber 0.1 promote nuclear deformation. A-E) Microtopographies induce a spectrum of different cell and nuclear sizes, elongation (compactness and
eccentricity), and branching (solidity), with flat residing on the far side of the spectra. Each dot represents
the median quantified values of an individual micro-topography. The black line represents the flat
surface, and the green line represents the median of all individual values. F) A large pattern area generally
promotes a smaller nuclear size. An exception was found with surface patterns exhibiting a high pattern
area, and intermediate WN0.1, characteristic of high-density patterns. G-H) Increased elongation
(increased compactness), and branching (lower solidity), was found on micro-topographies with
intermediate pattern areas and high WN0.1, characteristic for surfaces that allow spacing in between the
micro-topographies.
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Nuclear confinement is associated with reduced histone 3 and histone 4
acetylation
After determining that micro-topographies influence nuclear morphology, we wanted to
investigate how this affects the histone landscape. For this, we selected the PS-1018 surface,
which we can fabricate in a 100 mm dish format, allowing sufficient cell numbers for
downstream experiments. This surface induces elongated morphology in MSCs and a substantial
reduction in nuclear area (Supplementary Figure 4). We further employed histone massspectrometry that allowed us to profile histone modifications on both the histone 3 (H3) and
histone 4 (H4) tail. 48h after cell seeding, we performed mass-spectrometry on the chromatin
fraction and were able to detect ten histone modifications on the H3 tail (Fig. 3A), and six
histone modifications on the H4 tail (Fig. 3B). On the H3 tail, we found an increase in
H3K9Me, a decrease in H3K9Me2 and H3K27me2, with no observed difference in H3K9Me3
between flat and PS-1018. These observations are associated with alterations in gene
transcription speed 25,26. The majority of significant differences were measured on the H4 tail,
where acetylation levels were decreased for H4K2, H4K5, H4K8, and H4K12, indicative for
chromatin compaction 27. For H4K2, we also observed higher dimethylation levels. Besides a
48h time point, we also quantified histone modifications at a 4h and 24h time point. When
quantifying the total amount of H4 acetylation, we noticed that the decreased levels already
becomes apparent 4h after cell seeding (Fig. 3C). Of interest, after 48h, we noticed an increase
in global H4 acetylation both on the flat and PS-1018 surface. Nevertheless, throughout all time
points, H4 acetylation remained lowest on the PS-1018 surface.
Due to the observed decrease in global H4 acetylation levels, we were interested in exploring if
this effect was also apparent for the H3 tail since not all acetylation sites were detected with
histone mass-spectrometry. For this, we employed immunostaining with antibodies targeting
global acetylation on both the H3 and H4 tail, while targeting H3K9Me2 as extra validation of
the mass-spectrometry data (Fig. 3D). Through immunostaining, we found a decrease in H3
acetylation intensity levels when MSC are cultured on the PS-1018 surface (Fig. 3E). A similar
observation was apparent for H4 acetylation levels, of which a more substantial decrease was
observed compared to H3 acetylation (Fig. 3F). For H3K9Me2 we found a slight decrease in
intensity levels (Fig. 3G). Of interest is the heterogeneous H3K9Me2 intensity levels between
MSCs cultured on the PS-1018 surface. Furthermore, we observed that some MSCs exhibit high
H3K9Me2 intensity levels at the nuclear periphery through a heat map visualization
(Supplementary Figure 5), which could indicate altered interaction dynamics between
chromatin and the nuclear periphery 28. In general, this data associates the nuclear deformation
that micro-topographies elicit most substantially with reduced histone acetylation levels.
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Figure 3: Histone mass-spectrometry and immunostaining reveal a decline in histone
acetylation for MSCs cultured on the micro-topography PS-1018. A) Histone mass-spectrometry
performed on H3 reveals an H3K9Me/Me2 ratio increase and a decrease in H3K27Me2 when ADhMSCs are cultured on the PS-1018 surface after 48h. B) Histone mass-spectrometry performed on H4
reveals a general decrease in acetylation levels, with a slight increase in H4K2 dimethylation. Bar plot
represents mean with error bars representing SD. C) Global H4 acetylation levels are already decreased
4h after seeding on the PS-1018 surface. Acetylation levels slightly increase after 48h for MSCs cultured
on both the flat and PS-1018 surface compared to the 4h and 24h time point. D) Immunolabeled images
of global H3/H4 acetylation, and H3K9Me2 of MSCs cultured on flat and PS-1018 after 48h. Scale bar
represents 50 µm. E) Immunolabeling quantification reveals a general decrease in H3 acetylation levels.
F) Immunolabeling quantification reveals a general decrease in H4 acetylation levels. G) Immunolabeling
quantification reveals a decrease in H3K9Me2 levels. Each dot represents individual nuclei. The blue
line indicates the median. (* P<0.05 ; ** P<0.01; *** P<0.001).

Micro-topographical diversity can lead to specific levels of histone 3 acetylation
Since different surface feature parameters correlate to nuclear morphology, and microtopographies decrease acetylation levels, we were interested in the correlation between nuclear
shape and histone acetylation. We selected six different topographies, seeded MSCs on them,
and immunolabeled H3 acetylation after 48 hours of culture. Intensity level quantification
demonstrated a general decrease in H3 acetylation (Figure 4A), similar to the PS-1018 surface.
Of interest is that different levels of acetylation were observed in MSCs on different
topographies. We also included the compounds trichostatin A (TSA), and valproic acid (VPA)
as a reference, both HDAC inhibitors known to increase histone acetylation levels 29,30. These
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compounds indeed increased acetylation levels in MSCs compared to a flat surface. The design
of these surfaces is found in Figure 4B, where we see that surface PS-463 exhibits a low pattern
area, with PS-2113, PS-340, PS-990 exhibiting intermediate pattern areas, with high-density
patterns apparent on surface PS-818 and PS-1476. Visual inspection of the H3 acetylation
staining reveals that nuclear area is strongly influenced through this patterned area, as shown
before with the Topochip screen (Figure 4C).

Figure 4: H3 acetylation levels can be differentially regulated by micro-topographies. A)
Quantification of immunolabeled H3 acetylation on six different micro-topographies reveals different levels
of histone acetylation in MSCs. Surface PS-463 elicits the least difference in acetylation levels compared to
a flat surface, while PS-1476 elicits the strongest reduction. No significant difference was observed between
PS-2133, PS-340, and PS-PS-990. HDAC inhibitors TSA and VPA induce elevated acetylation levels (* P
<0.05; ** P <0.01; P < 0.001). Each dot represents individual nuclei. The blue line represents the median.
B) In silico design of the micro-topographies used in this screen. PS-463 contains patterns with a low pattern
area. PS-1476 contains patterns with a high pattern area. C) MSCs cultured on PS-463 exhibit smaller nuclei
compared to MSCs on flat, yet with the same round morphology. Nuclei of MSCs grown on PS-2133
exhibit smaller, and elongated morphology with PS-1476 inducing the smallest and deformed nuclei. Scale
bar represents 50 µm.
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Micro-topographies induce chromatin condensation and a loss of nucleoli
structure
After assessing that micro-topographies induce nuclear confinement, which coincides with
profound reductions in global acetylation levels, we were interested in determining how other
nuclear structures are affected. Foremost, we visualized chromatin condensation through
creating a heat map of the Hoechst33258 signal on the PS-1018 surface (Fig. 5A). We found
increased chromatin condensation levels as to be expected with the lower acetylation levels we
observed 31. Next, we wanted to investigate how micro-topographies influence the number of
nucleoli. For this, we stained the nucleoli with nucleophosmin (NPM1), which plays a function
in essential biological processes such as ribosome biogenesis 32, mRNA processing 33, and
chromatin remodeling 34. We also stained fibrillarin (FBL), a ribonucleoprotein involved in prerRNA processing and ribosome assembly 35, and nucleolin (NCL), a nucleolar protein which is
also associated with pre-rRNA processing 36 and chromatin condensation 37. Of interest, when
comparing the immunostainings between flat and surface PS-1018, we determined a reduction
in nucleoli through all immunostainings (Fig. 5B-D). For NPM1, also a more diffuse presence
in the nucleus with a slight translocation towards the cytoplasm was present. These findings
indicate sharp alterations in nucleolar function, which warrants further investigation, and is to
our knowledge the first observation made in the context of biomaterials.

Figure 5: Micro-topographies induces chromatin condensation and a reduction of nucleoli. A)
Heat map representation of Hoechst 33258 intensity levels reveals that the PS-1018 surface induces
chromatin condensation. B-D) Immunostaining of the nucleoli markers nucleophosmin, fibrillarin, and
nucleolin reveal a decrease in the number of nucleoli present when MSCs were cultured on the PS-1018
surface. Nuclei counterstained with Hoechst. Scale bar represents 50 µm.

Micro-topographies induce a distinct proteomic and transcriptomic profile that
influences chromosome organization
We analyzed through mass-spectrometry differences in the presence of the proteins between
MSCs cultured on flat and the PS-1018 surface. In total, we detected 221 proteins with a
significant 1.3 fold change. We first examined how many proteins were associated with the GO
term “Structural constituent of the ribosome” to extend the previous observation concerning
the reduced presence of nucleolus-associated proteins. We found a higher expression of 20
ribosomal proteins in MSCs cultures on PS-1018 compared to flat and one ribosomal protein
with a lower presence (Fig. 6A). An overview of these proteins is found in Supplementary
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Table 2. This is an interesting finding considering that the alterations in nucleoli-associated
proteins might disrupt rRNA processing and ribosome assembly. This might indicate an
increased synthesis of ribosomal proteins to compensate for the reduction in ribosomal assembly
in the nucleoli. However, since we also report a general decrease in protein synthesis for MSCs
grown on micro-topographies in another study (manuscript submitted), which is associated with
reduced ribosomal assembly, we believe this to be related to ribosomal protein functions
independent from the ribosome 38. Next, we searched our microarray data library of MSCs
cultured on micro-topographies for additional information if these proteins are also regulated at
the transcriptional level. For this, we selected microarray data from surface PS-281, which exhibit
similarities with the PS-1018 surface concerning morphological characteristics such as nuclear
deformation and elongation (Supplementary Figure 6). Here, we report a downregulation of
five, and the upregulation of one ribosomal protein, indicating that the control of ribosomal
protein synthesis might be differentially regulated between the transcriptomic and proteomic
level (Figure 6B).
Next, we assessed how micro-topographies influence proteins involved in chromosome
organization. Of interest, we found in the proteomics data six proteins exhibiting a lower
presence and ten proteins exhibiting a higher presence on the PS-1018 surface compared to flat
associated with the GO term “chromosome organization” (Figure 6C). Among these proteins,
we detected a lower abundance of High-Mobility Group A Protein 1 (HMGA1; -1.86 fold
change), which is involved in heterochromatin organization and senescence 39. Also, for High
Mobility Group Nucleosome Binding Domain 1 (HMGN1; -1.94 fold change) and 3 (HMGN3;
-2.52 fold change), we could detect lower protein levels on the PS-1018 surface. Both HMGN1
and HMGN3 are associated with modifying chromatin structure and influencing transcription
40,41. We also report a reduced expression of the linker histone H1.X (-1.51 fold change), which
accumulates in the nucleolus during mitosis and plays a role in chromosome alignment 42. In the
list of proteins with increased expression cultured on the PS-1018 surface, we noted the
chaperonin-containing T-complex 2 (CCT2; 4.44 fold change), CCT5 (2.79 fold change), and
CCT6A (1.34 fold change), chaperone proteins which can target telomere-associated proteins
thereby assisting in telomere maintenance 43. Related to this, we find increased expression of XRay Repair Cross Complementing 6 (XRCC6; 2.25 fold change), which plays a role in DNA
repair and telomere maintenance as well 44. In the list, we also detected a higher presence of
Methyl-CpG Binding Domain Protein 2 (MBD2; 3.51 fold change), which represses
transcription from methylated promoter regions 45. Of interest, this protein also recruits HDAC
proteins 46, which might thereby contribute to the lower acetylation levels we observe.
To gain further insight into how micro-topographies influence chromosome organization, we
again selected microarray data from surface PS-281 and investigated the presence of genes
associated with the GO term “chromosome organization” (Figure 6D). A list of these genes is
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Figure 6: Micro-topographies strongly affect expression levels of genes associated with ribosomal
and chromosome organization. A-B) Volcano plot representation of proteomics performed on
proteins derived from the acid extraction of MSCs cultured on the PS-1018 surface. Highlighted in blue
are proteins associated with the GO term “structural constituent of the ribosome”, and “chromosome
organization”. DEG cut-off was determined at a 1.3 fold change and an adjusted P-value of 0.05. C-D)
Volcano plot representation of microarray performed on isolated RNA derived from MSCs cultured on
the PS-281 surface. Highlighted in blue are proteins associated with the GO term “structural constituent
of the ribosome”, and “chromosome organization”. DEG cut-off is determined at a 1.5 fold change and
an adjusted P-value of 0.05.

found in Supplementary Table 3. Here, we found a downregulation of 41 genes and an
upregulation of one gene associated with this GO term. In the list of the downregulated genes,
we find aurora kinase A (AURKA; -2.09 fold change), and AURKB (-1.71 fold change), both
proteins located near the centrosome where they are involved in chromosome movement and
organization 47,48. We also detected a downregulation of multiple centromere proteins (CENP),
including CENPA (-1.81 fold change), CENPE (-2.01 fold change), CENPF (-1.57 fold change),
CENPK (-1.51 fold change), and CEMPM (-1.53 fold change). These proteins are specialized
H3 variants located at the centrosome, providing unique chromatin regions distinct from
traditional euchromatin and heterochromatin 49. Related to this, we observed a downregulation
of Holliday Junction Recognition Protein (HJURP; -1.7 fold change), which is involved in
incorporating CENPA in centromeres 50. We also detected a downregulation of the histonemodifying enzyme suppressor of variegation 3-9 homolog 1 (SUV39H1; -1.52 fold change),
which might be involved in the lower levels of H3K9Me2 we observed with the histone mass
spectrometry data 51. Related to this, polycomb complex protein regulator of cytokinesis 1
(PRC1; -1.78 fold change) was downregulated, known for its role in the spatial organization of
chromatin 52, and playing a crucial role in cytokinesis 53. These examples demonstrate that the
nuclear deformation that micro-topographies elicit coincides with an altered profile of proteins
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involved in chromatin maintenance and chromosome formation, which is indicative of reduced
cell division.

Micro-topographies lower the proliferation potential of MSCs and induce
quiescent-like conditions
A majority of the genes associated with chromosome organization are associated with
proliferation. For example, the CENP proteins that play essential roles in centromere formation
are also required for proper cell division. This is further emphasized by compiling a differential
gene network of the PS-281 microarray data through the STRING database. Of the 248 genes,
85 were associated with the GO term “cell cycle” and clustered together due to their high
connectivity with each other based on integration of all publicly available sources of proteinprotein interaction information (Fig. 7A). Amongst this list, we notice a downregulation of
cyclin A2 (CCNA2; -1.89 fold change), and cyclin B1 (CCNB1; -1.59 fold change), which are
strongly associated with cell division 54. Reduced proliferation speed of cells on microtopographies was observed before by our group 55, and is also reported to occur on other
biomaterials as well such as on adhesive islands 17, and reported to be associated with chromatin
condensation 13. Since a considerable amount of these genes are associated with the p53
transcription factor (Supplementary Figure 7), we wondered if micro-topographies initiate a
reduced expression of cell cycle genes through p53 activation. For this, we utilized HEK293T
cells that exhibit reduced p53 activity through binding with the large-T antigen, and the p53 null
cell line SaOS-2, and compared their proliferation speed on micro-topographies with MSCs and
U2OS cells. Of interest, we observed significantly reduced proliferation speeds for all cell types
(Fig. 7B), indicating that the upstream pathways leading towards a reduction of cell cycle genes
are p53 independent, thus warranting further investigation in the pathways involved.
Next, we were interested in determining if the phenotypical changes that micro-topographies
exert are permanent or reversible when MSC are cultured back on a flat surface. Determining
this is important for understanding the implications of an MSC culture on micro-topographies
and how these can be harnessed for tissue engineering applications. For this, we cultured MSCs
for three weeks on the PS-1018 surface, after which we reseeded them on a flat surface. Of
interest, we found that MSCs cultured from the PS-1018 surface on a flat surface retained a
spread-out morphology, indistinguishable from MSCs that were solely cultured on a flat surface
(Fig. 7C). Subsequently, we tested if proliferation speed could return towards normal levels. We
found through a Cyquant proliferation assay that MSCs after three weeks of culture on the
micro-topographies could retain similar proliferation speeds as MSCs cultured on a flat surface
(Fig. 7D), indicating that specific phenotypical characteristics that micro-topographies exert on
MSCs are reversible.
After determining that micro-topographies induce lower and reversible proliferation, a higher
presence of proteins associated with telomere maintenance, and a reduction of nucleoli, which
is associated with longevity 56, we hypothesized that micro-topographies promote maintenance
of multipotency in MSCs. For this, we seeded MSCs for three weeks on the PS-1018 surface,
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after which we seeded them on a flat surface and assessed their potential to differentiate towards
the osteogenic and adipogenic lineage compared to cells that were cultured for three weeks on a
regular flat surface. Of interest, we found that MSCs on the long-term PS-1018 surface had an
improved differentiation potential, as shown by an increased presence of mineralization and fat
deposits compared to MSCs cultured on flat (Fig. 7E). These findings suggest that microtopographies induce a quiescent-like, multipotent phenotype in MSCs, which coincides with an
epigenetic signature associated with lower proliferation speeds and cell division.

Figure 7: Micro-topographies lower proliferation speed and elicit a reversible phenotype with
retained multipotency. A) STRING gene network list compiled from the PS-281 microarray data hints
towards a strong association with cell cycle genes. Depicted is a STRING gene network of which red
dots are associated with the GO term “cell cycle”. B) micro-topographies lower proliferation speed for
multiple cell types, as shown for MSCs, U2OS, HEK293T, and the p53-/- cell line Saos-2. C) MSCs
cultured for 3 weeks on the micro-topography reversibly adapt their spindle-shaped morphology back
towards a spread out morphology characteristic for cells grown on a flat surface. D) MSCs cultured for
3 weeks on micro-topographies retain adapt normal proliferation speeds compared to cells cultured on
flat. E) MSCs retain a higher degree of multipotency when cultured on micro-topographies for 3 weeks
compared to MSCs cultured on a flat surface. Scale bars represent 100 µm.
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Discussion
Our research demonstrates that micro-topographies alter nuclear area, affect histone acetylation
levels, and both chromosomal-associated and histone-modifying proteins. Specifically, we found
that micro-topographies induce lower histone acetylation levels. This is in contrast to previous
reports where fibroblasts cultured on micro-grooves show elevated histone acetylation levels 57.
This demonstrates that biomaterials can profoundly differ in the epigenetic landscape they
induce and could be used as a benchmark in the future to predict the response of cells on
biomaterials. An interesting follow-up study in this regard is to investigate if the reprogramming
efficiency of fibroblasts towards iPSCs is hindered on our micro-topographies due to lower
acetylation levels. On adhesive islands, a similar link is confirmed between cell area and
acetylation 58. Furthermore, 3D cultures lead to a reduction in nuclear size, subsequently reducing
acetylation levels 16. These observations are extendable beyond physical cues, e.g., changing the
chemistry on the surface leads to a reduction in nuclear area and subsequent chromatin
compaction 59, while altering stiffness levels reduces nuclear area and acetylation 60. These studies
demonstrate that biomaterials have a profound impact on nuclear architecture, and further
research is needed to elucidate the biological impact they elicit. In this regard, the observation
that micro-topographies can fine-tune acetylation levels is interesting if certain applications
require a specific level of global genomic acetylation levels.
A novel finding in this study is the reduced presence of nucleoli when cells are cultured on microtopographies. Nucleoli are associated with rRNA processing and are directly involved in
ribosome synthesis. Although we did not directly measure ribosome content, their presence is
directly associated with proliferation since cell division requires sufficient production of
ribosomal components for protein synthesis. This supports our hypothesis that microtopographies induce a quiescent-like phenotype, which is characterized by a loss of cell cycle
progression. How physical cues initiate the pathways behind this phenomenon is subject to
future investigation. Applications that can arise from this concept can be the maintenance of
cellular identity, as we have demonstrated in this study by the maintenance of MSC multipotency.
In this regard, lower acetylation levels are associated with a more naïve state, such as in ESCs
61,62, which is also known to coincide with reduced proliferation speed 63. Growing sufficient cell
numbers for tissue generation might, therefore, be challenging with micro-topographical cell
culture. However, since MSCs can control the behavior of other cells through paracrine
signaling, micro-topographies could be interesting for co-culture applications, or the harvest of
cell media for clinical applications 64. In this context, depending on the structural properties of
the micro-topographies, growth factor composition can be regulated 65.
Although we used state-of-the-art histone mass-spectrometry, other techniques can further
increase the biological consequences that micro-topographies elicit on the epigenetic landscape.
For example, ChIP-Seq can provide information on which parts of the genome are affected by
the reduced acetylation and other modifications we measured. Furthermore, it would be
interesting to investigate how micro-topographies affect chromatin folding and structure. Since
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we observed higher intensity levels of H3K9Me2 on the periphery on some cells, utilizing
techniques that identify DNA that comes into contact with the nuclear periphery can give us
more insights into the structural organization of the genome 28. Also, other techniques, such as
Hi-C or advanced SEM imaging, can allow us to gain additional insights into this organization
66,67. In the future, utilizing these techniques in a biomaterial context will be useful for gaining
essential insights into how biomaterials affect the epigenetic landscape.

Materials and Methods
Surface fabrication
A detailed description of the surface fabrication procedures can be found elsewhere 68. In short,
the inverse pattern of the topographies was etched into a silicon wafer by directional reactive ion
etching (DRIE). To facilitate demolding procedures, the wafer was coated with a layer of
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FOTS, Sigma-Aldrich). Polydimethylsiloxane
(PDMS; Down Corning) was cured on the silicon wafer to generate a positive mold and was
subsequently used as a template to create a second negative mold in Ormostamp polymer (micro
resist technology Gmbh), which serves as the mold for hot embossing the polystyrene (PS) films
(Goodfellow). The hot embossing procedure was carried out at 140 °C for 5 min, and a pressure
of 10 Bar, with a demolding temperature of 90 °C. Before cell culture, the PS topographies were
treated with oxygen plasma to improve cell adhesion for 30 s at 0.8 mbar, 50 sccm O2, and 100
W. Quality of the fabricated imprints was assessed using a Keyence VK-H1XM-131
profilometer.

Cell culture
Adipose-derived human mesenchymal stem cells (AD-hMSCs) used in this study were purchased
from Lonza. AD-hMSCs were isolated from a 42-year-old female. All methods were performed
in accordance with the relevant ethical guidelines and regulations of the University of Maastricht.
Basic medium for AD-hMSCs consists of MEM Alpha GlutaMAX, no nucleosides (Gibco).
Basic media was supplemented with 10% v/v fetal bovine serum (FBS; Sigma), 0.2 mM ascorbicacid-2-phosphate (ASAP), and 10 U/mL Penicillin/Streptomycin. Cells were grown in a humid
atmosphere at 37 °C and 5% CO2.

Microarray study and pathways analysis
Bone marrow-derived human MSCs were seeded on topography PS-281 for 24 hours in basic
medium at a density of 15,000 cells/cm2 in 24 well plates in three replicas. Total RNA was
isolated using the Nucleospin RNA isolation kit (Macherey–Nagel). Then, from 100 ng of RNA,
cRNA was synthesized using the Illumina TotalPrep RNA amplification kit. Both RNA and
cRNA quality was verified on a Bioanalyzer 2100 (Agilent). Microarrays were performed using
Illumina HT‐12 v4 expression Beadchips. 750 ng of cRNA was hybridized on the array
overnight, after which the array was washed and blocked. Then, through the addition of
streptavidin Cy‐3, a fluorescent signal was developed. Arrays were scanned on an Illumina
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Beadarray reader, after which raw intensity values were background corrected in BeadStudio
(Illumina). Further data processing and statistical testing were performed using the online portal
arrayanalysis.org. The probe‐level raw intensity values were quantile normalized and transformed
using variance stabilization (VSN). A detection threshold of 0.01 was used for reducing the
number of false positives. A linear modeling approach with empirical Bayesian methods, as
implemented in Limma package, was applied for differential expression analysis of the resulting
probe‐level expression values. P‐values were corrected for multiple testing using the Benjamini
and Hochberg method. Genes with a corrected p-value below 0.05 were considered differentially
expressed.
To construct a gene network of the DEGs, we applied an online STRING analysis
(https://string-db.org/). Only DEGs from the microarray data with a fold change higher than
1.5 and an adjusted p-value lower than 0.05 were included in the list.

Histone isolation and propionylation
Adipose-derived mesenchymal stem cells were seeded on flat and PS-1018 surfaces and cultured
for 4, 24, 48, and 72 hours in basic medium at a density of 15,000 cells/cm2 in 6-well plate
format. Cells from a plate were pooled together, after which the cell pellet was flash frozen. This
process was repeated 5 times to obtain 6 replicas. Histone extraction was performed using a
direct acid protocol as described elsewhere 69. Therefore, 2 million cells were resuspended in 250
µl of 0.4N HCl and incubated for 4 hours on a rotator at 4 °C. The histones were precipitated
with 33% trichloroacetic acid (TCA) while incubated on ice for 30 minutes. Afterwards, the
precipitated histones were washed twice with ice cold acetone to remove residual TCA. A small
amount of the extracted histone fraction, corresponding to 200.000 cells was quantified by gelelectrophoresis using a 8-16% TGX gel (Biorad) and a commercially available bovine histone
standard (Roche). The remaining purified histones of each sample were vacuum dried and
propionylated 70,71. In short, histones were dissolved in 20 µL 1M triethylammonium bicarbonate
(TEAB) buffer (Sigma-Aldrich), pH 8.5 before 20 μL of propionylation reagent (1:79 (v/v) of a
propionic anhydride and 2-propanol mixture) was added, for an incubation of 30 minutes at
room temperature. This was followed by adding 20 µl milliQ water (Merck Millipore) for 30
minutes at 37°C. Histones were then digested overnight at 37°C using trypsin (Promega) at an
enzyme/histone ratio of 1:20 (m/m) in 500 mM TEAB, supplemented with CaCl2 and ACN to
a final concentration of 1.0 mM and 5 % respectively. Subsequently, the propionylation reaction
was carried out again to cap peptide N-termini. Overpropionylation at serine, threonine and
tyrosine was reversed by resuspending the vacuum dried sample in 50 μL 0.5 M NH2OH and 15
μL NH4OH at pH 12 for 20 minutes at room temperature after which 30 μl pure formic acid
was added. Finally, the samples were vacuum dried again and stored for LC-MS analysis.

Liquid chromatography and mass spectrometry analysis
The samples were resuspended in 0.1% Formic Acid (FA) in water to achieve a histone
concentration of 200 ng/µL. Internal standards Beta-Galactosidase (B-gal) (Sciex) and MPDS2
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(Waters) were spiked in a concentration of 12.5 fmol/µL. Quality control (QC) samples were
made by mixing 1 μl of each biological sample. Histones were analysed by micro-RPLC-MS
using a nanoACQUITY UPLC system (Waters) coupled to a Synapt G2-Si Q-TOF (Waters)
mass spectrometer. An ACQUITY Symmetry C18 180 µm x 20 µm trap column (Waters) was
combined with an ACQUITY M-Class CSH™ C18 300µm x 100mm column (Waters) at a flow
rate of 5 μL/min (0.1% FA spiked with 3% DMSO). A 90 minute gradient from 3-40% ACN
in 0.1% FA was applied with a total scan time of 105 minutes per sample. The sample list was
randomized and interspersed with QC injections. Each cycle consisted in one full MS1 scan
(m/z 50-5000) of 200 millseconds (ms), followed by an MS2 scan of 100 ms. The 10 most intense
precursor ions were selected from a single MS survey scan for MS2 fragmentation.

Mass spectrometry data analysis
Data analysis was done as described earlier 72. The .raw data was imported and aligned in
Progenesis QI for Proteomics (QIP) 4.1 (Nonlinear Dynamics, Waters) before feature detection
was performed. For identification, the five tandem MS2 spectra closest to the elution apex were
selected for each feature and exported as .mascot generic format file (.mgf) to search with Mascot
2.6.1 (Matrix Science). The obtained .mgf is searched using three types of searches: (a) a standard
search for the identification of non-propionylated histones and to validate the presence of the
internal standards B-gal and MPDS2; (b) an error tolerant search to identify all the proteins in
the sample; (c) multiple sequential searches with six different PTM sets for the identification of
modified histone peptides. The different PTM sets were selected using an established concept,
to reduce the ambiguity in annotation. The following parameters were set in all three searches:
two missed cleavages, peptide mass tolerance of 10 ppm and a fragment mass tolerance of 50
ppm. For search a) trypsin is set as digestion enzyme, while ArgC (only cleaves after arginine
residues) is set for the error tolerant search (b) and the sequential searches (c). Next, the
identification files were exported as .xml files and imported in Progenesis QIP. Manual validation
of the annotated histone features was performed to resolve isobaric near-coelution. Afterwards,
the same procedure for identification was repeated and finally these identification results were
also imported in Progenesis QIP.

Immunocytochemistry
After cell culture, cells were washed with phosphate-buffered saline (PBS; Merck) and fixed with
4% (w∕v) paraformaldehyde (Sigma-Aldrich) for 5 min at 37 °C. After a washing step, cells were
permeabilized with 0.01% (v/v) Triton X-100 (Acros Organics) and blocked with goat serum
(1:100; Sigma-Aldrich) in PBT (PBS + 0.02% Triton-X-100, 0.5% BSA) for 1h. Afterward, cells
were incubated with the primary antibody in PBT for 1h. After a washing step, cells were
incubated with a secondary antibody conjugated to an Alexa Fluor (1:500; ThermoFisher) in
PBT. In conjunction, Phalloidin conjugated to an Alexa Fluor (1:500; ThermoFisher) in PBT
was added to the sample for 1h. After washing, the nucleus was counterstained with
Hoechst33258 (1:1000; Sigma-Aldrich) for 10 min. After a subsequent washing step, surfaces
were mounted on glass cover slides with mounting media (Dako). All washing steps were
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performed in triplicate with PBT. Primary antibodies used in this study are: anti-acetyl-histone
H3 antibody (1:200; Millipore; 06-599), anti-acetyl histone H4 antibody (1:200; Abcam;
ab177790), anti-H3K9Me2 (1:200; Abcam; ab1220), anti-nucleophosmin antibody (1:200;
Abcam; ab37659), anti-fibrillarin (1:100; Abcam; ab4566), and anti-nucleolin antibody (1:200;
ThermoFisher; ZN004).

Image analysis
Fixed samples were inverted, and fluorescent images were acquired through the glass coverslip
using a fully automated Nikon Eclipse Ti-U microscope in combination with an Andor Zyla 5.5
4MP camera. Fluorescent images were analyzed through CellProfiler 3.1.8 24, applying custommade pipelines. After illumination corrections, the morphology of the nucleus was captured by
the Otsu adaptive thresholding method applied on the Hoechst 33258 image channel.
Subsequently, cell morphology was determined by applying propagation and Otsu adaptive
thresholding on the Phalloidin image channel. Cells touching the border of the image were
filtered out of the dataset. Missegmentation artifacts were removed by applying an arbitrary
threshold on nuclei and cell area. After background correction, the intensity values of the target
of interest were calculated inside the nuclear area. The imaging software Fiji was used for image
visualization 73.

MSC osteogenic and adipogenic differentiation
To assess if the AD-MSCs were multipotent during the experiments, we investigated their
potential for differentiation towards the osteogenic and adipogenic lineage. Differentiation of
AD-hMSCs towards the osteogenic lineage was achieved by seeding AD-hMSCs at a density of
5 x 103 cells/cm2. After 24h, the medium was changed with either a control or mineralization
medium. The mineralization media is basic media supplemented with 10% v/v fetal bovine
serum (FBS), 10 U/mL Penicillin/Streptomycin, with 10 nM dexamethasone (Sigma) and 10
mM β-glycerol phosphate (Sigma), while control medium includes the same components except
for dexamethasone. The media was refreshed every 2-3 days, and after 21 days, cells were fixed
overnight at 4 °C with 4% formaldehyde (VWR) in PBS. Afterward, osteogenesis was assessed
through staining mineralized deposits with a 2% Alizarin Red solution (pH=4.2) for 2 min.
Excess staining was washed off with demineralized water (Supplementary Fig. 9A).
Differentiation of AD-hMSCs towards the adipogenic lineage was achieved by seeding ADhMSCs at a density of 15 x 103 cells/cm2. After 24h, the medium was replaced with either a
control or adipogenic medium. The adipogenic media consist of basic media supplemented with
10% v/v fetal bovine serum (FBS), 10 U/mL Penicillin/Streptomycin, 0.5 mM 3-isobutyl-1methylxanthine (Sigma), 0.2 mM indomethacin (Sigma), 10 μg/mL Insulin (Sigma), and 1 μM
dexamethasone (Sigma). The control medium consisted solely of basic media with 10% v/v fetal
bovine serum (FBS) and 10 U/mL Penicillin/Streptomycin. The media was refreshed every 2-3
days, and after 21 days, cells were fixed overnight at 4 °C with 3.7% formaldehyde (VWR), 0.01
g/ml CaCl2.2H2O (Merck) in PBS. Afterward, adipogenesis was assessed by rinsing the fixation
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solution with demineralized water, and subsequently incubating the substrates in a 60% (v/v) 2propanol (VWR) for 5 min. Fat droplets were stained through a freshly filtered solution of 0.3%
(w/v) Oil Red O dissolved in 60% (v/v) 2-propanol (VWR). Afterward, the substrates were
washed in triplicate with demineralized water (Supplementary Fig. 9B).

Statistical analysis
Statistical analysis was performed with GraphPad Prism (GraphPad Prism Software Incl. San
Diego, USA). For image analysis, a two-sided T-test was applied to determine significant
intensity differences elicited between flat and topography. Each data point represents a
measurement from an individual cell. Image experiments were replicated with similar results. For
histone mass-spectrometry data, one-way ANOVA was applied to compare relative histone
abundancies.
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Supplementary Figures
Supplementary Figure 1: Schematic illustrations of
the morphological parameters compactness,
eccentricity, and solidity. A-B) Elongated cells
exhibit high compactness and eccentricity values. C)
Branched cells typically exhibit low solidity values.

Supplementary Figure 2: Micro-topographies that induce lower cell area also induce lower
nuclear area. Each dot represents the median cell and nuclear size elicited by an individual microtopography. Pearson r = 0.52, P <0.0001.
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Supplementary Figure 3: Random forest algorithms parameters. A) Random forest algorithms
associate pattern area, FCP, FCPLOG, and WN0.1 as the most important feature parameters for
determining the nuclear area. B) These parameters could be predicted with a high area under the
curve (AUC) of 0.94, and an accuracy of 0.93.

Supplementary Figure 4: Surface PS-1018 induces
elongated morphological characteristics in MSCs. A)
In silico design of the PS-1018 surface. B) MSCs cultured
on the PS-1018 surface exhibit elongated characteristics
and a mild reduction in cell and nuclear size. F-actin
stained with Phalloidin and nuclei counterstained with
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Supplementary Figure 5: Immunostaining of
H3K9Me2 reveals a heterogeneous intensity
pattern when MSCs are cultured on the PS1018 surface. H3K9Me2 levels of MSCs
exhibiting elevated intensity levels are more
located at the nuclear periphery. Scale bar
represents 50 µm.

Supplementary Figure 6: Comparison of
morphological characteristics of MSCs cultured
on the PS-1018 and PS-281 surface. A)
Morphological characteristics of MSCs culture on the
PS-1018 platform. B) Morphological characteristics of
MSCs culture on the PS-281 platform. F-actin stained
with Phalloidin and nuclei counterstained with
Hoechst33258. Scale bar represents 200 µm.

Supplementary Figure 7: STRING gene network of the microarray data set of surface PS281. Highlighted in red are DEGs associated with the GO term “cell cycle”. TB53 (p53) is included
in the network to demonstrate the interconnectedness of p53 with the DEGs.
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Abstract
Surface topography guides cell behavior and is a tool to endow biomaterials with bioactive
properties. The large number of possible designs makes it challenging to find the optimal surface
structure to induce a specific cell response. The TopoChip platform is currently the largest
collection of topographies with 2176 in silico designed micro-topographies. Still, it is exploring
only a small part of design space due to boundary conditions of the design algorithm and the
surface engineering strategy. Inspired by diversity of natural surfaces, we assessed whether to
which extend we could expand topographical design space and cellular responses using natural
surfaces. To this end, we replicated twenty-six plant and insect surfaces in polystyrene and
quantified their surface properties using white light interferometry and image analysis. Next, we
quantified mesenchymal stem cell morphology and the pattern of Pseudomonas aeruginosa
attachment and compared it to previous data from TopoChip screens. Our results show that
natural surfaces extended the TopoChip design space and induced MSC morphologies and
bacterial attachment patterns not previously observed on the TopoChip. In the future, we will
train our design algorithms with results obtained by natural surface imprint experiments to
further explore design space and bio-active properties of surface topography.
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Introduction
Biological surfaces are interfaces between an organism and its environment and is the location
where the organism deals with the chemical and physical reality of the outside world. Through
evolution, bio-interfaces have acquired functional characteristics to support survival, which can
be of chemical nature, as seen in plant waxes that decrease moisture loss 1 and protect against
UV radiation.2 On the other hand, topographical characteristics give surfaces very interesting
and useful properties. For example, the setae on gecko feet allow movement on smooth vertical
walls 3, and setae mimetics are used as dry and reversible adhesive for both robotic 4 and
biomedical applications.5 Superhydrophobicity, a material property observed on certain plant
surfaces such as the Holy Lotus and Red Rose, is caused by hierarchical micro- and
nanostructures, and results in self-cleaning surfaces.6,7 Mosquitos use specialized
superhydrophobic nanostructures on their eyes to prevent the nucleation of fog droplets 8 , and
the tooth-like scales on shark skin provide drag reduction, anti-biofouling, and
superoleophobicity which protects against oil spills.9,10 Antimicrobial nano-structures on cicada
wings may reduce the infection risk of implants 11,12 and through inspiration from the Nepenthes
pitcher plant, lubrication fluids cover micro/nanostructured medical devices with repellent and
self-cleaning surfaces.13–16 These fascinating evolutionary and bioengineered structures
demonstrate the richness in natural surface topographical bioactivity and begs research to use
topographical design to improve the performance of materials for industrial and clinical
applications.
Surface topography is currently used as a design tool to improve biomaterials in prosthetic
dentistry, tissue-engineering and regenerative medicine but also to improve biocompatibility of
medical devices.17–19 Surface topography has a very large design space, which we define as the
universe of surface architectures, and ranges from randomly introduced roughness 20 to designed
groove patterns.21 Additionally, topographies exist as pillars 22 or complex geometries 23,24, while
curvature provides convex shapes.25 All these structures, found both in micro- and nanometer
dimensions, are known to affect the cells that are in contact with them.
The large topographical design space complicates the quest for the optimal topography for a
specific application. To this end, high-throughput topography screening (HTS) platforms were
developed and many novel bioactive surfaces have been discovered.26–28 However, HTS of
platforms still have their limitations because their design strategy only covers a small part of the
whole design space. For example, structures in both nano- and micrometer dimensions are rarely
present in the same platform and variable roughness levels are not included in a high-throughput
setting. Man-made designed surface structures are frequently presented in an organized pattern,
yet disorder also profoundly influences cell behavior.29,30 The bottleneck in producing a more
diverse spectrum of surface topographies is not in the in silico design possibilities, where
algorithms such as neural networks could aid the design and fine tuning of surface topographies
24, but rather the technical limitations in surface topography manufacturing. Even though state
of the art techniques such as two-photon stereo-lithography can handle the fabrication of
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complex shapes 31, its limited writing speed remains unsuitable for high-throughput applications.
Photolithography, on the other hand, is mostly a 2D technique unsuitable to design complex
structures. We hypothesized that we can increase design space by using natural surfaces as a
mold, and solvent casting as a microfabrication technique to replicate them into materials of
interest, in our case tissue culture polystyrene. Many reports describe the replication of natural
surfaces 32–36, and in this work we used a quantitative approach to compare design space coverage
with artificially generated surface structures.
We investigated the combination of multiple natural surfaces in one platform for the creation of
a novel architectural design sub-space not commonly found in artificial platforms. We sampled
a diverse set of 26 plant and animal surfaces, reproduced their structures in polystyrene, and
investigated their potential for controlling cell behavior. We demonstrated that the structural
diversity from the natural surfaces surpasses that of the micro-topographical TopoChip platform
and show stem cell and bacterial bioactivity in this array of natural surface topographies not seen
before.

Results and discussion
Natural surface architectures exhibit a wide design variety
We selected sixteen plant and ten insect surfaces with a diverse set of surface properties based
on reported phenomena such as super-hydrophobicity, anti-fouling or light reflection (see
Figure S1 and Figure S2). Observation of the unprocessed specimens using scanning electron
microscopy revealed an interesting variety in surface topography. For example, the Calla lily petal
surface exhibited interconnected cuticular folds with ridges of 1 μm in height (Fig. 1a, top row,
first left panel), which is very different from the petal surface of the Red Rose, which has
parallel-aligned hierarchical structures of 20 μm high micropapillae and nanofolds (Figure 1a,
top row, center panel). Holy Lotus, known for its superhydrophobicity, has heptagonal
inclinations, a nano rough surface and convex micro curvature resulting in a 10 μm high pillar
in the center (Figure 1a, top row, first panel right). On the rice surface, we find pillar structures
with longitudinal ridges (Figure 1a, bottom row, first panel left). The Huechys incarnata wing is
an interesting case, where merged pillars were present, which gave rise to a variable structure size
between 500 nm and 5 μm in diameter (Figure 1a, bottom row, center panel). Variable pillar
sizes could be found on cicadas such as the Yanga adriana. (Figure 1a, bottom row, first panel
right). We classified plant surfaces in five groups: a) cuticular folds with low elevation, b)
cuticular folds with high elevation, c) oriented structures, d) complex structures and e) microroughness (Figure S3). Three classes were observed on animal surfaces: a) nanopillars, b) pits,
and c) curved surfaces (Figure S4).

Natural surface architectures can be imprinted with high fidelity into polystyrene
We chose polystyrene, the standard material, used in the culture dish, as reference chemistry in
which to compare cell-material interaction. In order to transfer the natural surface structures
into polystyrene (PS), we used a relatively easy and fast technique that only requires the use of
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glass slides, binder clips, and a conventional oven (Figure 1b).37 PDMS was cast upon the natural
surface, after which it was cured at room temperature for 24 h. The PDMS containing the
negative imprint of the natural topographies
was peeled off the natural surface (Figure
1b, top row and Figure S5A) and a
‘sandwich’ was created containing glass
slides, the PDMS imprint and a polystyrene
sheet (Figure 1b, bottom row and Figure
S5B). The construct was placed in the oven
and after half an hour, the construct was
cooled to room temperature and the PS
imprint peeled off the PDMS.
We next compared the profilometric images
of the imprints and original specimens and
found that the imprints were successfully
transferred with high fidelity from natural
surfaces into PS. Examples are provided for
the leaves of the Red Rose (Figure 1c), and
Huechys incarnata (Figure 1d). Sub-micron
structures present on the cuticular folds of
the Red Rose and Holy Lotus were also
successfully replicated (Figures S6 and S7).

Figure 1. Natural surfaces exhibit a large
topographical variety. a) Examples of SEM images
of leaves and insect wings utilized in this study. b)
Fabrication scheme to imprint natural surface designs
onto polystyrene. c) Leave imprints can be
transferred to polystyrene with high fidelity as seen in
the profilometric images of Red Rose and its imprint
counterpart. d) Insect wing imprints can be
transferred to polystyrene with high fidelity as seen in
the profilometric images of Huechys incarnata and its
imprint counterpart.

After observing the correct imprinting of
natural surface topographies onto PS, we
assessed the superhydrophobic properties
of both the Red Rose and Holy Lotus
imprints by measuring the water contact
angle. No significant differences were seen
between the natural and PS imprints
(Figure S8). The rose petal effect, resulting
in pinning of a water droplet, was
demonstrated by inverting and tilting the
imprint. The Lotus effect, which is
characteristic of the rapid rolling of water
droplets on the surface was also seen on the
PS Holy Lotus imprint (data not shown).
These examples demonstrate that also the
biophysical
properties
of
natural
topographies can be replicated on PS.
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Natural surface architectures occupy a different part of the design space and
induce distinct cell morphology compared to TopoChip micro-topographies
The objective of this study was to determine whether natural surface topographies occupy a
different part of design space than our library of randomly generated TopoChip topographies.23
We plotted 199 randomly sampled TopoChip surfaces and the twenty-six natural surfaces using
principal component analysis (PCA), based on shape features extracted using CellProfiler
software.38 PCA is a dimension reduction technique that allows visual representation of variation
in data, with distance between dots representing dissimilarity. Interestingly, TopoChip
topographies formed four distinct clusters: a cluster that represents micro-topographies with low
pattern areas, clusters with intermediate pattern areas, and two clusters with a high pattern area
yet distinguishable by micro-topographies that exhibit either small or large feature sizes (Figure
2a). In Figure 2b, we represent examples of in silico design of such surfaces and in Figure 2c, a
profilometric example of the PS-1018 surface is presented, which exhibits an intermediate
pattern area. On the other hand, natural surfaces formed a third ‘linear’ cluster with micro- and
nanotopographies with low and high heights, with distinct pattern densities, demonstrating that
natural surfaces represent an unexplored part of design space (Figure 2d).
Based on published reports, cell shape and surface topography are highly correlated 39–41, and we
wondered if a larger design space also leads to yet unobserved cell shape features. To this end,
we seeded hMSCs both on PS imprints of the natural surfaces and onto 28 TopoChip
topographies which were selected to span the whole range of cell shape variation on the
TopoChip.42 F-actin and DNA were stained, and quantitative cell and nucleus area, and cell
compactness and solidity data were extracted for all surfaces (Figure 3).38 In Figure 3a, the
effect of topography on MSC cell and nucleus area is compared relative to MSCs on flat PS. In
general, hMSCs seeded on natural surfaces show substantially smaller cell and nuclear sizes

Figure 2. Natural surfaces expand the topographical design space. a) Principal component analysis
of the TopoChip and natural surfaces images reveals distinct clustering representing different material
design. b) In silico design of artificial micro-topograpies of different clusters. c) Profilometric image of
surface PS-1018, exhibiting an intermediate pattern area. d) Examples of Profilometric images of natural
surface topographies.
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compared to cells cultured on flat with the strongest effects seen for cells cultured on microtopographies. Cell compactness relates to cell elongation, and cell solidity is inversely correlated
to cell branching and radial filopodia protrusion. A high compactness value indicates a more
elongated cell, and a high solidity value indicates that the cell is less branched and less filopodial
protrusions extend radially. Here, we see a strong distinction between cells cultured on natural
and artificial topographies. Natural surfaces reduced cell branching and radial filopodia
protrusion with most cells on natural surfaces with solidity values of more than one (Figure 3b).
Furthermore, cells were more elongated on artificial micro-topographies. Representative
fluorescence images of cells grown on flat, onion, and TopoChip surface 11 facilitated the
visualization of size differences (Figure 3c), while the Shining Leaf Shafer Beetle and surface 3
assisted in visualizing differences in solidity and compactness (Figure 3d). In general, the
analysis of cell compactness and solidity between designed and natural surfaces shows that
natural topographies induced cell morphologies distinct from those observed on the TopoChip.

Natural surface topographies induce distinct profiles of Pseudomonas aeruginosa
attachment
Next, we investigated differences in bacteria attachment patterns between designed and natural
surface imprints to gain novel understandings in bacteria-material interaction. Pseudomonas
aeruginosa was chosen as a model bacteria since it is frequently associated with infections after
surgical procedures and urinary-tract infections in hospitals.43–46 Pseudomonas aeruginosa were
cultured on the natural surfaces and on PS TopoChips for 4h 47 and assessed for bacterial
attachment using fluorescent microscopy. Quantification of bacterial attachment will be
discussed in future studies; here we focus on differences in distribution of bacterial attachment
using the texture parameters in CellProfiler software 38. The spatial relation features (SRF) 1 and
2 derived from the natural surfaces and 26 randomly sampled TopoChip are plotted in Figure
3e, which clearly demonstrated that the natural surfaces occupy a different area of distribution
than the TopoChip surfaces. In general, we noted more uniform and ordered bacterial
distribution on TopoChip surfaces (Figure 3f).
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Figure 3. TopoChip and natural surfaces elicit distinct effects on the shape of MSCs and the
attachment distribution of Pseudomonas aeruginosa. a) Cell and nucleus area quantification of hMSCs
on TopoChip and natural surfaces. b) Cell compactness and solidity quantification of hMSCs on
TopoChip and natural surfaces. c) Visual representation of the change in cell and nucleus area of
hMSCs on TopoChip and natural surfaces. d) Visual representation of the change in cell
compactness and solidity of hMSCs on TopoChip and natural surfaces. e) Spatial relationship
feature plot of Pseudomonas aeruginosa on TopoChip and natural surfaces. f) Visual representation of
the change in bacterial attachment and distribution of Pseudomonas aeruginosa on TopoChip and
natural surfaces.
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Conclusion
In this work, we transferred features of natural surfaces to cell culture platforms to increase the
topographical design space. We demonstrated that natural surfaces (i) can be transferred with
high fidelity in polystyrene, (ii) occupy an unexplored area of topographical design space relative
to the TopoChip, (iii) uniquely alter the size and shape of adipose-derived human mesenchymal
stem cells, and (iv) affect the spatial distribution of Pseudomonas aeruginosa. The TopoChip design
only encompasses a local minimum in the total material design space. With natural surfaces we
can step out of our local minimum and bring new and unique features into the design space. In
this manuscript, we used only twenty-six natural surfaces, a minuscule subset of all the plants
and insects on the planet. In future work, we will further expand the topographical design space
at the Tiputini Biodiversity Station in the Ecuadorian Amazon rainforest, one of the most
biodiverse tropical forests in the world 48–51, and scan natural surfaces with a portable
profilometer based on interferometry to obtain digital representation of natural surfaces.52
Afterwards, we would like to explore deep learning algorithms developed in house 53,54 and
elsewhere 55 that decouple complex topographical information of natural surfaces, and provide
guides in selecting surfaces that cover uncharted topographical territory. Two-photon
lithography can then be used to generate the surfaces and analyze their bio-active properties.

Materials and methods
Fabrication of artificial micro-topographies in the TopoChip.
A detailed description describing the fabrication of the micro-topographical surfaces can be
found elsewhere 56. In brief, the inverse pattern was etched on a silicon wafer by directional
reactive ion etching (DRIE). To facilitate subsequent demoulding procedures, the silicon waver
was coated with a layer of perfluorooctyltrichlorosilane (FOTS, Sigma-Aldrich).
Polydimethylsiloxane (PDMS; Sylgard® 184 Elastomer Kit, Dow Corning) in a 10:1
silicon/curing agent ratio (w/w) was cured on the waver at 85 ºC for 6 hours to generate a
positive mold. OrmoStamp hybrid polymer (micro-resist technology Gmbh) was subsequently
poured on the PDMS imprint together with a borofloat waver containing a layer of Ormoprime
(micro-resist technology Gmbh). UV treatment allowed the cross-linking of a final negative
Ormostamp imprint, which is used as a template for the hot embossing step at 140 °C for 10
minutes to generate a polystyrene imprint.

Fabrication of natural surface topographies in the TopoChip
Dried insects used in this study were purchased from the supplier “The Bugmaniac”
(http://www.thebugmaniac.com). The Holy Lotus (Nelumbo nucifera), Rice (Oryza sativa),
Plaintain Lily (Hosta sp.), and Hardy Canna (Thalia dealbata) were kindly donated from the
botanical garden “Hortus Botanicus” of Leiden (https://www.hortusleiden.nl). Other plants
were purchased at the local flower-shop. Replication of natural surfaces was achieved through a
two-step fabrication process.37 The first step included the fabrication of a polydimethylsiloxane
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(PDMS) mold, which contains the negative imprint of the natural surface. A sample of the fresh
natural surface of choice was fixed onto a petri dish using double-sided adhesive tape (Double
Fix, Bison). The silicon resin and curing agent (Sylgard® 184 Elastomer Kit, Dow Corning) were
mixed in a 10:1 ratio (w/w) and cast onto the natural surface. Subsequently, the liquid mixture
was degassed and cured for 48 hours at room temperature to prevent heat damage. Finally, the
solid PDMS mold was separated from the natural surface. In the second step, the PDMS mold
served as a template for transferring the structures into PS using hot embossing. To achieve this,
an assembly was made in which a 190 μm thick PS film was placed on the PDMS mold clamped
between two Teflon sheets and microscope slides to apply constant pressure. To cross the glasstransition of the PS film, the entire system was inserted in an oven for 1h at 150 °C. Afterward,
the assembly was removed from the oven and cooled down to room temperature to allow the
PS film to solidify. Finally, the PS surface with transferred surface topography was carefully
peeled from the PDMS mold.

Scanning electron microscopy imaging
Scanning electron microscopy was used for examination of the surface topography of natural
surfaces and quality control of their respective PS replicas. Preparation of fresh natural samples
consisted of fixation (2% glutaraldehyde in 0.1M cacodylate buffer) for 1hr. Subsequently, the
samples were washed three times in cacodylate (0.1M) before dehydration by immersion in a
graduated series of ethanol in water (50%, 70%, 90%, 100%). Then, samples were critical point
dried (EM CPD300, Leica) using 15 exchange cycles with slow gas out and heating speed
settings. All samples were mounted on SEM stubs using carbon conductive adhesive tape.
Finally, samples were sputter-coated with gold (Sputter Coater 108auto, Cressington) for 100
seconds prior to imaging using a scanning electron microscope (XL-30, Philips) at 10kV.

Cell culture
Adipose-derived human mesenchymal stem cells (AD-hMSCs) were purchased from Lonza,
which were isolated from a 42-year-old female. Basic medium for AD-hMSCs consisted of MEM
Alpha GlutaMAX (Gibco), fetal bovine serum (FBS, 10% v/v), ascorbic-acid-2-phosphate
(ASAP, 0.2 mM), and penicillin/streptomycin (10 U mL-1). Cells were grown at 37 °C in a humid
atmosphere at 5% CO2. For experimental purposes, cells were seeded on flat and topographical
surfaces at a density of 10000 cells/cm2 unless stated otherwise.

Fluorescent imaging
After cell culture, cells were washed with phosphate-buffered saline (PBS, Sigma-Aldrich) before
fixation in formaldehyde (3.6% v/v) for 10 min at 37°C. After, cells were washed three times
with PBS and permeabilized by the addition of Triton-X-100 (0.1% v/v) in PBS for 10 min.
Following this, samples were blocked using serum (1:100) in PBT (0.02% Triton-X-100, PBS &
0.6% bovine serum albumin) for 1hr. After another washing step, samples were incubated for 1
h in Phalloidin with a fluorochrome attached to visualize F-actin (1:500, ThermoFisher). Finally,
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Hoechst 33258 (1:1000, ThermoFisher) was used for visualization of nuclei. After three
subsequent washing steps, the samples were mounted in Mowiol.

Human mesenchymal stem cell morphology analysis
Fixed and stained samples were inverted, and fluorescent images were acquired through the glass
coverslip using a fully automated Nikon Eclipse Ti-U microscope in combination with an Andor
Zyla5.5 four megapixels camera. Fluorescent images were analyzed through CellProfiler 3.1.8 38,
applying custom-made pipelines. All images were cropped in order to remove out-of-focus
objects. Objects touching the border of the subsequent images were filtered out of the dataset.
After illumination corrections, the morphology of the nucleus was captured by the Otsu adaptive
thresholding method applied on the Hoechst 33258 image channel. Subsequently, cell
morphology was determined by applying propagation and Otsu adaptive thresholding on the
Phalloidin image channel. Missegmentation artifacts were removed by applying an arbitrary
threshold on nuclei and cell size. For visualization purposes, we enhanced the brightness and
contrast of the images representing cellular morphologies. The imaging software Fiji was used
for image visualization. 57

Bacteria imaging and data acquisition
The opportunistic human pathogen Pseudomonas aeruginosa PAO1 was chosen to test performance
of natural topography replicas against bacterial surface attachment. PAO1 was routinely grown
at 37°C in lysogeny broth (LB) or LB agar. Tryptic soy broth (TSB) supplemented with human
serum (10% v/v) was used as the growth medium for bacterial topographies attachment assays.
Prior to incubation with bacteria, topographies were washed by dipping in distilled water and
sterilized in ethanol (70% v/v). The air-dried samples were placed in petri dishes (60 mm x 13
mm) and incubated statically at 37°C in 10 ml of growth medium inoculated with diluted (optical
density: OD600 nm = 0.01) bacteria from overnight cultures. After 4h incubation, topography
samples were removed from PAO1 cultures and washed in PBS (pH 7.4) to remove loosely
attached cells. After rinsing with distilled water, attached cells were stained with SYTO9 (50 µM;
Molecular Probes, Life Technologies) for 30 min at room temperature. After staining,
topographies were rinsed with distilled water, air-dried and mounted on a glass slide using
Prolong antifade reagent (Life Technologies). Topographies were then imaged by confocal laser
scanning using a Zeiss LSM 700 microscope (Carl Zeiss, Germany) and 488 nm laser as light
source. Since the bacterial cells may attach at different heights on the micro-patterns, images
were initially acquired as ~75 µm range Z-stacks (1.5 µm steps - 50 slides) from the TUs using a
10x objective (Zeiss, EC Plan-Neofluar 10x/0.30 Ph 1). To categorize topographies influencing
bacterial attachment, the fluorescence signal from each topography image (n = 12) was used for
quantification. The mean fluorescence intensity of maximum intensity projections for each Zstack was measured using Fiji-ImageJ 2.0.0 software (National Institutes of Health, US) and all
values were normalized to the average fluorescence intensity of the flat surface control.

187

Chapter VIII

PCA analysis
Greyscale images of the natural surfaces were captured through profilometric imaging through
a Keyence VK-H1XM-131 profilometer. Height profiles were represented as grayscale images,
where black represented the bottom of the surfaces and white top. For artificial surfaces, pixel
values 0 correspondent to the bottom and 10 to the top of the pillars, which matches their height
in µm. Since the natural surfaces height profile gradually varied from the bottom to the top of
the surface, the pixel values also were counted and were arranged in a range from 0 (bottom) to
the height value as measured by profilometry. As the input for the algorithm, we have used pixel
values directly, 250000 values per surface. Resulting images contained information about the
height of the elements as well as their structure on the area of 200x200 µm with resolution
500x500 pixels. Profilometry software was further used to correct for sample tiltness. We further
corrected images by applying local contrast enhancement algorithm as implemented in sci-kit
python 3.7.3 package. Intensity values in the image were normalized further by subtracting
minimum pixel value and dividing by max pixel intensity value per surface. The final image was
obtained by multiplying a resulting matrix by height value as measured with the profilometer.

Texture quantification
Spatial distribution of bacteria attachment on the TopoChip and natural surfaces was quantified
by image texture features, which were extracted from the thresholded images. Image analysis
was performed in CellProfiler 3.0.0.

Texture Feature Selection
To distinguish texture features that were the most discriminative between TopoChip and natural
surfaces, we employed a binary classification algorithm. Particularly we trained the Extreme
Gradient Boosting (EGB) model on a hold-out subset that contained over 500 images of the
bacteria attachment on either TopoChip or natural surfaces. The accuracy of the trained model
was validated using the training set and the accuracy value was 0.98. An accuracy of 1.0
corresponds to a perfectly performing classification algorithm. We further quantified the
importance of the features with the Mean Decrease Accuracy (MDA) algorithm that measures
how model accuracy decreases when a feature is excluded from the prediction.

Spatial relationship features
We identified that the texture feature ‘InfoMeas1 for scales 64 and 2’ were the most important
for distinguishing bacteria attachment between TopoChip and natural surfaces. ‘InfoMeas1’ is a
measure of the total amount of information contained within a region of pixels derived from the
recurring spatial relationship between specific intensity values.58. We rename them in the text
and Figure 3e as Spatial Relationship Feature 1 (SRF1) and Spatial Relationship Feature 2 (SRF2).
For visualization purposes, we transformed SRF1 by taking its cubic root. The scatter plot in
Figure 3f represents 100 randomly selected surfaces from both TopoChip and natural groups.
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Supplementary Figures

Supplementary Figure 1. Photographs of the sixteen plants used to obtain PS replicas of their leave’s
topography.
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Supplementary Figure 2. Photographs of the ten insects used to obtain PS replicas of their wings.
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Supplementary Figure 3. SEM images of plant surfaces revealed a broad diversity in surface
topography. A) Structures with low elevation are present on the Laceleaf, Calla lily, Curcuma, Sedum,
Heliconia, Plaintain lily, and Hardy canna. B) Cuticular folds with complex and hierarchical structures
are found on the Red rose, Hortensia, and Holy lotus. C) Oriented structures are found on the Onion,
Reedmace, and Rice. D) Complex structures are found on the Pineapple lilly and Venus flytrap. E)
Crystalline waxes present on the Elephants Ear give rise to micro-roughness structures.
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Supplementary Figure 4. SEM
images
of
insect
surfaces
expanded the design space with
nanotopographies, wells, and
curvature. A) Nanopillars with
different dimensions are found on
different cicada species. B) Beetles
exhibit pit-like structures on their
surface, as shown for the Shining leaf
chafer beetle and the metallic-wood
boring beetle. C) Surfaces containing
curvature are found on insects
resembling leaves of plants, as shown
for the Leaf’s insect.

Supplementary Figure 5.
Easy ‘sandwich’
imprinting fabrication. A) PDMS is poured on the
Red rose imprint, after which it is peeled-off after curing
for 24h. B) Afterwards, Teflon sheets, PDMS, and PS
are sandwiched and pressured together with binders
before placing the ‘sandwich’ in the oven.
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Supplementary Figure 6: The Red rose topography can be transferred with
high fidelity to polystyrene. SEM images of the red rose polystyrene imprint at A)
low, and B) high magnification.

Supplementary Figure 7: The Holy Lotus topography can be transferred with
high fidelity to polystyrene. SEM images of Holy Lotus polystyrene imprint at A)
low, and B) high magnification.

Supplementary Figure 8: No difference in the
water contact angle was seen between the original
surface and the PS imprints of red rose and Holy
Lotus.
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Cells undergo phenotypical changes in vitro
Standard cell culture conditions comprise gas plasma etched polystyrene as substrate, a 21%
atmospheric oxygen environment, and cell culture media, which is supplemented with 10% fetal
bovine serum, a situation that is only sparsely recapitulating the native conditions found in
normal physiology. Therefore, primary cells in culture undergo rapid changes in phenotype and
often lose expression of phenotypical markers. For instance, tenocytes, the primary cell type of
the tendon, already fail to keep phenotypical characteristics such as their spindle-shaped
morphology and tenogenic marker expression after a few passages in standard cell culture
conditions 1,2. Similar observations are reported for chondrocytes 3, cardiomyocytes 4,
hepatocytes 5, and MSCs, the latter of which lose their multipotency 6. Similarly, without an
appropriate feeder layer or media composition, embryonic stem cells (ESCs) will lose their
pluripotency 7. However, the fact that we can culture ES cells and iPSCs in vitro indefinitely is
proof of principle for the concept that it is possible to define cell culture conditions that can
sustain cell phenotypes. Significant focus has been put on defining the chemical composition of
media, i.e. supplementation of media with small molecules and proteins, to provide the cells
with the right signals. Furthermore, cell lines such as the neuronal-like cell line PC12 require a
collagen or laminin coating as substrate to attach and proliferate 8 due to the expression of α1β1
and α3β1 integrins that bind to these matrix proteins 9. Fibronectin, one of the main proteins
present in FBS, does not promote PC12 cell attachment 10. It illustrates the critical role of cellsubstrate properties for culturing cells, but how do we select the right set of signals for the
phenotypic maintenance of our favorite cell type?

Lessons learned from developmental biology and
tissue physiology
Cells receive a wide variety of signals from their environment, both from soluble and matrixrelated cues. For example, peptide sequences found in matrix proteins such as fibronectin,
collagen, and laminin, interact with integrin proteins of the cell, which lead to activation of
signaling pathways 11,12. Embryonic stem cell behavior can, as such, be modulated by coating
culture substrates with matrix proteins that either guide differentiation or promote pluripotency
13. Soluble cues, such as growth factors and cytokines, modulate cell signaling by binding to
receptor molecules on the cell membrane and is an essential means of communication. This
signaling is transmitted either through autocrine signaling, where the secreted biochemical binds
to receptors of the same cell or through paracrine signaling where the biochemical binds to
receptors of other cells. These concepts occur in a multitude of cellular events. For example,
vascular endothelial growth factor (VEGF) is secreted by cancer cells that, through autocrine
signaling, activate the VEGF receptor (VEGFR), thereby establishing a strong auto feedback
loop stimulating their growth and survival 14. Furthermore, VEGF also elicits paracrine signaling
in endothelial cells, which results in the vascularization of the tumor tissue 15. Understanding
these signaling pathways is essential for developing novel therapeutics. Also, in the adult
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organism, paracrine signaling is an important strategy for tissue homeostasis, as seen in
mesenchymal stem cells (MSCs) that secrete immunomodulatory, anti-apoptotic, and proangiogenic growth factors 16.
In addition to biochemical signaling, mechanical cues trigger cellular signaling events and are
essential for proper tissue maintenance and developmental processes. Already before
embryogenesis, an actin spring generates pressure, which allows a sperm cell to penetrate and
activate the egg cell 17. Hydrostatic pressure through osmosis triggers the activation of oocytes
through Ca2+ signaling, which is related to cell volume changes when the cell passes into narrow
oviducts 18. Cell volume through osmosis can be applied in the culture dish as well because it
affects the differentiation potential of MSCs 19. Tissue organization during embryonic
gastrulation uses actomyosin-dependent cell-cortex mechanical tension 20. The first heartbeats
in the embryo exert biomechanical forces in the form of shear stress and are responsible for the
development of the cardiovascular system 21. Also, the interaction between the cell and the
mechanical properties of the surrounding environment profoundly affects cell behavior. This is
demonstrated in experiments where low stiffness levels, such as in the human brain, facilitates
the differentiation of MSCs towards neurons, while a harder environment promotes osteogenesis
22, in concordance with the high stiffness of bone tissue. Furthermore, stretching promotes
matrix formation in tendon tissue 23 and can facilitate the differentiation of MSCs towards
mechanosensitive cells such as tenocytes 24. The response is often mediated via
mechanoresponsive signaling pathways, of which the YAP pathway is the most well-known 25,26.
These examples demonstrate that similar to growth factors, mechanical stimulation is crucial for
proper development and tissue homeostasis.
A fascinating interplay occurs between pathways that govern biomechanical and biochemical
signaling, which allows fine-tuned physiological responses. Myocytes, the primary cell type of
the muscle, secretes insulin-like growth factor (IGF) upon mechanical stimulation, which leads
to autocrine activation of muscle growth 27. For proper tendon homeostasis, both mechanical
stimulation and TGF-β signaling are required 28,29. Wound healing is mediated through the
differentiation of fibroblasts towards myofibroblasts. This process is regulated both through the
mechanical properties of the surrounding tissue 30 and TGF-β signaling 31, with evidence existing
of a modulatory effect on TGF-β signaling through these mechanical properties 32. Also, during
embryonic development, interactions occur between physical and biochemical cues. An
interesting example is seen during gastruloid self-organization, where the response to TGF-β
ligands depends on cell polarization, which is associated with the cellular localization of receptors
on the membrane 33. During follicle growth, aggregation of dermal progenitors through
contractility-driven cellular pulling triggers the activation of β-catenin, which induces the
expression and secretion of BMP2, leading to paracrine signaling in the adjacent tissue 34.
These observations are achieved due to significant cross-talk between biomechanical pathways
and those activated by soluble cues. This can occur due to direct physical interaction between
components of both pathways. TAZ, for instance, influences TGF-β signaling through
controlling the nucleocytoplasmic shuttling of SMAD and recruiting them to TGF-β responsive
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elements in the promoter 35. This interaction is essential for ESC self-renewal, and without the
presence of TAZ, TGF-β signaling is inhibited. FOS, a protein that is upregulated upon
mechanical stimulation 36, can, together with JUN form complexes with SMAD proteins, to
regulate transcription 37. Evidence exists that Wnt can be regulated biomechanically, for example,
through YAP/TAZ associated pathways 38. This can be achieved through other mechanisms
besides forming transcriptional complexes, such as through the inhibition of β-catenin
phosphorylation elicited by TAZ. Of interest is that Wnt signaling influences growth factor
related signaling during development and for maintaining tissue homeostasis. This cross-talk can
be quite divers as shown for Wnt and BMP signaling. Depending on the cell-type and timing
during development, synergistic, or antagonistic effects of the two pathways on gene expression
levels and phenotypes are possible 39. Again, this cross-talk can be achieved through physical
interactions between pathways, for example, through Wnt/GSK-3β that influences the
phosphorylation of SMAD1 and subsequent activity 40. Another example of the convergence of
such signaling pathways is found between BMP and Notch signaling, of which the latter is
associated with cell-cell interactions. Here, activation of both pathways can lead to synergistic
effects on target gene expression levels 41.
Integrin receptors control cell-matrix interactions and thereby play important roles in cell
signaling shaped by the mechanical properties of the environment. Of interest is that also here,
cross-talk exists between integrins and signaling pathways elicited by soluble cues. For example,
when incorporating VEGF on a matrix, a more robust response is initiated in endothelial cells
compared to soluble VEGF alone 42. This is due to the association of the VEGF receptor with
β1 integrins, which was improved through membrane receptor clustering, allowing a prolonged
internalization of VEGFR2. In this context, other interactions exist between integrins and
receptors. For example, the interaction between αvβ3 integrin and the PDGFβ receptor
improves the biological activity of PDGFβ 43. Insulin-like growth factor receptor (IGFR) activity
is modulated through β1 integrins 44, while α5v1 integrins enhance EGF signaling 45. Signaling
by FGF-2 requires co-binding between αVβ3 and FGFR for inducing proliferation in endothelial
cells 46. The cross-talk between growth factors and integrins might also function through the
upregulation of integrins due to growth factor signaling itself. For example, hepatocyte growth
factor (HGF) upregulates α2β1 integrins in kidney cells leading to different matrix binding
affinities 47. Also, growth factor and integrin signaling can be activated independently from each
other, and lead to pathway conversion inducing synergistic effects in gene expression. An
example is found for α6β4 integrin, which affects VEGF expression through the PI3K/Akt
pathway 48. VEGF, however, is also regulated by HIF1-α expression and epithelialmesenchymal-transmission. Synergistic effects on VEGF expression are thereby achievable in
this pathway architecture when two or more of the upstream affecters are activated.
Understanding these concepts is important for tissue-engineering purposes. For example, the
differentiation of ESCs or iPSCs towards primary cells will follow the same in vivo developmental
stages, while phenotypical maintenance of cell types require similar signaling events as found in
normal physiology. Could, therefore, applying both biomechanical and biochemical concepts in
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the culture dish, guide stem cells through the same signaling programs found in the embryo, and
thereby improve differentiation?

Biomaterials to engineer growth factor signaling
In this thesis, we investigated how topographies influence the phenotype of tenocytes, describe
mechanobiological pathways and epigenetic alterations elicited by them, and demonstrate that
topographies from natural origin can further expand the topographical design space. However,
the work described in this thesis which is likely to find the most impact in a tissue-engineering
context, and warrants follow-up studies, is how micro-topographies influence other signaling
pathways such as TGF-β signaling. We observed an upregulation of the TGF-β receptor II (TGFβR-II) in MSC grown on micro-topographies and demonstrated that this leads to improved TGFβ signaling. Interestingly, we have unpublished data showing an upregulation of the plateletderived growth factor receptor (PDGFR), members of the tumor necrosis factor receptor
superfamily (TNFRS), and of ERBB receptor feedback inhibitors (ERRFI1), of which the latter
belongs to a family of tyrosine receptor kinases. Furthermore, a downregulation is observed for
proteins that interact with the thyroid hormone receptor. We also noted topography-dependent
upregulation of different integrins such as integrin alpha 2 (ITGA2), integrin alpha 10 (ITGA10),
integrin alpha 11 (ITGA11), integrin beta 1 (ITGB1), and integrin beta 2 (ITGB2). The increased
presence of these integrins might influence growth factor-related signaling due to altered binding
dynamics with growth factor receptors. In addition to differential regulation of receptors or
proteins that interact with them, we also observe an upregulation of nerve growth factor (NGF)
expression, an observation that might prove useful for MSC co-culture applications with
neurons. We previously also demonstrated through multiplex ELISA that the secretome profile
of MSCs strongly correlates to the specific micro-topography on which it is cultured 49. All these
observations indicate that micro-topographies might influence cell physiology through pathways
that modify the activity of growth factor and cytokine signaling. We hypothesize that this effect
of mechanotransduction on growth factor-related signaling is not only limited to microtopographies, but other physical cues as well. In this context, in-depth investigations in online
repositories such as cBiT that contain microarray and RNA sequencing data of cells grown on
biomaterials 50, can provide researchers with a wealth of clues on how physical cues influence
biological pathways.
Based on literature, we know that biomaterials influence a wide variety of mechanotransduction
pathways that might influence growth factor related signaling. We previously mentioned that cotranscription factors YAP and TAZ are involved in mechanosensitive signaling to control organ
growth and proliferation 51,52. Stretching forces influence signaling through YAP translocation
into the nucleus 53, similar to physical cues such as adhesive islands 54, the stiffness of the
environment 55, and grooves in nano dimensions that translocate TAZ 56. Alterations in
YAP/TAZ signaling can be tightly associated with alterations in actin dynamics. Related to this,
the transcriptional activity of serum response factor (SRF) is modified through altered actin
dynamics that affect its coactivator Myocardin Related Transcription Factor A (MRTFA)57. SRF
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is known to target a multitude of genes 58, including α-SMA 59, which is also a TGF-β target gene
60. Synergistic effects on α-SMA expression are therefore possible through combining
mechanical forces such as stretching with TGF-β. Furthermore, an interesting cross-talk is
possible between the mechanosensitive transcription factors TAZ and MRTFA that fine-tune
mechanical and growth factor signaling 61. Wnt signaling, which we previously discussed to be
related to growth factor signaling, is modulated through changing roughness levels of the
substrate 62, through spheroid formation by micro-wells 63 and chitosan membranes 64. Organoid
formation through micro-wells is also known to influence Notch signaling 65, of which the
pathway influences growth factor and cytokine signaling in neural stem cells 66. These examples
demonstrate the diversity of how biomechanical stimulation initiates mechanosensitive pathways
that influence growth factor related signaling.
Next, we expand the possibilities on how mechanotransduction, in particular by biomaterials,
can influence growth factor related signaling and describe the resulting phenotypical
consequences. We further apply a distinction in three types of biomechanical signaling events:
1) Modulation of the secretion profile of soluble cues that lead to autocrine or paracrine
signaling. 2) Modulating the sensitivity of the cell against soluble cues through modifying
receptor expression. 3) Modulating the cell's response against soluble cues by altering receptor
activity through binding with other membrane proteins such as integrins and cadherins. In
Figure 1, we provide the reader with an overview of the mechanisms discussed in this chapter.
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Figure 1: Overview of signal transduction mechanisms discussed in this chapter. 1) Integringrowth factor receptor cross-talk. 2) Cadherin-growth factor receptor cross-talk. 3) Modulation of the
cells secretome profile due to mechanical stimuli. 4) Modulation of the cells sensitivity against growth
factor signaling due to mechanical stimuli through alterations of growth factor receptor expression. 5)
Interaction between mechanosensitive and growth factor related pathways. Depicted is TAZ that can
interact with SMAD transcriptional complexes, which facilitates their nuclear transport. 6)
Convergence between mechanosensitive and growth factor related pathways on transcriptional level.
Depicted is the interaction between TAZ and SMAD proteins influencing their transcription.

The mechanical environment determines the cells
secretome profile
We previously mentioned that mechanical stretching allows the secretion of IGF in myocytes,
thereby stimulating their growth 27,67,68. The concept where mechanical stimulation elicits the
secretion of growth factors can be mimicked in artificial environments as well. An example is
found for MSCs, which upon stretching forces secrete different TGF-β isoforms 69, with a similar
effect observed for tenocytes 70. The secreted TGF-β might be beneficial for inducing collagen
synthesis, as shown for ligament cells 71 and chondrocytes 72. In vitro, it also improves
differentiation protocols, as shown in a study that establishes a link between mechanical
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stimulation and TGF-β secretion, which leads to autocrine signaling enhancing the
differentiation of MSCs towards a tenogenic phenotype 73.
Besides TGF-β, secretion of other growth factors through mechanical stretching is reported for
satellite cells that secrete hepatocyte growth factor (HGF), thereby activating autocrine signaling
events that lead to proliferation 74. For aortic smooth muscle cells, hepatoma-derived growth
factor (HDGF), which acts as a mitogen during embryogenesis and tissue repair, is secreted after
mechanical stimulation 75. Related to this, mechanical stimulation upregulates the cytokine IL-6
and downregulates IL-10 expression in epithelial cells mediated through the gene SOCS3, which
can be a therapeutic target after lung injury by restoring the balance between pro-inflammatory
and anti-inflammatory cytokines 76. For vascular smooth muscle cells, mechanical stretching
induces vascular endothelial (VEGF) and fibroblast growth factor (FGF) secretion, both
involved in vascular development and angiogenesis 77. We also report that chemokines such as
SDF-1α are secreted upon mechanical stimulation, thereby stimulating MSCs engaged in
regenerating skin tissue 78.
The deposition of growth factors in the tissue matrix might be regarded as indirect auto-or
paracrine signaling when mechanical stimulation releases them and stimulates cells. Mechanically
induced TGF-β release can lead to fibrosis when the physical properties of the tissue have
changed 79. Similarly, physical forces are known to release TGF-β from the tendon matrix, which,
in physiological conditions, maintains the expression of Scleraxis, a tendon marker. However,
upon destabilization of the ECM, excessive release of active TGF-β leads can lead to tenocyte
death 80.
Besides mechanical stretching, physical cues such as the elasticity of the substrate elicits
biomechanical signaling. Also here, multiple experiments demonstrate that introducing these in
the cell culture landscape affects the secretion of soluble cues. For example, varying elasticity
levels of hydrogels that mimic those of the brain or muscles elicits different secretome profiles
in MSCs 81. On a hard substrate, IL-8, a mediator in immune reactions, and VEGF were
markedly upregulated compared to a soft substrate. This is a relevant finding for therapeutical
purposes when MSCs are administered in vivo. The authors found that the cytoskeleton
organization plays a vital role in this effect, as demonstrated by reduced cytoskeleton tension
through the ROCK inhibitor Y27632 that abolished the observed effects. Cell shape and
subsequent cytoskeleton organization are known to be profoundly affected by the elasticity levels
of the substrate. The landmark paper of Disher illustrates this concept, where mimicking the
tissue elasticity levels facilitates the differentiation of MSCs towards cell types of those tissues 22.
Of interest, through microarray profiling, an association between secreted soluble cues and
elasticity was detected. Here, stiff elasticity levels were associated with osteogenic markers, while
neurogenic markers were associated with the lowest elasticity levels. Reducing cytoskeletal
tension through blebbistatin abolishes the effect of different elasticities. In another study,
modulation of the MSC secretome through changing elasticity levels had beneficial effects on
the proliferation of hematopoietic stem and progenitor cells (HSPCs), raising the possibility of
using this concept for therapeutic applications such as HSPCs recovery 82.
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Also other physical cues alter the cell's secretome. This is demonstrated by the TopoWell plate
constructed in our group, where each well consists of micro-topographical structures in different
dimensions. Through multiplex ELISA, we demonstrated a differential regulation of the
secretome by these structures, both for bone marrow and kidney perivascular MSCs 49. This is
interesting for co-culture systems or therapeutical applications with these MSCs. For example,
VEGF secretion was enhanced by specific structures, thereby raising the possibility to improve
vascularization of tissue-engineering constructs when implementing these structures. In a similar
approach, the multi-architecture chip (MARC), a plate-based screening platform with structures
in both the micro- and nanodimensions, identified surface dimensions that either reduced or
elevated IL-2 secretion in T-cells, with 200 nm gratings improving their proliferation potential
83. Also, different substrate roughness influences secretion, as shown for MG63 cells, which
demonstrate elevated levels of TGF-β1 and prostaglandin E1, which play essential roles in
osteogenesis 84. In this regard, nano-topographies enhance BMP-2 levels, thereby improving
osteoblast differentiation through autocrine signaling 85. Also coating scaffolds with calcium
phosphate ceramics improves BMP-2 expression, although here it is uncertain if this caused by
the topography or calcium/phosphate signaling from the materials 86.
In a 3D environment, scaffolds with wavy patterns alter TGF-β secretion in MSCs compared to
scaffolds without patterns 87. Similarly, hydrogels with different compositions can elicit
secretome profile differences in multiple cell lines. Here, it was shown that alginate and PEG
induce similar profiles, while eliciting different profiles compared to agarose and matrigel 88.
Micro-wells in small dimensions induce cellular confinement, which is associated with a reduced
expression of inflammatory cytokines in macrophages 89. Of interest, the authors related this to
a reduction in SRF-MRTFA activity caused by reduced actin polymerization. Cells in a 3D
environment, independent of the surrounding chemistry, can experience different growth factor
signaling. This is demonstrated in a study where increased BMP autocrine signaling was observed
compared to 2D when amniogenesis is initiated in iPSCs 90. The biomechanical mechanisms
behind these phenomena still need investigation. These examples demonstrate that the
mechanical context plays essential roles in the secretion of soluble cues, which influence cell
behavior in either an autocrine- or paracrine manner.

The mechanical environment influences pathway
sensitivity through modulating receptor expression
Up- or downregulation of growth factor receptor expression is the second mechanism of action
of biomaterial-induced modulation of biochemical signaling. For example, in normal physiology,
retinal endothelial cells secrete more VEGF, yet also upregulate VEGF receptor expression after
mechanical stimulation, a mechanism associated with hypertension 91. Since VEGF plays a role
in diabetic retinopathy, the observations might explain part of the clinical manifestations.
Similarly, mechanical stimulation upregulates platelet-derived growth factor receptor (PDGF-R)
in pulmonary artery-derived smooth muscle cells, reflecting mechanotransduction mechanisms
occurring in the pulmonary artery 92. For cells in the heart valve, which receive constant
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mechanical input, serotonin receptor (5HTR) expression depends on this signaling, relating
biomechanics with proliferation and matrix deposition 93. Here, ERK1/2 signaling was activated
downstream of 5HTR.
Substrate elasticity also affects the cell’s sensitivity against soluble cues. This was shown for
microvascular endothelial cells, where elasticity upregulates the VEGF receptor, thereby
sensitizing these cells for VEGF signaling and increasing their angiogenic potential 94 through
Rho signaling. Besides stretching and elasticity, beneficial effects on cell phenotype are possible
when combining soluble cues with surface structures. Our group demonstrated this by adding
TGF-β2 in an MSC culture on micro-topographies 95. Here, synergistic effects on TGF-β
sensitive genes are observed such as Scleraxis (SCX) and α-Smooth Muscle Cell Actin (α-SMA),
which was linked to a higher expression of the TGF-β Receptor II (TGF-βR-II). Actin
reorganization and Rho signaling events were crucial for the biomechanical signaling the microtopographies elicit, a phenomenon also associated with mechanical stretching 96.
Similarly, as seen with the previous examples that switching from 2D to 3D influences secretion
levels of growth factors, such an environment also influences receptor expression. This is shown
for a sarcoma tumor cell line that in a scaffold environment upregulates insulin growth factor
receptor (IGFR). The altered downstream signaling cascade makes these cells more resistant
against clinical drug targets, thereby establishing a more realistic model for developing novel
therapeutics 97. Also inflammatory models are more realistic in a 3D environment as shown for
spheroids that exhibited increased levels of lipopolysaccharide (LPS) receptors that modify the
inflammatory response 98. Receptors can also be downregulated as shown for TGF-β receptors
in a fibroblasts spheroid culture that exhibited decreased sensitivity against TGF-β1 99.

Biomaterials mediate cross talk between membrane
receptor proteins
We previously mentioned that integrin expression is differentially regulated between cell types
8,9, it is therefore a logical consequence that when designing a biomaterial this is factored into
account. A material can have a high level of complexity to mimic a physiological environment,
however without the presentation of appropriate binding sites, cells will be unable to attach.
Furthermore, besides the observation that integrins on their own activate signaling cascades, the
interaction between integrins and growth factor receptors is an important consideration in
controlling cell behavior. This is suggested in a study where combinations of matrix molecules
and growth factors attached in the matrix provides more beneficial effects compared to each
single perturbation. In this case, improved neuronal stem cell differentiation is achieved through
specific combinations of matrix proteins and growth factors 100. In this regard, growth factors
bound on matrix proteins such as fibronectin and hyaluronic acid allows an improvement in the
clinical efficacy of wound healing 101,102. Engineering VEGF binding domains in growth factors
besides VEGF allows improved matrix binding such as in fibronectin. Through this, growth
factors indeed improve their efficacy, facilitate receptor activation, and induce a more potent
phenotypical response 103. Research in the group of Jeff Hubble further explored this concept
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by utilizing ELISA assays to explore the affinity of different growth factors and their domains
against different matrix proteins. Also here, engineering growth factors domains with high matrix
affinities allows a stronger binding of these growth factors in the matrix, which leads to improved
tissue healing. For example, bone healing could be improved through engineered BMP2 bound
to the matrix 104. Clinical trials involving BMP2 are often associated with off-targets effects due
the large amounts that need to be administered 105. Therefore, this approach is a promising
alternative since less BMP2 is needed for achieving the most optimal clinical outcome. For a
detailed discussion of the biology behind these phenomena and biomaterial applications that
harness these concepts, we refer the reader to a recent review 106.
Besides choosing appropriate matrix compositions, physical cues such as nano-topographies can
also modify focal adhesion/integrin signaling 107, which hints at a possibility to influence growth
factor-related signaling events. This is demonstrated by a study documenting increased colocalization between β5 integrin and the BMP receptor 1a through disordered nanotopographical patterns 108. The co-localization was associated with increased sensitivity against
BMP signaling, leading to improved osteogenesis. Another instance where topographical
patterns influence receptor signaling is through calcium phosphate ceramics 109. Culturing MSCs
on this material allows improved TGF-β receptor localization in the cilia, which exhibited an
increased prevalence and length through the roughness levels of the substrate. This phenomena
resulted in increased osteogenic differentiation in MSCs.
Besides integrins, we mention that other membrane proteins such as cadherins, which are cell
adhesion molecules responsible for cell-to-cell binding, alter receptor activity through physical
interaction. This is demonstrated for cadherin-catenin complexes with the EGF receptor, that
modulating its signaling 110. Also, a link exists between N-cadherin and the FGF receptor,
thereby raising the prospect of N-cadherin being a therapeutic target against metastasis 111.
Vascular-endothelial cadherin attenuates VEGF receptor phosphorylation by VEGF 112, a
phenomenon also occurring between E-cadherin and the EGF receptor 113,114. In ovarian cancer
cells, P-cadherin cooperates with insulin-like growth factor receptor, thereby promoting
metastasis through gonadotropin-releasing hormone 115. Since cadherin activity is modulated
through cell-cell adhesion 116, these signaling regulation become important in confluent cell
culture conditions. However, also in spheroids/organoids cultures that exhibit stronger cell-tocell binding due to their 3D environment, and which can be modulated by microwells 117, this
can be an important consideration to be taken into account. For example, in a spheroid culture
of pancreatic tumor cells, it was shown that N-cadherin and keratinocyte growth factor formed
complexes that modulated tumor invasiveness 118.

Lessons learned from biomaterial science
The concepts described in this discussion section are of great significance not only for
the fields of tissue engineering or regenerative medicine. For novel drug discoveries against
pathologies such as cancer or Alzheimer’s disease, high-throughput screenings with advanced
machine learning algorithms are becoming more the norm and can lead to exciting discoveries
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119.

However, what if these screens are only able to capture a fraction of possible biological
discoveries because the standard cell culture environment shape the expression of the repertoire
of biochemical signaling proteins in a non-physiological way? To illustrate this, I demonstrated
that micro-topographies alter the sensitivity against TGF-β signaling 95. Adhesive islands are
known to modify the response of 3T3 cells against TNFα 120, while micro-wells alter
inflammatory pathways in macrophages 89. Considering these examples, it would not be
surprising if many compounds lose their biological efficacy because cells are not put in a proper
context that mimics physiological conditions.
By 2050, it is estimated that more than 20% of the world population will be older than 65 years
This global trend of an increased life expectancy is unfortunately associated with a rise in
elderly-associated diseases, which are complex in origin. Commonly reported diseases are
arthritis, diabetes, and brain diseases such as vascular dementia or Alzheimer’s disease. This puts
a tremendous burden on societal socio-economic infrastructure, emphasizing that there is an
increased need for finding appropriate therapeutics. In this context, moving beyond the culture
dish towards more appropriate physiological conditions can improve experimental outcomes.
For example, in research performed prior to the work described in this thesis, I investigated the
functional consequences of pathological mutations associated with Alzheimer’s disease. In vitro
assays can provide insight into the functional consequences of highly pathological mutations,
such as for presenilin-1 and presenilin-2 mutations 122. However, the reason why particular
mutations are pathogenic might be more challenging to understand for risk factor genes such as
Clusterin (CLU), which only offer minor contributions to disease pathogenicity. When
investigating six different CLU mutations that were associated with pathogenicity, for only three
this could be coupled with a structural protein deficit 123. Might it be that for these other
mutations, their pathogenicity might become clear through applying physical cues, such as
scaffolds or topographies?
121.

Conclusion
In this chapter, we have demonstrated that both mechanical and biochemical cues interact at
multiple levels both inside and outside the cell. This consideration is important for tissueengineering applications where we aim to understand and apply these processes. The function
of growth factors and other soluble cues can be profoundly altered or improved when applying
an appropriate mechanical environment, a consideration that is still easily neglected today.
Especially for disease modelling and the search for novel therapeutical drugs, these concepts are
of the utmost importance. In the future, the construction of more complicated and dynamic
biomaterials that fully harness the interplay between biomechanical and chemical cues will help
creating new opportunities for the tissue-engineering field, disease models, and personalized
medicine.
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Introduction
In this chapter, we discuss the relevance of our research findings in a clinical/commercial
context. Besides broadening our fundamental understanding of mechanobiology, an additional
aim is to translate the scientific output into practice by exploring the commercialization
possibilities of our research. This, we define as “Valorization”. In Chapter 4, we discussed how
the phenotype of tenocytes could be improved by culturing them on micro-topographies. In
Chapter 5, we found that micro-topographies attenuate TGF-β signaling in MSCs, which can
lead to improved differentiation protocols. Furthermore, we found small molecules that mimic
biomechanical signaling, which could be applied in a clinical setting. We also mention that the
longer retainment of multipotency in MSCs described in Chapter 7 might be useful for
harvesting secreted growth factors or creating appropriate co-culture conditions. In Chapter 8,
we demonstrate that natural surface structures expand the design space of our regular microtopographies while eliciting distinct cell and bacterial behavior. In this Valorization Chapter,
we therefore explore how these natural and artificial surface topographies can be
commercialized.

Social relevance of the research results and target
audience
The research results described in this thesis do not document if micro-topographies can be
directly applied in a clinical setting. For example, would tenocytes cultured on microtopographies give rise to better tissue-engineering constructs for clinical applications compared
to tenocytes cultured on regular polystyrene? Does a similar possibility exist for cells
differentiated on micro-topographies? In addition, can coating natural and artificial topographies
on medical implants inhibit bacterial infection? These questions are not answered in this thesis
since clinical trials involving medical implants can take a significant amount of time 1.
Nevertheless, the results do show the potential of micro-topographies eventually being utilized
in such clinical settings. Here, we would like to refer the reader to an article published in our
group that demonstrated improved osteo-integration of titanium implants in rabbits when
coated with micro-topographies 2. Micro-topographies also allow guiding cell behavior, such as
retaining the phenotype of cells or improving the differentiation of stem cells. This is not only
supported by the research performed in this thesis, yet also by other research groups, which we
discussed in Chapter 2 and 3. A possibility would be to harness micro-topographies to improve
cell culture protocols in the culture dish for tissue-engineering purposes. For example,
autologous stem cells can be harvested and cultured on micro-topographies for maintaining their
phenotype for prolonged times. Work performed by Gilbert and co-workers nicely demonstrate
this concept by utilizing hydrogels as a biomaterial 3. In this work, muscle stem cells are isolated
and put on an elastic hydrogel that promotes self-maintenance. This allowed growing them in
sufficient cell numbers in vitro, after which implanting them in injured muscle improved tissue
regeneration compared to cells cultured in standard conditions. If micro-topographies can play
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a similar role, with direct clinical applications, then this would increase their commercial and
social value. However, additional research is required through animal models and eventually in
humans, to assess the clinical feasibility of the surface structures utilized in this thesis. Therefore,
we will mainly focus on describing the possibility of commercializing surface structures for
research purposes.

The product
A key feature in commercializing surface structures for research purposes is creating a platform
that offers the most optimal structural diversity, while ensuring the creation of phenotypical
diversity. As described in Chapter 8, natural surface structures expand the design of our microtopographical library 4, while creating novel phenotypical diversity. Therefore, when creating a
novel platform, some of these natural surfaces should be included so that the design space is
optimally expanded (Figure 1). However, despite the 2176 unique micro-topographies from the
TopoChip and the natural surfaces explored in this thesis, such a platform would still fall short
in representing true surface diversity. For example, grooves are not present in this design, which
are known to induce specific and distinct phenotypes compared to our micro-topographies. For
example, as shown in Chapter 7, micro-topographies lower histone acetylation levels, while
micro-grooves are known to elevate them 5. Furthermore, surface roughness, wells, or curvature
are also not included. In addition, structures in nanodimensions 6, a combination of both 7, and
disorder instead of ordered structures 8, are not included.
As a product suitable for commercialization, we would like to present surfaces in a 24-well
format size to enable sufficient cell numbers for multiple experimental setups such as
qPCR/microarray/RNAseq, western blot/ELISA, and ICC. Researchers can perform screens

Figure 1: Figure from chapter 8 of this thesis, which illustrates how natural surface structures expand the
design space compared to the micro-topographical library we commonly use.
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with this setup, after which it would be possible to order a single sheet of a surface structure in
a 100 mm dish format for in-depth follow-up experiments. This can be made possible by
constructing a silicone mould of each surface structure. Afterwards, polystyrene sheets are
fabricated according to the method described in the work of Zhao et al. 9. Microwells can be
constructed through thermoforming techniques 10, while for the natural surface structures a
positive PDMS imprint can be generated through double PDMS casting 11 instead of using a
silicon mould as a starting material. An automatic laser cutter can be applied to cut a single PS
sheets in suitable 24-well format dimensions.
Next to the classical PS material, also other materials can be offered such as polyurethane (PU)
to enhance the biological readouts or to test surface structures that were fabricated with materials
used in the clinic.
The proposed library would contain the following 22 unique structures, which are known to
induce specific cellular phenotypes (Figure 2):

Figure 2: Sample of the distinct surfaces present on this new platform. A) SEM images of the
natural surfaces. B) Roughness and groove patterns. C) Micro-wells in different dimensions.

1)
2)
3)
4)
5)
6)
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Micro-topography - Small feature size, small pattern area (TopoChip library) 4
Micro-topography - Large feature size, large pattern area (TopoChip library) 4
Micro-topography - Large feature size, small pattern area (TopoChip library) 4
Nanotopographies - Large pattern area (NanoTopoChip library) 6
Nanotopographies - Small pattern area (NanoTopoChip library) 6
Calla lily - Complex structures with low elevation (Natural surface library)

Valorization
7)
8)
9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)

Red rose - Hierarchical micropillars with nanofoulds (Natural surface library)
Holy lotus - Hierarchical micropillars with surface roughness (Natural surface library)
Microgrooves - 1 µm depth, 40 µm wide 5
Microgrooves - 1 µm depth, 20 µm wide 5
Microgrooves - 1 µm depth, 10 µm wide 5
Nanogrooves - 200 nm wide and 100 nm deep nanochannels 12
Hierarchical micro-nanogrooves - 10 µm wide and 1 µm deep channels in combination with
200 nm wide and 100 nm deep nanochannels 12
Microwells/pits - 30 µm diameter 13
Microwells/pits - 400 µm diameter 13
Nanopits - 120-nm-diameter, 100-nm-deep nanopits (ordered) 8
Nanopits - 120-nm-diameter, 100-nm-deep nanopits (disordered) 8
Convex curvature - κ = 1/175 µm−1 14
Microroughness - Sa = 2 µm
Nanoroughness - Sa = 900 nm
Nanoroughness - Sa = 70 nm 7
Hierarchical micro-nano roughness - Sa = 900 nm + 70 nm 7
Flat 2x

Innovation
Offering scientist platforms to study mechanobiology or perform screens is not novel, yet
demonstrates that also our platform has commercialization potential. An example of such a
successful commercialization concept is the biotech company CYTOO. This company offers
high-throughput screens including those in an adhesive island format. Our design would fill a
surface structure niche in the market. Here, we emphasize that even though our design space is
very broad, it still does not encompass potential designs that can have distinct phenotypical
readouts. For example, podocytes have a unique morphology, and biomaterials that mimic this
cellular shape in vitro induce beneficial phenotypical effects in this cell type 15. Furthermore, not
all micro- or nanogroove dimensions are covered in our setup, as demonstrated by the polyimide
platform 16. Therefore, it is essential that efforts are continued to improve the design space and
the platform. In the future, if many novel and functional design spaces are discovered, a 96-well
format can be offered in plates. We previously demonstrated this for the TopoWellPlate 17, yet
this platform only contained micro-topographies. Options for further improving the design
space would be to apply basic functional assays such as cell morphology, focal adhesion staining,
and differentiation experiments on novel natural surfaces. Furthermore, applying artificial
intelligence, as recently demonstrated by our group, can predict novel surface designs with
interesting functionality 18.
Additional research will allow novel innovations such as the possibility to implement these
structures for clinical applications such as for medical implants. Also in the culture dish,
investigating how these structures can promote cell differentiation or phenotypical maintenance
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protocols will further add to its commercialization potential. If a particular topography indeed
gives rise to an intriguing phenotypical readout, then a collaboration could be considered with
other companies to create commercial kits. These kits can then contain an appropriate cell
culture media supplemented with growth factors and a surface substrate of interest to obtain a
cell phenotype. Such companies could be Stem Cell Technologies, Lonza, or Thermo Fisher.

Schedule & Implementation
Since this platform is strongly associated with the possibility of performing fundamental
research, a plausible format for this product would be to develop a spin-off company around
the concept. This can be achieved through university funding and local research groups.
Furthermore, equipment, technical, and biological expertise are available there enabling a quick
realization of the product. This also ensures a limited risk in commercializing this product since
the research value can also be translated into research publications. As such, additional funding
should be able to be acquired through research grants.

References
1.
Rising, J. P. & Moscovitch, B. Characteristics of pivotal trials and FDA review of innovative
devices. PLoS ONE 10, (2015).
2.
Hulshof, F. F. B. et al. Mining for osteogenic surface topographies: In silico design to in vivo
osseo-integration. Biomaterials 137, 49–60 (2017).
3.
Gilbert, P. et al. Substrate elasticity regulates skeletal muscle stem cell self-renewal in culture.
Science (80-. ). 329, 1078–1081 (2011).
4.
Unadkat, H. V et al. An algorithm-based topographical biomaterials library to instruct cell fate.
Proc. Natl. Acad. Sci. U. S. A. 108, 16565–70 (2011).
5.
Downing, T. L. et al. Biophysical regulation of epigenetic state and cell reprogramming. Nat.
Mater. 12, 1154–1162 (2013).
6.
Hulshof, F. F. B. et al. NanoTopoChip: High-throughput nanotopographical cell instruction.
Acta Biomater. 62, 188–198 (2017).
7.
Jaggy, M. et al. Hierarchical Micro-Nano Surface Topography Promotes Long-Term
Maintenance of Undifferentiated Mouse Embryonic Stem Cells. Nano Lett. 15, 7146–7154 (2015).
8.
Dalby, M. J. et al. The control of human mesenchymal cell differentiation using nanoscale
symmetry and disorder. Nat. Mater. 6, 997–1003 (2007).
9.
Zhao, Y. et al. High-definition micropatterning method for hard, stiff and brittle polymers.
Mater. Sci. Eng. C 71, 558–564 (2017).
10.
Truckenmüller, R. et al. Thermoforming of film-based biomedical microdevices. Adv. Mater. 23,
1311–1329 (2011).
11.
Gitlin, L., Schulze, P. & Belder, D. Rapid replication of master structures by double casting with
PDMS. Lab Chip 9, 3000–3002 (2009).
12.
López-Bosque, M. J. et al. Fabrication of hierarchical micro-nanotopographies for cell
attachment studies. Nanotechnology 24, (2013).
13.
Jain, N. & Vogel, V. Spatial confinement downsizes the inflammatory response of macrophages.
Nat. Mater. (2018). doi:10.1038/s41563-018-0190-6
14.
Werner, M. et al. Surface Curvature Differentially Regulates Stem Cell Migration and
Differentiation via Altered Attachment Morphology and Nuclear Deformation. Adv. Sci. 4, 1–11 (2017).
15.
Ron, A. et al. Cell shape information is transduced through tension-independent mechanisms.
Nat. Commun. 8, (2017).
16.
Abagnale, G. et al. Surface topography enhances differentiation of mesenchymal stem cells
towards osteogenic and adipogenic lineages. Biomaterials 61, 316–326 (2015).

220

Valorization
17.
Leuning, D. G. et al. The cytokine secretion profile of mesenchymal stromal cells is determined
by surface structure of the microenvironment. Sci. Rep. 8, 1–9 (2018).
18.
Vasilevich, A., Carlier, A., Winkler, D. A., Singh, S. & Boer, J. De. Evolutionary design of optimal
surface topographies for biomaterials. bioRxiv (2020)

221

222

Summary
This thesis investigates how physical cues influence cell behavior in the culture dish. Many
surface structures exist, which complicates the identification of an optimal physical environment
for a specific cellular phenotype. Therefore, high-throughput platforms enable the screening of
multiple surface designs to find an optimal cell culture environment for a specific phenotype. By
utilizing the TopoChip, which contains 2176 unique micro-topographies, we identified structures
that support the phenotype of tenocytes, the primary cell type of the tendon. Similarly, we also
found this to be true for mesenchymal stem cells (MSCs), which experience an activation of
tendon-related genes upon contact with certain micro-topographies. This allows microtopographies to be considered for the differentiation of MSCs towards tenocytes. Of interest,
we found these findings related to a sensitization of the TGF-β signaling pathway. Furthermore,
microarray analysis of MSCs grown on micro-topographies allowed us to gain insights into the
biomechanical pathways that are activated. This led us to identify small molecules that mimic the
effect of micro-topographies on TGF-β signaling. The implication of this might be that
biomechanical stimuli can be translated in a soluble form for clinical applications as well. Similar
as to micro-topographies, actin organization was also found to be a driving factor in eliciting the
expression of SRF and EGR-1 on surfaces where RGD presentation was varied.
Next to determining that micro-topographies influence TGF-β signaling and a tenogenic
phenotype, we found that the nuclear confinement elicited by micro-topographies coincides with
epigenetic and nucleoli alterations. These findings were associated with a quiescent-like
phenotype, as evidenced by a reduction in proliferation and a prolonged multipotency.
Although micro-topographies demonstrate their usefulness for implementation in a tissue
culture environment, these structures only encompass a fraction of the total design space
possibilities. We, therefore, chose to expand the topographical design space of the TopoChip by
utilizing natural surface architectures. Of interest, these structures elicit a distinct phenotype in
MSCs compared to MSCs grown on regular micro-topographies. In the future, designing
platforms that further expand the design space will be of great interest for novel research and
commercialization opportunities.
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Samenvatting
Dit proefschrift onderzoekt hoe oppervlaktestructuren het cel gedrag in de kweekschotel
beïnvloeden. Er bestaat een grote diversiteit aan oppervlaktestructuren, wat de identificatie van
een optimale fysieke omgeving voor een specifiek cellulair fenotype bemoeilijkt. Daarom
vergemakkelijken platforms die toelaten om veel verschillende ontwerpen tegelijkertijd te
screenen het vinden van een optimale cultuuromgeving voor een bepaald fenotype. Door
gebruik te maken van de TopoChip, die 2176 unieke microtopografieën bevat, hebben we
structuren geïdentificeerd die het fenotype van tenocyten, het primaire celtype van de pees,
ondersteunen. Bovendien vonden we dat dit ook gold voor mesenchymale stamcellen (MSCs),
die een activering van pees gerelateerde genen ervaren bij contact met bepaalde
microtopografieën. Hierdoor kunnen micro-topografieën worden overwogen voor de
differentiatie van MSCs naar tenocyten. Een interessante bevinding was dat deze resultaten
verband hielden met een sensibilisatie van de TGF-β-signaleringsroute. Door gebruik te maken
van een microarray-analyse van MSCs die zijn gegroeid op micro-topografieën, heeft dit ons in
staat gesteld inzicht te krijgen in de biomechanische signaal routes die worden geactiveerd. Dit
bracht ons ertoe om biomoleculen te identificeren die het effect van microtopografieën op TGFβ-signalering nabootsen. Een mogelijke implicatie hiervan is dat biomechanische stimuli ook in
oplosbare vorm geactiveerd kan worden, wat interessant kan zijn voor klinische toepassingen.
Zoals bij micro-topografieën bleek de organisatie van actine ook een drijvende factor te zijn bij
het opwekken van de expressie van SRF en EGR-1 op oppervlakken met verschillende RGDpresentaties.
Naast het vaststellen dat microtopografieën TGF-β-signalering en dus een tenocyt fenotype
beïnvloeden, ontdekten we dat de door microtopografie geïnduceerde verkleining van de nucleus
samenvalt met epigenetische veranderingen en een verminderde aanwezigheid van nucleoli.
Deze bevindingen werden geassocieerd met een afname van proliferatie en een langere
multipotentie duur.
Hoewel microtopografieën hun nut aantonen om gebruikt te worden in een
weefselkweekomgeving, omvatten deze structuren slechts een fractie van de alle
ontwerpruimtemogelijkheden. We hebben er daarom voor gekozen om de topografische
ontwerpruimte van de TopoChip uit te breiden door gebruik te maken van natuurlijke
oppervlakte architecturen. Interessant is dat deze structuren ook bij MSCs een ander fenotype
opwekken in vergelijking met MSCs die op reguliere microtopografieën worden gekweekt. In de
toekomst zullen het ontwerpen van platforms die de ontwerpruimte verder uitbreiden, van groot
belang zijn voor nieuwe onderzoeks- en commercialisatiemogelijkheden.
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