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Surface Roughness Gradients Reveal Topography-Specific
Mechanosensitive Responses in Human Mesenchymal

Stem Cells

Yong Hou, Wenyan Xie, Leixiao Yu,* Luis Cuellar Camacho, Chuanxiong Nie, Man Zhang,

Rainer Haag, and Qiang Wei*

The topographic features of an implant, which mechanically regulate cell
behaviors and functions, are critical for the clinical success in tissue regenera-
tion. How cells sense and respond to the topographical cues, e.g., interfacial
roughness, is yet to be fully understood and even debatable. Here, the mecha-
notransduction and fate determination of human mesenchymal stem cells
(MSCs) on surface roughness gradients are systematically studied. The broad
range of topographical scales and high-throughput imaging is achieved based
on a catecholic polyglycerol coating fabricated by a one-step-tilted dip-coating
approach. It is revealed that the adhesion of MSCs is biphasically regulated by
interfacial roughness. The cell mechanotransduction is investigated from focal
adhesion to transcriptional activity, which explains that cellular response to
interfacial roughness undergoes a direct force-dependent mechanism. More-
over, the optimized roughness for promoting cell fate specification is explored.

1. Introduction

Extracellular matrix (ECM), a network of fibrillar proteins
and polysaccharides, anchors cells and directs cell functions
through not only biochemical signals but also mechanical and
topographic cues. These physical cues mediate cell behav-
iors via mechanotransduction, a process that integrates and
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converts physical cues in microniche to
intracellular biochemical signals that are
recognized by cells.}! In general, these
physical stimuli promote integrin activa-
tion and focal adhesion (FA) formation as
well as the alignment of cytoskeletal and
nucleoskeletal elements, providing struc-
tural support and function. In parallel, the
signaling cascades are initiated under cel-
lular contraction to activate transcription
factors. The cellular force and signaling
proteins further regulate gene expression
synergistically to control cellular functions
and phenotypes.*"]

The topography of ECM has been
shown to act as one of the important
physical cues to dictate cell adhesion
and differentiation.®! Understanding cell
responses to their natural environment can guide the design of
biomimetic materials for modulating cell behaviors in regen-
erative therapeutics. Over the past two decades, a wide range
of substrates with surface roughness from nano- to microscale
has been developed to investigate the effects of topography.
However, most of these studies were performed based on a few
model surfaces with discontinuous different roughness. Many
of the conclusions are suitable for the specific conditions as
presented but are likely to be inconsistent with each other for
becoming a general conclusion. For instance, the titanium sur-
face with small roughness like 15 nm in height rather than 55
and 100 nm was noticed to promote the adhesion and osteogen-
esis of mesenchymal stem cells (MSCs) in one report.”l How-
ever, the optimized roughness to do so was 150 and 450 nm
rather than 20 nm on the same type of materials in another
report.®l Moreover, no difference was observed for the adhesion
of osteoblasts on the titanium surfaces with different rough-
ness in one other case.”! Such discrepancies may attribute to
the lacking of a high-throughput strategy to examine the effects
with a broad range of roughness, because the fabrication of a
rough surface is normally complicated and time-consuming.

As an alternative, surfaces with roughness gradients can be
highlighted in the study of cell mechanoresponsive and may
allow us to optimize the topographic features for cell functions.
In fact, a few gradient surfaces have been generated to screen
cell response to interfacial roughness.['*11 However, the cellular
mechanotransduction has not been investigated in depth.
Therefore, the underlying mechanism of how topography
signals modulate cell behaviors has not been fully understood.
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In this study, roughness gradient surfaces covering a wide
range of roughness from nanometer to micrometer were pro-
duced by a one-step-tilted dip-coating approach with a catecholic
polymer. The impact of roughness on cell morphology, mecha-
notransduction, and fate determination was systematically
investigated. The activation of FA structural proteins and sign-
aling proteins, the organization of cytoskeleton, the cell nuclear
mechanics, as well as the transcriptional activity were analyzed
in depth to reveal the mechanism of MSC response to interfa-
cial topographic features. Our results will guide the design of
interfacial mechanical cues that regulate cell functions in stem
cell engineering and regenerative medicine.

2. Results and Discussion

2.1. Surface with Roughness Gradient

Catecholic polyglycerol, which mimics mussel foot proteins, was
recognized as the second generation of mussel-inspired adhe-
sive to fabricate universal coatings with versatile functions.!'
It can rapidly adhere on virtually all kinds of material surfaces
with tunable coating thickness and morphology benefiting
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from its heteromultivalent character, distinct “interior,” and
appropriate molecular weight. The efficient cross-linking and
aggregation of the polymers result in the fast deposition of
the aggregated nanoparticles onto substrates. The number of
the stacked particles on each other and their density, i.e., the
growth of the aggregates, can be controlled by the adjustment
of the depth during the coating. Thus, the aggregates on the
deeper location of the glass slides grew larger, which caused
higher roughness.3] Consequently, a coating with gradient
roughness was achieved by simply tilting the glass substrate in
the polymer solution (Figure 1A). In addition, benefiting from
the large number of amine and catechol groups on the coating
surfaces, the coatings could support cell adhesion without treat-
ment with ECM proteins.['?

The morphology of the roughness gradient surface was
characterized by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Both techniques indicated
the gradient progression from flat (position RGse) to rough
(position RGyse;) topography on the surface (Figure 1B,C and
Figure S1A, Supporting Information). Specifically, the rough-
ness gradients showed nanometer amplitude features from
the position RGse; to RGsge, with average roughness (R,) 53.86
to 278.64 nm and root mean square roughness (Ry) 31.49 to
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Figure 1. Fabrication and characterization of the surfaces with roughness gradient. A) Scheme of the fabrication of roughness gradient via one-step
tilted dip-coating approach. B) SEM and C) AFM 3D images of the surface morphology of roughness gradient at different positions. Scale bar cor-
responds to 5 pm for SEM images and 10 pm for AFM images. D) R, and R, values of roughness gradient at different positions according to AFM
images. E) Quantification of the average depth of profile elements within the gradient roughness surfaces.
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234.41 nm in a linear trend. From RGy50, to RGose;, the rough-
ness rapidly increased in the submicrometer range from 353.66
to 1050.31 nm for R, and from 287.55 to 881 nm for Ry.

The roughness gradient ratio (R,) is about 0.01-0.05 nm pm™"
from RGso, to RGyse, and 0.11 nm pm™" from RG5o, t0 RGosey
(Figure S2, Supporting Information). Thus, the difference of
surface roughness in the length scale of a single spread cell
(50-100 pm) was approximately 2.04 nm in the regime with
low and intermediate roughness (RGsg to RG7s9) and 7.12 nm
in the regime with high roughness (RGyso to RGygso), which
were smaller than the size of a single integrin (8-12 nm) that
can be ignored (Figure 1D).'** Therefore, cells should not sense
the polarized signal inputs on this roughness gradient surface.
The mean depth of the profile elements gradually varied from
99 nm to 3.42 pm, corresponding to the controlled stacked
structure toward the increasing roughness of the gradient
(Figure 1E and Figure S1B, Supporting Information).

The thickness of the polymer coating in the region of RGse,
was about 50 nm (Figure S1B, Supporting Information). Owing
to the high density and rigidity of the aggregates of catecholic
polyglycerol,'?! the chemical and mechanical properties of the
underneath glass support layer can be shielded by gradient
coatings. Thus, cells can only sense homogenous rigidity and
chemical cues. Moreover, mussel-inspired surfaces exhibit good
biocompatibility and promote cell adhesion.[""] Thus, we have
generated a model surface with gradient topographic features
to study cell behaviors.

2.2. Interfacial Roughness Mediates Cell Adhesion

To investigate the cell adhesion on rough surface, MSCs were
seeded and cultured for 24 h. As shown in Figure 2A-C, the
cell spreading area gradually decreased (from 3355 to 614 pm?)
and cell circularity gradually increased (from 0.385 to 0.625),
when the substrate roughness increased from RGso; to RGosog.
The pronounced actin stress fibers were observed in the rela-
tively low roughness region between RGso, and RGsge, while
smaller and decreased bundles were displayed in the relatively
high roughness region between RGso;, and RGyso, (Figure 2F).

More details of cell morphology were exhibited in SEM
images (Figure 2E). The length and density of filopodia were
varied according to roughness increase (Figure 2D). Cells
expressed a few but clear filopodia with average length of
4.24 pm in the region RGsy with lowest roughness. Mean-
while, filopodia formation was largely limited in the region
RGyso; with highest roughness. The longest as well as densest
filopodia were observed in the region RGsgy, with intermediate
roughness. The average length reached 9.29 pm, which was
1.96-fold and 2.93-fold longer than that on RGse and RGosy,
respectively. Filopodia, which are highly organized and tightly
cross-linked long bundles of actin filaments,!'®l enable cells to
sense the nano/micro topographic features and guide cell adhe-
sion via filopodia traction forces.!'®17]

The 3D-reconstructive morphology of the basal surface
of cells was obtained by confocal laser scanning microscopy
with the multiple z-stack imaging mode. It is obvious that the
basal surface of cells was remodeled by the substrate and cell
surface roughness was increased with substrate roughness
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(Figure 2G). Especially, the actin networks invaded the large
cave structure of the surface in the highly rough region
(RG759, to RGose), which may limit cell extension in hori-
zontal direction.'¥! These results agree with some previous
reports that the geometry factor of the discontinuities acted
as an energy barrier. The cells try to adapt themselves with
the defined surface morphologies to minimize the contact
with the high energy discontinuities.'*?") This hindered cell
FA formation, actin polymerization, and thus limited filopodia
formation and cell spreading. Whereas cells adhered on the
surface with relatively low roughness (RGsy—RGsgo) can over-
come the topographical features during spreading, as the size
of the aggregated particles on coating surface was far smaller
than cell dimension.

Cell adhesion may also be ascribed to the spatial properties
of the aggregated nanoparticle on the roughness gradient sur-
face. In general, the diameter of integrin is about 8-12 nm and
the integrin clustering is larger than 1 pm.l'"*?!l The nanoscale
particles corresponded to the sizes of proteins and cell mem-
brane receptors. The microscale aggregates corresponded to the
sizes of receptor clusters. The optimized hierarchical structures
combining both micro- and nanoscale roughness displayed
increased surface area that benefited protein adsorption to
enhance the cell-to-substrate affinity.[??

2.3. Cells Sense Interfacial Roughness through FA
and Actomyosin Cytoskeleton

The mechanical properties of ECM can be sensed by the force-
sensing molecules in FAs, which convert the physical sig-
nals into intracellular biochemical signals to induce cellular
contractility through cytoskeletons.[?>?4 The cells contract their
actomyosin cytoskeleton generating mechanical forces at the
sites of adhesion in order to maintain their cytoskeleton in a
state of mechanical tension or prestress.l!”) The nanoscale
structures on the bio-surfaces show great effect on the forma-
tion of FAs. For example, anisotropic nanoscale presentation
of cell adhesion ligand enhances the recruitment of diverse
integrins in adhesion structures and enables the mature FAs
toward fibrillar adhesion.””! The expression and arrangement
of FAs mirror the cellular contractility and could directly reflect
the level of cellular tension. We next investigated the effects
of topographic roughness on FA assembly of MSCs by immu-
nostaining of paxillin. As shown in Figure 3A,C,D the pax-
illin area and length gradually increased in the low roughness
region and peaked at RGsyy, then rapidly dropped in the high
roughness region. The results are consistent with the filopodia
formation, suggesting that the best cell adhesion occurs at
intermediate roughness (RGsgg).

The extracellular mechanical cues can be transduced
through FAs to activate signaling proteins to further regulate
downstream signaling pathways, known as mechanotransduc-
tion. FA kinase (FAK), one of the key mediators in mecha-
notransduction pathways, can sense and respond to mechanical
stimulation and regulate cell adhesion.?®) The phosphoryla-
tion of FAK is mediated by force generation and is the initial
step to activate Rho family of GTPases.l?”) We thus investigated
the level of phosphorylated FAK (pFAK), which reflects the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Cell adhesion on the surfaces with roughness gradient. A) Representative images of actin filaments of the MSCs cultured on roughness
gradient surface for 24 h. B) Cell spreading area. C) Circularity and D) filopodia length of the adhered MSCs. E) Representative SEM images of adhered
cells on roughness gradient surface (scale bar indicates 15 pm, inset bar indicates 5 pm). F) Representative images of the upper-side of the cells stained
with actin filaments (scale bar indicates 50 pm). G) 3D-reconstructed enlarged image of the basal surface of cells stained with actin filaments (scale
bar indicates 25 pm). Insets indicated the enlarged image of the basal surface of cells.

cellular contractility generated on rough surface. As shown in  confirmed that the cells exhibited largest cellular contractility
Figure 3B,E the activation of pFAK was optimized at interme-  at intermediate roughness (RGsgy). In addition, it has been
diate roughness (RGsgy), which was 1.39- and 1.63-folds higher  reported that pFAK activates Cdc42, a Rho family GTPase,
than the level on RGso, and RGose, respectively. The pFAK level  leading to filopodia formation.*’-%%]
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Figure 3. Cells sense interfacial roughness through FAs. A) Representative fluorescence images of Paxillin immunostaining for MSCs (scale bar
indicates 10 pm). B) Representative fluorescence images of pFAK immunostaining for MSCs (scale bar indicates 50 pm). C,D) The area and length
of the FA points of MSCs as indicated by paxillin immunostaining. E) Relative average fluorescent intensity of pFAK in MSCs. MSCs were cultured on
roughness gradient surface for 24 h before paxillin of pFAK immunostaining. Mean values and standard deviations from 30 to 40 values are presented.

To confirm the role of actomyosin-based contractility in
roughness sensing, myosin II inhibitor blebbistatin and actin
polymerization inhibitor cytochalasin D were utilized to treat
the cells on roughness gradient surfaces. The difference of cell
spread area on the whole range of the gradients displayed an
obvious reduction after 24 h of treatment, indicating the impor-
tance of actomyosin contractility in topography-induced cell
adhesion and spreading (Figure S3, Supporting Information).

The results together suggested that the roughness-induced
MSC adhesion underwent a force-dependent mechanism
through the phosphorylation of FAK. We next wanted to study
the transduction of topographical signals to cell nucleus, which
directly mediated cell phenotypic diversity.

2.4. Cell Nuclear Mechanics Responds to Topographical Roughness

As an important part in mechanotransduction and where tran-
scription takes place, the cell nucleus, besides the cytoskel-
eton, is another main contributor to the cellular mechanical
properties and bioactivities.?%3!) The mechanical signals are
transmitted from sites of matrix adhesion to nucleus through
actin cap and linker of nucleoskeleton and cytoskeleton com-
plex.’Z The nucleoskeleton can be further activated under
force and regulates the conformation of DNA or chromatin
structures as well as the transcriptional activities.**** Lamin
A/C are intermediate filament proteins found in nearly all cell
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nuclei to determine nuclear shape and size. Lamin A/C resist
nuclear deformation and contribute to nuclear mechanics and
stability.?>%! Therefore, the lamin A/C could be considered as
sensors for nuclear mechanics.?3 Therefore, we monitored the
response of actin cap and the nucleoskeletal components lamin
A/C to interfacial roughness.

The cells adhered in the low roughness region from RGse
to RGsgy exhibited dense and aligned actin cap fibers. In
contrast, the actin cap formation was suppressed in the high
roughness region from RGyse, to RGysos due to the lack of cel-
lular contractility (Figure 4A). The confocal images of lamin
A/C in cell nucleus are shown in Figure 4B,C. The nuclei
were large and smooth in the region from RGse to RGsgy
with low and intermediate roughness. Highly rough nuclear
surfaces with small nuclear size were observed in the rough
region from RGyse, to RGoses. In addition, the cells on RGsgo
showed the highest average fluorescent intensity of lamin
A/C. As reported previously, the nuclear envelope appeared
highly wrinkled with low lamin A/C expression, when cells
adhered on soft matrix with lower cellular tension. Mean-
while, cells adhered on stiff matrix exhibited aligned stress
fibers with high tension would “smoothed out” nuclear wrin-
kles and flatten the nucleus with enriched lamin A/C.[323¢
A recent report showed that lamin A/C also mediated the
actin cap formation to protect the nucleus from the extracel-
lular mechanical stress. Low lamin A/C level resulted in the
nuclear deformation.?”)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Interfacial roughness regulates cell nuclear mechanics and transcriptional activity. A) Organization of actin filaments in the apical region
of the nucleus. Insets display the actin organization of MSCs (scale bar indicates 5 pm). B,C) Representative confocal images of cell and nuclear
morphology as indicated by lamin A/C (B scale bar indicates 25 pm, C scale bar indicates 2 pm). D) Chromatin condensation visualized by creating a
heatmap of the DAPI intensity clusters within the nucleus (scale bar indicates 2 pm). E) Representative fluorescence images of YAP immunostaining
for MSCs (scale bar indicates 100 pm). F) Quantification of lamin A/C level of MSCs on the roughness gradient surfaces by immunofluorescence at
24 h. G) Nuclear volume. H) Ratiometric analysis of nuclear localization of YAP by nuclear/cytoplasmic fluorescence intensity ratio. Mean values and

standard deviations from 30 to 40 values are presented.

Furthermore, blebbistatin and cytochalasin D were used to
interrupt the myosin activity and actin network organization.
With inhibitor treatment, the cells on the whole range of the
gradients exhibited dramatic decrease of lamin A/C expression
and wrinkled morphology of nucleus (Figure S4, Supporting
Information), indicating the cellular contractility was trans-
mitted into nucleus to regulate nuclear mechanics through
lamin A/C.

Small 2020, 16, 1905422 1905422 (6 of 10)

2.5. Interfacial Roughness Regulates Chromatin Remodeling
and Transcriptional Regulators

Nuclear mechanics mediated by topographical features is
related to the chromatin remodeling, which affects a series of
fundamental cellular processes including mRNA transcrip-
tion, DNA replication, recombination, repair, etc.*® Chromatin
condensation was visualized by creating heatmaps of DAPI

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. MSC (Merck, SCC034, Lot: 2590004) differentiation on roughness gradient surfaces under different culture conditions. A-D) Representative
images of cells cultured in A) osteogenic (1 week, ALP staining), B) adipogenic (2 weeks, lipid stating), C) osteogenic/adipogenic 1:1 mixed (2 weeks,
ALP and lipid staining), and D) growth medium (2 weeks, ALP and lipid staining). E-H) Quantitative analysis of osteogenic and adipogenic differentia-
tion of the cells in different culture conditions. Mean values and standard deviations from three independent experiments are presented.

(4',6-diamidino-2-phenylindole) intensity to investigate the
response of chromatin remodeling process to interfacial rough-
ness features. As shown in Figure 4D, cells in a highly rough
region (RGyse to RGose) exhibited higher overall DAPI inten-
sity and higher gene clustering level in the nucleus compared
with those in smoother regions (RGso, to RGsgo). The level of
chromatin condensation, RGspe, < RG3ge, = RGpges = RGsoy <
RGyse, = RGose,, Was almost consistent with the cellular and
nuclear tension as discussed above, RGsgo > RG3gos > RGigo =
RGso, > RGyse, > RGoso. This indicated that chromatin remod-
eling in MSCs is regulated by cell mechanics that triggered by
interfacial roughness features.

The transcriptional activity is known to be regulated by
mechanical cues through transcriptional regulators YAP (Yes-
associated protein) and TAZ (transcriptional coactivator with
PDZ-binding motif, also known as WWTR1).3°l As expected,
the level of YAP nuclear accumulation steadily increased with
the roughness increasing till the intermediate roughness region
at RGsgo, with maximum value 5.37, and then slowly decreased
to 3.48 at RGoso, (Figure 4E,H). As a result, the cell phenotype,
which is mediated by chromatin remodeling and transcrip-
tional activity, may be influenced by interfacial roughness.

2.6. MSC Fate Determination Is Mediated by Interfacial Roughness

The differentiation of MSCs toward osteogenesis and adipogen-
esis in different biochemical conditions was examined on the

Small 2020, 16, 1905422 1905422 (7 of 10)

roughness gradient surface (Figure 5). Interestingly, both osteo-
genic and adipogenic differentiation peaked at intermediate
roughness region RGsgy in the related single induction media
(Figure 5A,B,E,F). However, adipogenic differentiation was
suppressed and osteogenic differentiation was promoted by
interfacial roughness in either 1:1 mixed osteogenic/adipogenic
media (Figure 5C,G) or growth media (Figure 5D,H). It must
be noted that the adipogenic differentiation was not detected in
these media. Thus, certain roughness could enhance the osteo-
genic differentiation of MSCs. The optimized roughness was in
the intermediate region RGsgo, where the highest cellular and
nuclear tension of the adhered MSCs was noticed.

Normally, the cells displaying high YAP nuclear localization
prefer osteogenesis and the adipogenesis is compressed.*’!
However, the adipogenesis signaling pathway is totally different
from osteogenesis. The YAP nuclear localization is not the only
conclusive factor to regulate the MSC adipogenic differentiation.
The enhancement of osteogenesis and adipogenesis in the same
condition was reported in a few previous reports. Wagner et al.
found the nanopatterns with a periodicity of 650 nm increased
differentiation toward both osteogenic and adipogenic line-
ages.l In another study, Cameron et al. indicated MSCs cul-
tured on the substrates with loss modulus of 130 Pa showed
significant increase in the expression of both adipogenic and
osteogenic markers compared with on the substrates with loss
modulus of 1 Pa.*d It might speculate that the complex sur-
face topography and chemistry triggered different signaling
pathways to promote osteogenic and adipogenic differentiation,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Cell fate determination regulated by surface roughness. MSCs cultured on the surface with intermediate roughness exhibit extensive cell
spreading and high cellular tension to enhance the osteogenic differentiation and cellular phenotype diversity. The adhesion of MSCs on the surface

with high roughness is limited, but the cells can maintain their phenotype.

respectively. The underlying molecular mechanism still remains
challenging and will be further investigated in the future.

Interestingly, both osteogenic and adipogenic differentiation
were limited in the region RGyse, with the highest roughness.
Certain reduction in adhesion can prevent metabolome activa-
tion with associated energy demand required for differentia-
tion.[*¥ The high roughness region in our system may limit cell
adhesion to the right range to maintain the phenotype of MSCs.
A micro—nano hierarchical roughness of the surface was identi-
fied to promote the maintenance of undifferentiated embryonic
stem cells.*! In order to strengthen the conclusion,different
source (Figure S5, Supporting Information) and different pas-
sage number (Figure S6, Supporting Information) of MSCs
were employed to repeat the osteogenic and adipogenic dif-
ferentiation experiments. The same trend and similar perfor-
mance were observed. Thus, the experimental results were not
caused by the variability of the cell differentiation ability.

Overall, the adhesion and fate specification of MSCs
respond to interfacial roughness through mechanotransduction
pathways including FA formation, activation of signaling pro-
teins, nuclear tension generation, chromatin remodeling, and
transcriptional activity (Figure 6).

3. Conclusion

In summary, roughness gradient surfaces with a broad variety
of topographic roughness from nano- to microscale were fabri-
cated with a mussel-inspired polymer and a one-step-tilted dip-
coating approach. This easy-to-use material platform exhibits
homogenous surface chemistry and mechanical rigidity with
topographic diversity, which provides the broad range of topo-
graphical scales and high-throughput for imaging. It allows us
to understand how cells sense and respond to interfacial topog-
raphy. The results extend the knowledge that the cooperation
between cell extension in a horizontal and invasion in vertical
direction mediates cell adhesion on the surfaces with such
complex micro/nano structures. Although the cell spreading
area exhibited a linear correlation with the interfacial rough-
ness, the formation of FAs and filopodia as well as cellular ten-
sion generation showed a biphasic manner and was optimized

Small 2020, 16, 1905422 1905422 (8 of 10)

in the region with intermediate roughness. As expected, the
osteogenic differentiation was also enhanced in the same
region as the result of high nuclear tension and transcriptional
activity. Benefiting from such a high-throughput platform, a
highly rough region was identified to maintain the phenotype
of MSCs by reducing cell adhesion to certain level. In general,
the topographic cues are sensed by cell adhesion proteins and
transduced through force-sensing signaling proteins, e.g., FAK,
and actin stress fibers including actin cap to regulate nuclear
tension. The cell fate determination is directly mediated by the
chromatin remodeling and transcriptional activity, which are
initiated by cellular force generation. Our study highlights a
tool for topographically gradient surfaces and defines cellular
behavior on material surfaces with certain topographic features.
It may provide new insight into the design of biomaterials and
assist the development of biomedical engineering.

4. Experimental Section

Preparation of Catecholic ~ Polyglycerol ~Coating with Roughness
Gradient: The catecholic polyglycerol was obtained from the amide
coupling reaction between 3,4-dihdroxyhydrocinnamic acid and amine-
functionalized hyperbranched glycerol in an acidic buffer to precisely
control the grafting density and prevent the oxidation of catechol
during reaction. The roughness gradient coatings were prepared by
immersing the freshly cleaned glass slides in a mixture of MeOH and
3-(N-morpholino)-propanesulfonic acid (MOPS, 0.1 m, pH 8.6) buffer
(v/v 4:1) with 0.5 mg mL™" catecholic polyglycerol overnight. The depth
of the solution was 2 cm. The slides were tilted in the coating solution
as shown in Figure 1. The coated slides were thoroughly rinsed with
water and methanol, followed by drying with argon stream.

Surface Characterization: For surface morphology imaging, the dried
surfaces were sputter-coated with gold and observed by SEM (Hitachi
SU8030, Japan). Roughness was quantified by AFM (Nanoscope
MultiMode 8) with contact model. All measurements were performed
in ambient condition. Contact mode was performed for larger areas
(50 pm). AFM tips SNL-10 (Bruker) with a nominal tip radius of 2-12 nm
were used. Scan rates of 0.5-0.15 Hz were used during mapping with
512 points per scan.

Cell Culture: MSCs were purchased from EMD Millipore (Darmstadt,
Germany) and cultured in Dulbecco’s modified Eagle medium (Gibco
11965092) supplemented with 10% bovine growth serum (Gibco
16030074) and 1% penicillin/streptomycin (Gibco 15140122) at 37 °C
with 5% CO,. The osteogenic differentiation medium (C-28013) and
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adipogenic differentiation medium (C-28016) were obtained from
Promo Cell (Heidelberg, Germany). The cells were passaged twice a
week according to the standard protocols. The fourth to sixth passages
of MSCs were used in this study.

Immunofluorescence: After allowing the cells to grow on the gradient
surfaces for specific time, the cells were fixed with 4% formaldehyde for
30 min at room temperature, permeabilized with 0.25% Triton X-100
in phosphate buffered saline (PBS) for 10 min, and then blocked with
1% bovine serum albumin in PBST (PBS with 0.1% Triton X-100) for
45 min at room temperature. Next, the cells were incubated with primary
antibodies overnight at 4 °C. The following primary antibodies were used:
mouse monoclonal anti-Paxillin (BD Transduction Laboratories 612405,
1:100 dilution), rabbit monoclonal anti-YAP (Cell signaling 4912S, 1:200
dilution), rabbit monoclonal anti-Phospho-FAK (Tyr397) (Thermo 700255,
1:300 dilution), mouse monoclonal anti-Lamin A/C (Thermo MA3-1000,
1:100 dilution). Cells were washed with PBS two times and then incubated
with the appropriate secondary antibodies (Invitrogen, Goat anti-Mouse 1gG
Alexa Fluor 488 A-11029 or Goat anti-Rabbit Alexa Fluor 568 A-11011, 1:500
dilution) for 1 h at room temperature. Finally, the cells were stained with
DAPI (Sigma D9542, 1:1000 dilution) and Phalloidin-iFluor 647 (Abcam
ab176759, 1:1000 dilution) and imaged by Zeiss Axio Observer Z1 phalloid
microscope (Zeiss, Germany) or a confocal microscope (SP8, Leica).

3D Imaging with Confocal Microscopy: 3D fluorescence imaging was
performed using a Leica SP8 microscope to obtain 3D reconstructive
images of the cell morphology (actin staining with phalloidin) and
nucleus morphology (lamin A/C staining). A 63 x oil immersion
objective was used. Each sample was imaged using multiple z-stack
images with each step of 0.1 pm.

The nuclear volume measurement was performed using Imaris
software as previously descried.*l Briefly, z-stack of confocal images
of fluorescent lamin A/C was 3D-reconstructed to localize the outer
surface of the nuclear envelope, where the outer surface was defined
to be independent of the threshold value. 3D domain of pixels within
the outer surfaces of the nucleus was integrated to obtain the value of
nuclear volume.

MSC Differentiation: The MSCs were seeded on roughness gradient
surfaces in basal growth medium with density of 5000 cell cm=2 for 24 h.
Afterward the medium was replaced by standard osteogenic or adipogenic
differentiation medium for 7-14 days. The culture medium was replaced
every 3 days. Alkaline phosphatase (ALP) and lipids were recognized
as the biomarkers of osteogenesis and adipogenesis, respectively. To
examine osteogenesis, cells were fixed in 4% paraformaldehyde for 5 min
and then stained by Fast Blue RR/naphthol (Sigma) for ALP according
to the manufacturer’s protocol. Afterward, DAPI was added to mark the
nuclei. To examine adipogenesis, cells were rinsed by Milli-Q water after
fixation with 4% paraformaldehyde, and then treated with fresh Oil Red
O (Sigma) solution in 60% isopropanol for 30 min and rinsed by 60%
isopropanol and Milli-Q water. Cell nuclei were also labeled by DAPI. The
cells containing lipids were identified as adipocytes. The stained cells
were observed in the inverted microscope mounted with a color camera
(Zeiss Axio Observer Z1, Germany). Micrographs were captured for post
statistical analysis. The fraction of osteogenesis and adipogenesis of cells
in different roughness regions were calculated by counting the number
of cells in more than three randomly selected fields (10 x magnification)
and normalizing to the total number of cells detected by DAPI staining in
each individual sample.

Statistical Analysis: Data were represented as mean + standard
deviation (SD). Group differences were conducted by one-way analysis
of variance with Tukey’s post hoc test. p-Values < 0.05 were considered
as statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001,
**x*p < 0.0001). All statistical analyses were performed with GraphPad
Prism 8.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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