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ORIGINAL ARTICLE

Micro-Topographies Promote Late Chondrogenic
Differentiation Markers in the ATDC5 Cell Line

Bach Q. Le, MSc,1 Aliaksei Vasilevich, MSc,2 Steven Vermeulen, MSc,2 Frits Hulshof, PhD,1

Dimitrios F. Stamatialis, PhD,3 Clemens A. van Blitterswijk, PhD,1,4 and Jan de Boer, PhD2

Chemical and mechanical cues are well-established influencers of in vitro chondrogenic differentiation of
ATDC5 cells. Here, we investigate the role of topographical cues in this differentiation process, a study not
been explored before. Previously, using a library of surface micro-topographies we found some distinct patterns
that induced alkaline phosphatase (ALP) production in human mesenchymal stromal cells. ALP is also a marker
for hypertrophy, the end stage of chondrogenic differentiation preceding bone formation. Thus, we hypothe-
sized that these patterns could influence end-stage chondrogenic differentiation of ATDC5 cells. In this study,
we randomly selected seven topographies among the ALP influencing hits. Cells grown on these surfaces
displayed varying nuclear shape and actin filament structure. When stimulated with insulin-transferrin-selenium
(ITS) medium, nodule formation occurred and in some cases showed alignment to the topographical patterns.
Gene expression analysis of cells growing on topographical surfaces in the presence of ITS medium revealed a
downregulation of early markers and upregulation of late markers of chondrogenic differentiation compared to
cells grown on a flat surface. In conclusion, we demonstrated that surface topography in addition to other cues
can promote hypertrophic differentiation suitable for bone tissue engineering.

Keywords: surface topography, chondrogenesis, hypertrophy, ATDC5, cell morphology

Introduction

Surface micro/nano-topography is increasingly rec-
ognized as an important element in the design of medical

implants to obtain the intended functionality. Cell–material
interaction is not only influenced by chemistry, but is also
dependent on the physical events occurring at the cell–
material interface. Various studies have shown the effect of
surface topography on cell fate decision in vitro.1–4 Many
attempts have been made to modify implant surface for
better biocompatibility and integration of the host tissue.5–7

Surface topography is no stranger in the field of bone
tissue engineering. As mentioned in the review of Wenner-
berg and Albrektsson,8 as early as the beginning of the 1980s,
surface structure was identified as one of the factors partic-
ularly important for the incorporation of implants into bone.
Rougher surfaces had a more beneficial effect for osteointe-
gration over smooth surfaces, due to the larger surface area
of the former.9

Later, advances in micro and nanotechnology enabled
researchers to create precision-designed surface topography,
starting a new field of material surface topography. Dalby
et al. used electron beam lithography to fabricate nanoscale
topographical surfaces featuring 120-nm-diameter, 100-nm-
deep nanopits placing from highly ordered symmetries to
somewhat random placements.2 Interestingly, they discov-
ered that the random-placed nanopit topography stimulated
human mesenchymal stem cells (hMSCs) to produce bone
mineral in vitro without any osteogenic supplement. Al-
though not specifically biomimetic, as declared by the au-
thors, this approach is clearly useful in the regenerative
medicine framework.

To expand the effort in elucidating the instructive power
of surface topography, we previously created a topography-
screening platform, the TopoChip, consisting of 2176 distinct
surface topographies on a 2 · 2 cm chip. In one TopoChip
screen, we identified topographies that induce alkaline phos-
phatase (ALP) production from hMSCs.10 Since ALP is also
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a marker for hypertrophic differentiation of chondrocytes,11

we hypothesized that these topographies could influence the
different stages of chondrocyte differentiation.

Previously, we have successfully tissue-engineered hy-
pertrophic cartilage in vitro using embryonic stem cells.12

However, because of ethical controversy and the potential
hazard of teratoma formation, we are interested in further
exploring different methods of manipulating chondrocyte
differentiation and extracellular matrix (ECM) deposition.
In preceding studies, we used the ATDC5 chondropro-
genitor cell line, an in vitro model system that has been used
extensively in cartilage and bone research.13 Our goal is to
aid the field of bone tissue engineering by utilizing ATDC5
as a workhorse to produce hypertrophic cartilage matrix
in vitro, which can be used in vivo with/without decel-
lularization for endochondral ossification. To increase yield,
we performed a screen of the LOPAC-1280 drug library and
discovered tetradecylthioacetic acid as a drug that enhances
collagen production by ATDC5.14 In another approach, we
employed a microwell platform to culture ATDC5 in small
aggregates of 1000 cells, resulting in a better and more
homogeneous cartilage matrix than cells growing on com-
mon tissue culture-treated plates (article submitted).

During the development of an ATDC5 monolayer on a
flat surface, when exposed to ITS medium, spots of cell
aggregates appear randomly across the surface due to hy-
perplasia. This is concomitant with a series of differentiation
events characterized by an increase in expression of chon-
drogenic markers. The ATDC5 cell line is extensively used
to study the effect of micro-environment modifications on
this chondrogenic differentiation process. Examples include
the use of growth factors,15 ascorbic acid,16 oxygen ten-
sion,17 and substrate stiffness.18 In this study, we further
extend these different approaches by studying the effect of
surface topographies during the chondrogenesis of ATDC5
cells. Surface micro-topography has been known to affect
cell shape, spreading,19 and differentiation.20 But whether
surface micro-topography can affect the chondrogenic dif-
ferentiation process is unknown. Instead of using the full
TopoChip, we opted to select seven topographies from the
hits of our previous TopoChip screen. These hits had a pro-
found positive and negative effect on ALP secretion of
hMSCs (article submitted). The seven topographies were
fabricated on discs with a diameter of 1.5 cm, allowing the
use of traditional molecular biology techniques such as
quantitative polymerase chain reaction. We wanted to explore
the relationship between cell/nuclei shape and gene expres-
sion profile of chondrogenesis-related genes. Ultimately, we
asked what particular surface topography would induce a
specific cell morphology, which in turn would influence the
pathway to hypertrophic differentiation of ATDC5 cells.

Materials and Methods

Cell culture

ATDC5 cells were obtained from RIKEN cell bank ( Ja-
pan). Basic medium (BM) for ATDC5 consisted of DMEM/
F-12 GlutaMAX (Life Technologies), 5% v/v fetal bovine
serum (Lonza), 0.2 mM l-ascorbic acid-2 phosphate, 100 U/mL
of penicillin, and 100 mg/mL of streptomycin. To stimu-
late chondrogenic differentiation and nodule formation, an
insulin-transferrin-selenium (ITS) solution (100 · ; Life

Technologies) was supplemented to BM. Cells were grown
at 37�C in a humid atmosphere with 5% CO2. Medium was
refreshed two to three times per week and cells were used
for further subculturing or cryopreservation upon reaching
near confluence.

Producing large topographical surfaces

Topographies with a feature height of 10mm were pro-
duced on polystyrene (PS) by hot embossing of a PS film
(Goodfellow). The inverse structure of the topographies was
produced on silicon by standard photolithography and deep
reactive etching as described before.10 The silicon imprint
was used to make a positive mould on polydimethylsiloxane
(PDMS). The PDMS mould was required to create a second
negative mould in OrmoStamp� hybrid polymer (micro
resist technology Gmbh), which serves as the mould for hot
embossing the PS films. The fabrication of the OrmoStamp
mould was necessary due to the fact that demoulding of PS
from silicon often led to destruction of the mould. The hot
embossing conditions were 140�C for 5 min at a pressure of
10 Bar, with a demoulding temperature of 90�C. Before cell
culture, the PS topographies were briefly treated with oxy-
gen plasma to improve cell adhesion. Plasma treatment was
performed for 30 s at 75 mTor, 50 sccm O2, and 50 W. To-
pographical numbering is based on our TopoUnit database,
a repository containing the design parameters for each in-
dividual topography.

DAPI and Phalloidin staining

Before any experiment, all topographical surfaces and flat
control were prewetted in BM for 48 h at 37�C. ATDC5
were seeded at a density of 2.104 cells/cm2 in BM on the
different surfaces. After 24 h, the surfaces were washed
briefly with phosphate-buffered saline (PBS) and then fixed
in 4% paraformaldehyde (Merck) in PBS for 10 min. This
was followed by a permeabilization step with 0.1% Triton
X-100 (Sigma-Aldrich) in PBS for 10 min, and then block-
ing in 5% BSA (Sigma-Aldrich) for 30 min. After that, the
surfaces were incubated for 1 h in the dark with Alexa Fluor
594 Phalloidin (1:200; Life Technologies) containing 0.03%
Triton X-100 in PBS. After washing with PBS (3 · 10 min),
the surfaces were incubated with DAPI (1:100 in PBS; Life
Technologies) for 10 min in the dark. After another wash
with PBS, the surfaces were mounted on glass slides with
Mowiol (Sigma-Aldrich) and left to dry overnight in the
dark at room temperature.

Image acquisition and analysis

Fixed samples were inverted and fluorescent images were
acquired through the glass coverslip using a BD pathway
microscope and analyzed with CellProfiler.21 Fluorescent
images were taken with and without cells to confirm the
absence of imaging artefacts due to the topographical fea-
tures. To perform automated image analysis in CellProfiler,
a robust pipeline was built to objectively analyze every cell
from an image set of at least five images, consisting of no
less than 100 cells per condition. After illumination cor-
rections, nuclei morphology was captured using the Otsu
adaptive thresholding method applied on the DAPI staining.
Subsequently, cell morphology was determined using Otsu
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FIG. 1. Visualization of
ATDC5 cells grown on dis-
tinct surface topographies.
(a) Bright-field images of the
selected surface topo-
graphies. (b) Composite im-
ages of ATDC5 cells show
the effect of micro-structures
on cell and nuclear mor-
phology. Co-staining with
markers for nucleus (DAPI)
and actin (Phalloidin) were
performed 24 h after seeding.
The scale bar represents
50 mm. DAPI, 4¢-6-
diamidino-2-phenylindole.

Table 1. Primers Used in Quantitative Polymerase Chain Reaction Analysis

Name Primer sequence

Mouse B2m 5¢-CATGGCTCGCTCGGTGACC-3¢
5¢-AATGTGAGGCGGGTGGAACTG-3¢

Mouse collagen II alpha 5¢-CAAGGCCCCCGAGGTGACAAA-3¢
5¢-GGGGCCAGGGATTCCATTAGAGC-3¢

Mouse collagen X alpha 5¢-CATAAAGGGCCCACTTGCTA-3¢
5¢-TGGCTGATATTCCTGGTGGT-3¢

Mouse aggrecan 5¢-AGAACCTTCGCTCCAATGACTC-3¢
5¢-AGGGTGTAGCGTGTGGAAATAG-3¢

Mouse Sox9 5¢-CCACGGAACAGACTCACATCTCTC-3¢
5¢-CTGCTCAGTTCACCGATGTCCACG-3¢

Mouse HifI alpha 5¢-TGCTCATCAGTTGCCACTTC-3¢
5¢-TGGGCCATTTCTGTGTGTAA-3¢

Mouse HiffII alpha 5¢-TGAGTTGGCTCATGAGTTGC-3¢
5¢-CTCACGGATCTCCTCATGGT-3¢

Mouse Alp 5¢-AACCCAGACACAAGCATTCC-3¢
5¢-GAGACATTTTCCCGTTCACC-3¢

Mouse Mmp13 5¢-AGGCCTTCAGAAAAGCCTTC-3¢
5¢-TCCTTGGAGTGATCCAGACC-3¢

ALP, alkaline phosphatase.
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adaptive thresholding and appropriate propagation algo-
rithms. Fifteen cell features were extracted including area,
compactness, eccentricity, Euler number, extent, form fac-
tor, axis length (major and minor), Feret diameter (max
and min), radius (max, mean and median), orientation, pe-
rimeter, and solidity. A full explanation of these features is
available in the supplementary data file 1. Pixel measure-
ments were converted toward the micrometer dimension
using a conversion factor of 0.3 mm/pixel.

Gene expression analysis

ATDC5 cells were seeded at 5.103 cells/cm2 and cultured
on seven topographical and a flat (control) surface in BM or
ITS medium for 1 or 2 weeks. This experiment was per-
formed in triplicate. RNA was isolated using the RNA II
nucleospin RNA isolation kit (Machery Nagel) follow-
ing the manufacturer’s protocol. RNA concentrations were
measured using a ND100 spectrophotometer (Nanodrop1000).
Reverse transcription was performed with an iScript cDNA
synthesis kit according to the manufacturer’s protocol.
qPCR was performed using 50 ng of cDNA, 0.4 mM of each
forward and reverse primer (Sigma Genosys), and 1 · Sen-

siMix SYBR and Fluorescein master mix (Bioline). Primer
sequences are shown in Table 1. Quantitative polymerase
chain reaction (qPCR) was performed in a My IQ5 machine
(Biorad). Data were analyzed using the fit point method of My
IQ5 software with the baseline set automatically at the lower
log-linear part and the cycle threshold (Ct value) was deter-
mined. Ct values were normalized to the Beta-2 microglobulin
(B2m) housekeeping gene and DCt (Ct, control–Ct, sample)
was used to calculate the fold change in gene expression.

Statistical analysis

Data analysis and plotting were performed in R22 and
GraphPad Prism version 6.02 for Windows, GraphPad
Software, La Jolla, CA, www.graphpad.com. Cell and nu-
clear morphological features were scaled by subtracting
mean and division by SD. To perform clustering analysis, a
dissimilarity matrix was calculated from scaled features in
the Euclidean space. For performing hierarchical clustering,
Ward’s algorithm was implemented. Statistical significance
of morphological features and gene expression data of dif-
ferent topographies compared to control was analyzed by
analysis of variance followed by Tukey HSD test. For

FIG. 2. Visualization of
ATDC5 cell and nuclear
morphological diversity after
culturing 24 h in BM. Dis-
tinct cell and nuclear mor-
phology are present in T2-
PS-2702 and T2-PS-0205.
(a) Immunocytochemistry
with a marker for actin
(Phalloidin). The scale bar
represents 50 mm. (b) Marker
for nuclei (DAPI). The scale
bar represents 25 mm. BM,
basic medium; PS, polysty-
rene.
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p-value plot, Mann–Whitney U test was applied and p-
values were adjusted using Benjamini and Hochberg cor-
rection methods.

Model training

To find unique morphological parameters of cells grow-
ing on T2-PS-3322 compared to the other topographies, we
used classification trees algorithms from the ‘‘rpart’’ pack-
age implemented in R. To explore this further we created a
machine learning model. To compensate for differences in
cell numbers between conditions, the pooled topography
data were downsampled by random selection to have an
equal number of data between datasets. To exclude possible
bias that might be introduced during downsampling, the
model was trained 100 times. Models were trained with 10-
fold cross validation in the ‘‘caret’’ package using random
forest algorithm. Model accuracy was checked on a subset
of the data that was not used for training. The classification
tree was visualized using the ‘‘party’’ package.

Results

Surface micro-topographies guide cell
and nucleus shape

It has been shown before that surface topographies (micro
and nano) directly control cell morphology.23–25 Here, we
showed that our surface micro-topographies molded ATDC5
cells into many different sizes and shapes. The cells were
cultured in BM on seven different topographical surfaces
(Fig. 1a) on discs with a 1.5 cm diameter with flat PS as a
control surface. Topographical surfaces were annotated with
their unique feature identifier, derived from the TopoChip
database. After 24 h for the cells to adapt and spread on the
surfaces, samples were fixed and stained with Phalloidin and
4¢-6-diamidino-2-phenylindole (DAPI) to visualize cell and
nucleus structure. Representative pictures of ATDC5 cells
grown on the different surfaces are shown in Figure 1b. In
general, the cell and nucleus shape on micro-topographical
surfaces were distinctively affected by the topographies.

Figure 2a shows the most common types of cell shapes
found on every surface. On the control flat PS surface,
ATDC5 cells displayed their characteristic epithelial-like
morphology, with unpolarized spreading. On topographical
surfaces, the actin filaments were more intensely stained,
particularly the parts that were in direct contact with
the topography features. Interestingly, on T2-PS-2702, two
distinct types of cells could be observed, one was similar to
the cells on the control surface while the other resembled the
pattern of the topographical feature (Fig. 2b-T2-PS-2702).
There were also cells that appeared to be in the transition
between control-surface-like to topography-like (Fig. 2a-T2-
PS-2702, top right). Representative nuclear types on each
surface are shown in Figure 2b. Apart from the control
surface, where nuclei displayed their regular textbook oval
shape, the nuclei on other surfaces appeared to be irregular.
In most cases, these nuclei took shape while they had to
settle between the topographical features. For T2-PS-2702
and T2-PS-0205, several distinct types of nuclei existed on
one topographical surface. The transitioning from control-
surface-like to topography-like of cells on T2-PS-2702
could also be seen with their nuclei (Fig. 2b-T2-PS-2702).

Surprisingly, even after 2 weeks of culture this nuclear
shape variation remained (Fig. 3), despite that cell shape
became unrecognizable because of over-confluency (data
not shown). In short, ATDC5 cells and their nuclei exhibited
a variety of size and shape when cultured on our micro-
topographical surfaces.

Quantification of size and shape features
by image analysis

To extract cell and nuclear shape information, we con-
structed a CellProfiler pipeline to automatically analyze
every cell in a dataset of at least 100 cells for each topo-
graphical surface. Figure 7a represents cell and nuclear
morphology quantification in the form of scaled connected
dot plots, while Figure 7b illustrates the statistical signifi-
cance of morphological features of surfaces compared to
flat. Notched box plot depiction of cell and nuclear mor-
phology features can be found in Supplementary Figures S1
and S2 (Supplementary Data are available online at www
.liebertpub.com/tea), respectively. In total, 30 parameters
were calculated that described both cell and nuclear mor-
phology in great detail. Almost no significant differences in
cell parameters could be observed between the control
surface and T2-PS-2702, which is due to the variability
caused by two distinct cell types. Regarding cell size, cells
on control surface had the biggest size while scoring highest
on the cell size measurements perimeter, radius (maximum,
mean and median), minor axis length, and minimum Feret
diameter. Cells with the smallest surface belonged to T2-PS-
3322, T2-PS-0304, and T2-PS-1642. Concerning nuclei,
those found on flat surface were among the biggest together
with nuclei from T2-PS-2702, T2-PS-1901, and T2-PS-

FIG. 3. Long-term culturing of ATDC5 on T2-PS-2702
reveals a consistent pattern of two distinct nuclei. DAPI
staining was performed 2 weeks after culturing. Scale bar
represents 100mm.
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FIG. 4. Orientation of ATDC5
(a) cell and (b) nuclei grown on
different surfaces in BM for 24 h.
Stained with Phalloidin and DAPI
and analyzed by CellProfiler. Data
were plotted in R. Cells from T2-
PS-3322 and T2-PS-0304 showed
orientation on each surface. Nuclei
on T2-PS-3322 also followed the
same orientation.

FIG. 5. Bright-field images of ATDC5 nodule formation on topographical surfaces. ATDC5 cells were cultured for 2
weeks in ITS medium. (a) Representative bright-field images of ATDC5 nodules on different surfaces, scale bar represents
1 mm. (b) Nodule elongation on surface T2-PS-3322 aligned to the TopoUnit placement, scale bar represent 100mm.
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3240. Nuclei on T2-PS-3322, T2-PS-0304, T2-PS-0205, and
T2-PS-1642 continued to be the smallest. Eccentricity is a
measure of how elliptic cells are, where 0 represents a circle
and 1 a line. Eccentricity of cells on T2-PS-3322 was
highest, and so did the nuclei of these cells. The orientation
graphs (Fig. 4) illustrates the orientation of cells and nuclei
on different surfaces. Cells and nuclei on the flat surface did
not align in any particular direction. Only cells from T2-PS-

3322 and T2-PS-0304 were orientated on each surface.
Nuclei on T2-PS-3322 also followed the same direction.
Overall, these measurements allowed the quantification of
unique morphologic features induced by our topographies.

ATDC5 cells can spontaneously form cell aggregates—
nodules—on common tissue culture surface when stimulated
with growth factors such as insulin. To evaluate whether
ATDC5 nodule formation would still be possible on micro-

FIG. 6. Gene expression
analysis for ATDC5 cells
cultured for 1 or 2 weeks on
topographical surfaces in
basic (blue annotated) and
ITS medium (red annotated).
qPCR analysis for early
chondrogenic markers (a)
collagen type II, (b) ag-
grecan, (c) Sox9, (d) HifI-
alpha and late chondrogenic
markers, (e) collagen type X,
(f) HifII-alpha, (g) Alp, and
(h) Mmp13. Besides a few
exceptions, little differences
are observed at week 1
among surfaces. At week 2,
the differences in gene ex-
pression among control and
Topo surfaces became more
pronounced when incubated
together with ITS medium.
Alp and Mmp13 expression
on Topo surfaces out-
performed the control sur-
face in both basic and ITS
medium. Error bars represent
standard deviation (n = 3).
*p < 0.05, **p < 0.01,
***p < 0.001. ALP, alkaline
phosphatase.
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FIG. 7. Cluster dendro-
gram and principal compo-
nent (PC) plots identified T2-
PS-3322 as most unique in
influencing both cell mor-
phology and gene expres-
sion. (a) Connected dotplot
of scaled morphological
features highlighting flat and
T2-PS-3322. (b) p-Value
plot of morphological feature
comparison of topographies
against flat. p-Values are
sorted from lowest to high-
est. Red line represents the
adjusted p-value, everything
below is considered signifi-
cant. (c) Cluster dendogram
of morphological data
showed clustering into two
distinct groups. In the first
group, the control surface
was distinct from T2-PS-
2702, T2-PS-1901, and T2-
PS-3240. In the second, T2-
PS-3322 was separated
against T2-PS-0304, T2-PS-
0205, andT2-PS-1642. (d)
PC analysis of morphologi-
cal data revealed separation
of T2-PS-3322 from other
surfaces. PC plot for mor-
phological data was calcu-
lated using median of
morphological features per
surface. (e) Cluster dendo-
gram for gene expression
separated control and T2-PS-
3322 against the other topo-
graphical surfaces. (f) PC
analysis of gene expression
data separated the control
surface in the first PC and
T2-PS-3322 in the second
PC. For gene expression
data, PC plots were calcu-
lated using the mean of the
biological triplicate.
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topographies, we cultured ATDC5 cells on our topograph-
ical surfaces for 2 weeks in the presence of ITS. Figure 5
shows representative brightfield pictures of cell nodules on
all surfaces. In general, nodule formation of ATDC5 cells
on these surfaces was uneventful. Without any topography
to interfere, the control surface nodules appeared mostly
round. Of note, we noticed that on T2-PS-3322, the nodules
elongated and aligned in one direction, which was the same
direction with the alignment of the topographical units

(Fig. 5a-T2-PS-3322 and 5b). Despite having the same way
of topographical unit alignment, T2-PS-2702 and T2-PS-1642
did not guide ATDC5 nodules in any particular direction.

Topographies influence expression
of chondrogenic genes

To analyze the effects of topographies on ATDC5 cells
in further detail, we performed gene expression analysis for

FIG. 8. Identification of unique morphology features of cells grown on T2-PS-3322. (a) Classification Tree showing the
sorting of topographies by cell and nuclear morphology parameters. The nuclei mean radius is identified as the most
important property that makes these cells distinct from cells grown on others surfaces. (b) Importance of cell and nuclear
morphology parameters for predicting T2-PS-3322 in 100 Random Forest classification models. Bar chart represents
mean – standard deviation. (c) Distribution of the nuclei mean radius for T2-PS-3322 and other pooled topographies. (d)
Accuracy prediction of 100 Random Forest models.
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chondrogenesis-related genes on cells grown on different
surfaces in either basic or ITS medium for 1 or 2 weeks.
Markers for early chondrogenesis (collagen II, aggrecan,
Sox9, and HifI-alpha) and late chondrogenesis (collagen X,
Alp, Mmp13, and HifII-alpha) were analyzed (Fig. 6).

At week 1, Mmp13 expression on all Topo surfaces, apart
from T2-PS-2702, was higher than on flat surface in BM.
However, this effect diminished when cells were treated
with ITS, where only T2-PS-3322 and T2-PS-1642 re-
mained significant. Similarly, Alp expression on T2-PS-
0205, T2-PS-3240, and T2-PS-1642 was higher than on
control surface in basic but not in ITS medium. For HifII-
alpha, a slight increase was observed for T2-PS-0205 in
BM. This effect was more pronounced after ITS treatment,
causing a significant HiffII-alpha upregulation for T2-PS-3322,
T2-PS-1901, T2-PS-0205, T2-PS-3240, and T2-PS-1642.

At week 2, the differences in gene expression among the
control and Topo surfaces were more pronounced. Expres-
sion of chondrogenic genes upregulated over time and was
higher in ITS medium. In BM, the effect of topography on
chondrogenic gene expression was mild; little difference
was seen between topographical surfaces and control sur-
face except for Alp and Mmp13, where expressions on Topo
surfaces were all higher, aside from T2-PS-1901. In ITS
medium, the difference in gene expression among Topo and
control surfaces were greater. Most Topo surfaces induced
expression of the late markers HifIIalpha, Alp, and Mmp13,
but inhibited expression of the early markers collagen II,
aggrecan, and in some cases Sox9.

In general, gene expression profiles of cells on different
Topo surfaces were distinct from one another, which was the
same observation as for cell and nuclei shape features. Topo
surfaces induced higher expression of late chondrogenic
markers (except for collagen X), but inhibited expression of
early markers compared to the control surface.

Correlation of morphology and gene expression

To find out which topography imposed the most signifi-
cant changes in either cell morphology or gene expression,
we performed principal component analysis. For morphol-
ogy data, we considered the median of all morphological
features per surface. Gene expression data were visualized
using the mean of the biological triplicate of all genes in
both basic and ITS medium for each surface. Surface sim-
ilarity based on cell and nuclear morphology was visualized
by hierarchical dendrogram clustering (Fig. 7c). Cell and
nuclear morphologies could be clustered into two distinct
groups. In the first group, cell and nuclear morphologies
from the control surface were different from T2-PS-2702,
T2-PS-1901, and T2-PS-3240. In the other, it was T2-PS-
3322 vs. T2-PS-0304, T2-PS-0205, and T2-PS-1642. In the
plot for morphology data (Fig. 7d), T2-PS-3322 was very
well separated from all other surfaces in the first two prin-
cipal components (PC1 and PC2). T2-PS-3322 stood out as
the surface that was most distinct in cell and nuclear
morphologies compared to other surfaces according to im-
age analysis by CellProfiler.

The same analysis was performed for gene expression
data (Fig. 7e, f). The control surface was well separated
from all topographies in the first principal component (PC1),
while T2-PS-3322 was separated in the second principal

component (PC2). Hierarchical clustering revealed that the
control surface was substantially different from the others in
inducing gene expression. Among the Topo group, T2-PS-
3322 was again well separated from the other topographical
surfaces. Thus, together with the morphological data anal-
ysis, T2-PS-3322 was unique in influencing both cell mor-
phology and chondrogenic gene expression of ATDC5. This
separation of T2-PS-3322 in gene expression profiles ap-
peared to be caused by the upregulation of both early and
late chondrogenic markers.

To understand which morphological features makes cells
on T2-PS-3322 unique, we constructed a classification tree
based on morphology data (Fig. 8a). We used this classifi-
cation tree to understand which cell shape parameters were
related to the cells on T2-PS-3322. Almost 90% of cells
with cell compactness ‡1.97 and nuclei maximum Feret
diameter ‡19.84 mm belonged to T2-PS-3322. This means
that cells on T2-PS-3322 shared the largest variation in
distance between cell border and center than cells on other
surfaces. The maximum Feret diameter is a measure of
nuclear length; it was suggested that nuclei on T2-PS-3322
were elongated, supported by Figure 5d. About 70% of cells
with a maximum Feret diameter <19.84mm and a cell
minor-axis-length <10.75 mm were also found on T2-PS-
3322. Cell minor-axis-length also attributed to cell shape
narrowness and elongation. Cells that were not as thick as
the previous group were less eccentric (<0.82) and at the
same time the cell maximum radius was less than 5.85mm.
Sixty percent of these cells were on T2-PS-3322. These
might be mitotic cells. Last major set of parameters of which
discriminates cells with 60% accuracy on T2-PS-3322 are as
follows: cell compactness <1.97, Euler number >21.5, cell
minor axis length >32.8 mm, and a nuclei maximum radius
>4.0 mm. The combination of these factors suggested that
these cells have an irregular shape with big nuclei; these are
apparently cells lying on top of the patterns. Furthermore,
we trained 100 machine learning models to distinguish cells
morphology from T2-PS-3322 and the other topographies.
We found that the most important morphological feature for
that analysis was the nuclei mean radius (Fig. 8b, c). The mean
accuracy of these models was 81% (Fig. 8d), which indi-
cates that cell response on T2-PS-3322 was unique and can
be accurately predicted using cell morphological features.

Discussion

In the growth plate, proliferation and differentiation of
chondrocytes are tightly controlled by soluble factors such
as Indian hedgehog, parathyroid hormone-related protein,
and bone morphogenetic proteins.26–28 Likewise, ECM
protein receptors on chondrocytes, such as b1 integrins,
regulate cell arrangement into the regular longitudinal col-
umn of proliferative chondrocytes.29 Mechanical loading
also plays an important role in controlling the growth of this
hypertrophic plate.30,31 It is known that cell shape is im-
portant for chondrocyte function,32,33 however, little is
known about the influence of surface topography, or rather
ECM topography, on the development of chondrocytes in
the body. When cells are exposed to a foreign environment,
it is inevitable that they lack their usual trophic signals. Here,
material surface topography becomes an inherent foreign
signal existing in all artificial systems. Once harnessed,
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surface topography can then be utilized as an instructive
signal for chondrocyte growth and hypertrophic differentia-
tion.

In this study, we investigated the effect of seven designed
surface micro-topographies on the chondrogenic differenti-
ation process of ATDC5 cells. These seven topographies
were selected from the hits of our previous high-throughput
screen for topographies. In this previous screen, four of
these hits induced ALP secretion of hMSCs (T2-PS-3322,
T2-PS-0304, T2-PS-0205, and T2-PS-1642), while three did
not show any influence (T2-PS-2702, T2-PS-1901, and T2-
PS-3240). Note that in this study, ALP expression is induced
differently by our topographies. This likely reflects the
different cell type used or the influence of different surface
chemistry on cell behavior. ALP is often used as an in vitro
marker for osteogenic differentiation of MSCs, but ALP
is also a marker for hypertrophic differentiation of chon-
drocytes.34,35 In this study, we show that ATDC5 cells
cultured on the Topo surfaces can significantly influence the
expression of ALP and other late markers of chondrogenesis,
supporting our hypothesis that surface topography can in-
fluence the differentiation of chondrocytes.

Chondrocyte aggregation in vitro is a process mimicking
mesenchymal condensation in vivo. Keeping the cell-to-cell
contact has been shown to be a prerequisite of chon-
drogenesis. Hamilton et al. used a micro-topography silica
substrate with grooves measuring 0.75 to 8 mm in depth and
5 to 12.5mm in width—to control aggregation of primary
chondrocytes.36 They noted that larger aggregates collided
with each other on the groove and often in parallel to the
direction of the groove. We also found that ATDC5 grown
on T2-PS-3322 formed aggregates, which elongated in
parallel to the alignment of the topographical patterns. Al-
though all seven Topo surfaces had the same pattern ar-
rangement, the ATDC5 aggregate elongation only appeared
on T2-PS-3322, suggesting that the size of the pattern itself
affected this observation. The implications of nodule
alignment can be the subject of further studies.

In vitro, cell morphology is paramount to cell growth, as
demonstrated by Folkman and Moscona in one of the ear-
liest experiments proving the relationship between cell
shape and DNA synthesis.4 In their experiments, the cell
shape changed from flat to spheroidal as the result of re-
duced adhesion to the culture plate. Since our topographical
surfaces were made of PS, the standard tissue culture ma-
terial, cells adhered very well and thus the topography often
served as a mold encasing the cells. Often, actin was very
intensely stained around the wall of the topography or in the
grooves created by the topography patterns. The cell nuclei
also adapted the shape of the topography. CellProfiler
analysis showed a large variation in cell and nuclei features
among the seven Topo surfaces. Interestingly, our gene
expression set followed the same trend. To elucidate the
effect of cell morphology on gene expression, our strategy
involved analyzing a dataset of 30 cell morphological fea-
tures and correlating these with a gene expression dataset
of early and late markers for chondrogenesis. The problem
remains that gene expression analysis is based on averaging
gene expression of all the cells on one single surface, which
at times can vary considerably. The use of single-cell
polymerase chain reaction may be the answer to overcome
this problem.

We conclude that the use of micro-topographies can in-
fluence the expression of early and late markers for chon-
drogenesis. In combination with soluble factors, these
topographies can be used to control chondrogenic differen-
tiation of ATDC5 cells in vitro. Since our research was based
on only seven topographies, future studies with different
topographies and chemistry could further fine-tune the op-
timal surface architecture for hypertrophic differentiation.
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