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Controlling the adhesion and proliferation of endothelial cells is
essential for the development of functional vascular materials. In
this study, we show that wrinkled diamond-like carbon (DLC)
films formed on grooved PDMS substrates regulate endothelial
cell alignment and proliferation through combined micro- and
nanoscale topographical cues. Human umbilical vein endothelial
cells cultured on these hierarchical patterns exhibited directional
elongation along the grooves, while their lamellipodia and
filopodia preferentially adhered to the wrinkle crests. Enzymatic
assays confirmed sustained viability and proliferation across
different wrinkle dimensions. These results demonstrate that
hierarchical micro-/nanoscale topographies on DLC-coated
PDMS substrates can effectively modulate endothelial cell

behavior, offering promise for vascular tissue engineering.

Introduction

The integration of biomedical implants with host tissues
remains a central challenge in biomedical engineering.
Despite significant advances in biomaterial development,
clinical outcomes are still hindered by complications such as
thrombosis and inflammation. The formation of a continuous
and functional endothelial cell layer on implant surfaces is
vital because it provides an anti-thrombotic and anti-
inflammatory barrier that mitigates these adverse responses.”
Therefore, the rapid and stable formation of this layer (ie.,
endothelialization) is essential; delayed or incomplete
coverage can result in device failure, restenosis, or other life-
threatening complications. To address these issues, advanced
surface modifications and precisely engineered micro- and
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nanoscale topographies are required that enhance endothelial
cell adhesion, proliferation, and function.>?

Microgrooved substrates have been widely used to direct
endothelial cell elongation and alignment.’® However, while
effective for orienting cells, microgrooves alone often provide
limited control over specific adhesion sites that are crucial
for focal adhesion formation and robust proliferation.
Meanwhile, recent studies have revealed that hierarchical
surface structures combining micro- and nanoscale features
can synergistically modulate responses of various cells by
providing multiple levels of mechanical cues and more
closely replicating the architecture of the native extracellular
matrix.” "> Thus, integrating microgrooves with nanoscale
features is considered a rational approach to simultaneously
guiding cell alignment and focal adhesion formation, thereby
enhancing endothelial proliferation and function. This
hierarchical design concept offers a promising route to
improve endothelialization on implant surfaces.

In addition to topographical cues, mechanical cues such
as substrate stiffness and topographically induced
mechanical forces also play a crucial role in regulating
endothelial cell behavior. Endothelial cells sense and respond
to these mechanical properties of their environment through
mechanotransduction pathways involving integrins, focal
adhesions, and the cytoskeleton. In particular, substrate
stiffness strongly influences cell adhesion, spreading,
migration, proliferation, and cytoskeletal organization on
substrates that correspond to the physiological stiffness
range of the vascular basement membrane and vessel walls."®
The mechanical mismatch between an implant and the
surrounding tissue can impair endothelialization, promote
inflammation, and contribute neointimal hyperplasia.
Therefore, designing surfaces that combine appropriate
stiffness  with  hierarchical —micro-/nanoscale features
represents an effective strategy to enhance endothelial
function and promote stable implant integration.

Diamond-like carbon (DLC) is a functional coating
material having exceptional mechanical, chemical, and
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biological properties. DLC and its derivatives have thus been
extensively studied for industrial and biomedical
applications.**  When deposited onto soft polymer
substrates, including polydimethylsiloxane (PDMS), DLC films
spontaneously develop micro-/nanoscale wrinkles due to
mechanical instability arising from strain mismatch between
the stiff film and compliant substrate.>*** Our previous study
established a fabrication method for hierarchical surface
patterns combining wrinkled DLC films with microgrooved
PDMS substrates.”® Although these hierarchical patterns
present a  promising  scaffold  architecture  for
endothelialization, their direct influence on endothelial cell
adhesion and proliferation has not yet been examined.

In this study, we investigate endothelial behavior on
hierarchical patterns composed of wrinkled DLC films
formed on grooved PDMS substrates. Using human umbilical
vein endothelial cells (HUVECs), we their
attachment, morphology, and proliferation. The results
demonstrate that cells tend to align along the groove
direction, while lamellipodia and filopodia-like protrusions
preferentially attach to wrinkle crests, indicating dual-scale
topographical guidance. Enzymatic assays confirm sustained
cell viability and proliferation across different wrinkle
dimensions, suggesting the noncytotoxic nature of the
surfaces. These findings demonstrate that wrinkled and

evaluate

grooved surface topographies cooperatively modulate
endothelial cell attachment, elongation, and proliferation,
offering a promising surface design for promoting

endothelialization on implant materials.

Results and discussion

We begin by describing the surface morphology and
chemistry of the patterns using data adapted from our
previous study.”® The pristine grooved PDMS substrate with
parallel channels of equal groove and ridge with a width of 5
pm and a depth of 1 um (Fig. 1a) was treated with Ar plasma
for varying durations, followed by deposition of DLC film
with a thickness of approximately 40 nm (see SI). This
process resulted in the formation of wrinkles aligning
perpendicular to the groove steps with varying dimensions
depending on the plasma duration (Fig. 1b-e). The formation
of these wrinkles results from buckling of the layer produced
on the substrate surface due to Ar plasma treatment,”® while
their orientation is attributable to the difference in
compressive stress parallel and perpendicular to the groove
steps.”’

The wavelength and amplitude of the wrinkles are plotted
as a function of the duration of Ar plasma treatment in
Fig. 1f and g. As the plasma duration increased from 1 to 7
min, the wavelength increased from approximately 1017 to
2209 nm, while the amplitude increased from approximately
136 to 210 nm. In film-substrate bilayer systems, both the
wavelength and amplitude are functions of the film
thickness. Given the constant thickness of the DLC film, the
increases in both wavelength and amplitude with longer
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durations of Ar plasma treatment are attributable to an
increase in the thickness of the oxidized layer formed on the
substrate surface by the plasma treatment prior to film
deposition. Thus, the wrinkle wavelength and amplitude can
be controlled simply by adjusting the duration of Ar plasma
treatment, while keeping the film thickness constant.

The atomic concentrations for the pattern surfaces before
and after DLC coating were measured by X-ray scanning
electron microscopy (Fig. 1h). The concentrations of carbon,
oxygen, and silicon for the pristine grooved PDMS substrate
prior to film coating were approximately 45, 25, and 30 at%,
respectively. These values are reasonable because PDMS
contains a silicon-oxygen skeleton with two methyl groups
attached to the silicon atom with possible surface oxidation
or contamination. The increase in the concentration of
carbon is attributable to the DLC film because it mainly
consists of carbon. The oxygen detected is indicative of the
surface oxidation of the film. A small amount of silicon was
detected despite the DLC coating, indicating that part of the
samples, including the sidewalls of the grooves, was not
covered with the film. Overall, the elemental compositions
remained nearly constant regardless of the duration of Ar
plasma treatment. Consequently, the sample surfaces
exhibited  distinct  hierarchical topographies  while
maintaining consistent chemistry. We next discuss the
viability of the HUVECs on the sample surfaces that was
assessed by measuring the enzymatic activity. For these
experiments, HUVECs at passage 4 in endothelial basal
medium supplemented with endothelial growth factor (EGM-
2, Lonza) were seeded on the sample surfaces at a density of
approximately 4.6 x 10* cells per mL and were cultured in the
incubator for prescribed periods of time in a humidified 5%
CO, incubator at 37 °C. After prescribed periods, the plates
were removed from the incubator, and the medium in each
well was replaced with 500 pL of RPMI medium (Lonza)
containing 50 pL of Cell Counting Kit-8. The plates were then
returned to and placed in the incubator for approximately 90
min. Thereafter, 100 pL of the reaction mixture in each well
was transferred to a 96-well plate, and the optical density
(OD)—an index of the degree of cellular viability—at 450 nm
was measured with a microplate reader (Microplate Reader,
EZS ABS, Iwaki Asahi Technoglass).

Fig. 2 shows the OD values measured at 450 nm using the
reaction mixture in the wells after periods of 48 and 72
hours. The wells coated with gelatin were used as the positive
control to confirm that the cells propagated in a satisfactory
manner until the end point of the experiments. The OD
values for the positive control increased as the period
increased from 48 to 72 hours. These results indicate that the
initial seeding cell density was appropriate and that the cells
proliferated normally under these conditions. The OD values
for the hierarchical patterns were lower than that of the
positive control. These lower values are presumably due to
the inhibition of adsorption of proteins to the surfaces of
DLC films that are involved in the cell adhesion. Despite the
initial low OD values for the hierarchical patterns, they all

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Surface morphology and chemistry of the patterns. (a—e) SEM images of the surfaces. (a) Pristine grooved PDMS substrate. (b-e) DLC-
coated grooved PDMS substrates pre-treated with Ar plasma for varying durations: (b) t = 1 min; (b) t = 3 min; (b) t = 5 min; (b) t = 7 min. Scale
bars: 10 um. (f and g) Wavelength (f) and amplitude (g) of the wrinkles as a function of the duration of Ar plasma pre-treatment. (h) Atomic
concentration of the pattern surfaces. Adapted with permission from previous work.?®

increased toward the end point of the experiments (i.e., 72
hours of culture). These results suggest that the adhesion
and proliferation of the HUVECs were retained on the
hierarchical patterns, thus indicating their non-cytotoxicity.
Although the wavelength and amplitude of the wrinkles were
different among the hierarchical patterns, no significant
differences were observed in the OD values among the
surfaces in the time frame established for the experiment.

In this study, cell viability and proliferation on the
wrinkled and grooved surfaces were assessed using the CCK-
8 assay, which enables comparative evaluation of cell
metabolic activity under identical culture conditions. While
this method effectively revealed relative differences in cellular
responses among the tested surfaces, additional quantitative
analyses would further strengthen the interpretation of the
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Fig. 2 Viability of HUVECs cultured on the sample surfaces. Optical
density (OD) of the reaction mixture in the wells measured at 450 nm
at periods of 48 and 72 hours of culture. PC denotes the positive
control. The times indicate the durations of Ar plasma treatment
performed prior to the deposition of DLC films.

© 2026 The Author(s). Published by the Royal Society of Chemistry

results. Future studies will incorporate additional biological
assessments, including fluorescence-based live/dead staining
and quantitative correlation between OD values and viable
cell number, to obtain a more comprehensive understanding
of the effect of wrinkled and grooved patterns on endothelial
cell viability and proliferation.

Finally, we describe the cell morphology on the
hierarchical patterns examined by scanning electron
microscopy. Fig. 3a-c shows HUVECs attached to the
wrinkled DLC film on the grooved PDMS substrate pre-
treated with Ar plasma for ¢ = 1 min. The cells spanned
multiple microgrooves and tended to align along their
direction (Fig. 3a). Closer observations reveal that the

Fig. 3 (a-c) SEM images of HUVECs attached to the wrinkled DLC film
on the grooved PDMS substrate that had been pre-treated with Ar
plasma for t = 1 min. The white arrow in (a) indicates the groove
orientation. A magnified image of the area indicated by the orange box
in (a) is presented in (b). A magnified image of the area indicated by
the black box in (b) is shown in (c). The yellow triangles in (c) indicate
the filopodia-like protrusions of the HUVECS, suggesting the
preferential attachment to the apex of the wrinkles. Scale bars: (a) 20
um, (b) 5 um, (c) 500 nm.
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lamellipodia and filopodia-like protrusions of the HUVECs
preferentially attach to the crests of the wrinkles formed on
the microgrooves (Fig. 3b and c). These results demonstrate
that the hierarchical patterns offer synergistic effects on cell
behavior: the microgrooves guide cell alignment and
elongation, while the wrinkles provide focal adhesion sites.

Similar cell behavior was observed for HUVECs cultured
on the hierarchical patterns with different wrinkle
dimensions. Fig. 4a—c presents the cells on the wrinkled DLC
film on the grooved PDMS substrate pre-treated with Ar
plasma for ¢ = 5 min. Filopodia-like protrusions were
attached to the wrinkle crests, as indicated by the yellow
triangles in Fig. 4a. At another region, lamellipodia of the
HUVEC confined between the grooves were observed on the
wrinkle crests (Fig. 4b and c). Such preferential attachment
of lamellipodia and filopodia to wrinkle crests likely arises
from restricted cellular contact with wrinkle troughs due to
their height and spacing. However, no clear differences were
observed among the various wrinkle dimensions examined,
suggesting that the wrinkle size does not significantly affect
lamellipodia and filopodia adhesion within the range tested
in this study.

Lamellipodia are broad, sheet-like protrusions formed by
branched actin networks that enable cell extension and
adhesion maturation, while filopodia are slender protrusions
driven by actin bundles that function as sensory structures
for detecting topographic features. On the surfaces prepared
with Ar plasma for ¢ = 1 min, which have finer wrinkle
dimensions, HUVECs predominantly extended filopodia
along ridges to initiate focal adhesion, while coarser wrinkles
created with Ar plasma for ¢ = 5 min induced both
lamellipodia spreading and filopodia probing. Given the
identical surface chemistry and stiffness, these differences in
protrusion types between the surfaces may arise from
topography-specific mechanotransduction cues. Future work,
including quantitative analyses of signaling pathways and
dynamic imaging, will be needed to elucidate these
mechanisms and provide insights into adhesion, migration,
and proliferation dynamics on the wrinkled and grooved
scaffolds.

View Article Online
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To assess the potential influence of mechanical stiffness
on cell behavior, it is important to consider the mechanical
properties of the DLC film and PDMS substrates. DLC films
generally have high Young's moduli, ranging from several
tens to several hundreds of GPa depending on the deposition
method and the resulting film structure.*®**° Meanwhile,
PDMS with a mixture ratio of 10:1 typically exhibits a
Young's modulus of approximately 2 MPa.*® This substantial
difference in Young's modulus between the film and
substrate suggests that DLC coating considerably enhances
the effective stiffness of the PDMS surface region, while the
underlying PDMS remains compliant. Prior studies have
demonstrated that cells sense substrate stiffness at depths on
the order of micrometers,>'** which far exceed the thickness
of the DLC film used in the present study. Therefore, it is
plausible that HUVECs cultured on our wrinkled and grooved
surfaces primarily sense the mechanical properties of the
underlying compliant PDMS substrate rather than the stiff
DLC film itself. This combination of a stiff, protective DLC
film and a compliant PDMS substrate may provide a
favorable mechanical environment that supports endothelial
adhesion and proliferation, while avoiding excessive rigidity
that could impair biological integration. Quantifying the
effective mechanical properties sensed at the cell-film-
substrate interface represents an important direction for
future research.

Taken together, these results suggest that wrinkle crests
provide physical cues that are recognized by HUVECs as
favorable sites for adhesion or migration. The combination
of microgrooves and nanoscale wrinkles thus offers distinct
and complementary roles: microgrooves guide cell alignment,
while wrinkles create localized specific adhesion sites. This
hierarchical design strategy offers a promising route for
engineering biomaterial surfaces that promote
endothelialization. Given the widespread biomedical
applications of PDMS and DLC, these wrinkled and grooved
surfaces offer a promising foundation for endothelialization.
Their ability to combine structural guidance for -cell
orientation with nanoscale features for specific adhesion
makes them promising for blood-contacting medical devices.

Fig. 4 HUVECs cultured on the hierarchical patterns. (a-c) Tilted SEM images of HUVECs on the wrinkled DLC film on the grooved PDMS
substrate that had been pre-treated with Ar plasma for t = 5 min. The yellow triangles in (a) indicate the filopodia of the HUVECs. The black arrow
in (b) indicates the groove direction. A magnified image of the area indicated by the black box in (b) is presented in (c). The black triangles in (c)
indicate the locations to which the cells are attached. Scale bars: (a and b) 1 um, (c) 5 pm.
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Further investigations, including detailed analyses of protein
adsorption and systematic optimization of groove and
wrinkle dimensions, will be valuable for developing scaffolds
that support stable endothelial layers and ensure long-term
performance of vascular implants. Furthermore, chemically
modified DLC films with enhanced biological properties
could provide finer control over endothelial cell responses
and expand the versatility of these hierarchical surfaces for
regenerative medicine applications.**™*!

Conclusions

HUVECs were cultured on wrinkled and grooved surfaces
fabricated by exploiting surface instability of DLC-coated
PDMS systems. SEM observations revealed that the cells
elongated along the groove direction, while their lamellipodia
and filopodia preferentially attached to the wrinkle crests.
Because lamellipodia and filopodia play a key role in sensing,
adhesion, and migration, controlling their interactions with
surface topographies may provide a means to regulate vital
cellular functions. Enzymatic assays further confirmed
sustained cell viability and active proliferation across
different dimensions, = demonstrating  the
cytocompatibility of these hierarchical surfaces. Taken
together, the hierarchical patterns composed of wrinkled
DLC films on microgrooved PDMS substrates presented in
this study offer a promising approach for precise control of
endothelial cell behavior, which is essential for fabricating
optimally designed scaffolds in vascular tissue engineering.

wrinkle

Materials and methods

PDMS prepolymer was prepared by mixing a silicone
elastomer base with a curing agent at a ratio of 10:1 by
weight (Silpot 184, Dow Corning Toray Co., Ltd.) and cured
at 70 °C for 120 min. Prior to curing, the air bubbles
trapped in the mixture were removed in a vacuum chamber.
PDMS substrates with parallel channels of equal groove and
ridge with a width of 5 pm and a depth of 1 um were
fabricated by a molding method using a grooved SiO,
master on Si wafer. The grooved surfaces of the PDMS
substrates were treated with Ar plasma for varying durations
t, followed by deposition of DLC film with a radio frequency
plasma-enhanced chemical vapor deposition apparatus
(Custom-built, Hirano Koh-on Co., Ltd.) with a frequency of
13.56 MHz. The Ar plasma treatment was carried out for 1
to 7 min at a power of 200 W and a pressure of 26.6 Pa. The
DLC film was subsequently deposited onto the surface from
acetylene (C,H,) gas. The deposition was performed for 10 s
at a power of 200 W and a pressure of 13.3 Pa. The film
thickness was approximately 40 nm, as measured with a
profilometer (Dektak 3030, Veeco Instruments Inc.).

The samples were placed in 48-well plates and then
sterilized using ethylene oxide gas. The wells used for
positive control were coated with 0.1% gelatin for a given
period in a humidified 5% CO, incubator at 37 °C prior to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cell seeding to enhance the cell adhesion. Afterwards, the
gelatin solution in the wells was aspirated and the wells were
washed with phosphate-buffered saline without calcium and
magnesium. The samples were then incubated with the
HUVECs in the incubator. In particular, HUVECs at passage 4
in endothelial basal medium (EBM-2, Lonza) supplemented
with endothelial growth factor (EGM-2, Lonza) were seeded
on the sample surfaces and the gelatin-coated wells at a
density of approximately 4.6 x 10" cells per mL, and the
plates were placed in the incubator. The viability of the
HUVECs was assessed by measuring the enzymatic activity
using Cell Counting Kit-8 (WST-8 assay kit, Dojindo
Molecular Technologies). After prescribed periods, the plates
were removed from the incubator, and the medium in each
well was replaced with 500 puL of RPMI medium (Lonza)
containing 50 pL of Cell Counting Kit-8. The plates were then
returned to and placed in the incubator for approximately 90
min. Thereafter, 100 pL of the reaction mixture in each well
was transferred to a 96-well plate, and the optical density at
450 nm was measured with a microplate reader (Microplate
Reader, EZS ABS, Iwaki Asahi Technoglass). The results are
expressed as the mean of 3 replicates and the corresponding
standard deviation.

The HUVECs attached to the wrinkled and grooved
surfaces were observed under a scanning electron microscope
(SEM, Sirion, FEI Company) operated at an accelerating
voltage of 5 kV. For the SEM observation, the reaction
mixture for WST-8 assay in each well was aspirated, and the
HUVECs attached to the wrinkled and grooved surfaces were
subsequently fixed in 2.5% glutaraldehyde overnight. After
fixation, the samples were dehydrated in a graded ethanol
series (40, 60, 80, and 99.5% for 15 min each). The samples
were then coated with osmium to prevent electron charging.
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