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Injuries in blood vessels are accompanied by disrupted endothelial cell layers. Missing or destroyed
endothelial cells lead to rough, structured surfaces on the micrometer scale. The first cells to arrive at
the site of injury and to cover the wound are platelets, which subsequently drive blood clot formation.
Therefore, investigating the interactions of platelets with structured surfaces is essential for the
understanding of blood clotting. Here, we study the effects of underlying topography on platelet
spreading using microstructured model substrates with varying area fractions of protein coating. We
thereby distinguish the effects of (physical) topography and of (biochemical) protein availability. By
analyzing the cell area and morphology, we find that the extent of protrusion formation — but not the
total spread area — is determined by the area fractions of coating. The extent of filopodia formation is
influenced by the availability of binding sites and the reaction of cells to the substrate’'s topography. The
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1. Introduction

Blood clot formation is life-saving in mammals but involves
serious health risks when occurring under pathological condi-
tions. Main players in blood clotting are blood platelets
(thrombocytes), which despite their tiny size of 2-5 um in
diameter when quiescent," exert great forces® that help to
contract the blood clot. The great biomedical importance of this
specialized cell type has led to detailed studies of platelet
structure and function early on, tremendously furthering our
understanding of the field.*" As it is common practice in cell
biology, almost all past studies have been performed using
rigid, smooth substrates, such as glass slides or cell culture
dishes. However, this is not what platelets encounter in vivo.
Wounds arise from disrupted or destroyed endothelial cell
layers in the lining of blood vessels and therefore constitute a
“microstructured” surface. Extending this idea further, the
proteins that lie underneath the endothelial cell layer and get
exposed following an injury represent a “nanostructure”. The
first layer of platelets therefore encounters both nanostructures
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and microstructures. The situation is quite similar for the
subsequent layers which activate on top of and attach to the
existing clot. The result of this clotting process is schematically
sketched in Fig. 1a.

Taking into account the in vivo environment of platelets, it is
therefore clear that platelets encounter topographically and
biochemically structured substrates while closing a wound.
With the advent and rapid development of inexpensive and
simple-to-use microstructuring and micropatterning tech-
niques such as microcontact printing (MCP)*” and soft lithog-
raphy®® it has generally become feasible to examine the effect of
such substrates on various cell types. Numerous interesting
findings have greatly helped to understand cell behavior in
close-to-physiological environments. Several studies show that
cells in principle sense nano- and microstructures'™® and
might even be able to detect the radius of curvature of micro-
holes in a substrate and thereby the size of the holes.** The
mechanisms behind the interactions of cells and topographi-
cally structured substrates are not completely understood and
are probably very complex. It has, for example, been suggested,
that variations in reaction to topographies in different cell types
can be attributed to different amounts of actin monomers in the
cells.” The review by Bettinger et al.** sums up several theories
on how cells can sense topography and react to it. Mostly, filo-
podia are believed to be one of the main players in topography
sensing: they are involved, e.g., in alignment of cells on ridges or
grooves since filopod formation perpendicular to these features
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Fig. 1 (a) Schematic representation of early hemostasis in a wounded
blood vessel. (b) Model substrates to mimic effects of topography and
biochemical clues in early stages of hemostasis. (c) Schematic repre-
sentation of the three different substrate types. The flat substrates (i)
are completely coated with fibrinogen, whereas the structured
substrates are either (ii) completely coated with fibrinogen or (iii) only
the elevated parts are coated while the holes are blocked with
poloxamer 407. (d) AFM image of the PDMS substrate to which a plane
fit in the x/y direction (Igor Pro 6.22A, MFP-3D software) was applied.
The picture shows that the hole walls are quite steep.

causes intracellular stresses and is therefore not favored.
Furthermore, alignment of cells and morphological changes
due to cell-substrate interactions are believed to arise from
modification of focal adhesion geometry or localization due to
geometrical constraints. Lim et al.'® included both chemical
patterning and topography in their review.

Owing to their great biomedical importance, platelet studies
have traditionally been performed in the medical and clinical
fields."”*® Above, we have focused on the physiological context
of platelets and their interaction with proteins and other cells.
However, platelets are not only first to arrive at a newly wounded
tissue but also the first cells to cover implants when the material
is placed in the body. It has been shown that platelet activity is
influenced by microstructured surfaces of (titanium) implants.
Interestingly, the influence applies not only to the first layer
directly on the substrate but also to more remote layers.>* By
testing the effects of platelets more systematically on defined
and reproducible structures, Zhou et al?' attributed the
different degrees of platelet spreading to differences in
substrate hydrophobicity, whereas Chen et al.** showed that
substrate topography influences adsorption of proteins which
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platelets then in turn encounter. The fact that protein distri-
bution itself can influence platelet behavior without any
underlying topography was also shown by Kita et al*® By
investigating the behavior of single platelets on substrates
stamped with proteins they showed that platelets use their
filopodia to sense the environment. Furthermore, they found
that on chemically structured substrates with no underlying
topography platelets can span uncoated regions as broad
as 5 pum.

Despite the importance for biology and medicine, studies
including both topographic structures and chemical patterns
(as depicted in Fig. 1b) at the single platelet level, are, to the best
of our knowledge, still lacking. We show that platelets react to
both topography and protein coating of the substrate, albeit in
different ways. To investigate the response of single platelets to
topographically structured substrates, we used a structured
PDMS surface as a simple model system, in which fibrinogen
acts as a mediator to allow platelets to adhere to the surface.
The geometry of the structures and the coating with fibrinogen
are chosen to mimic interactions of platelets with the first layer
of platelets on implants or wounded tissue. We place individual
platelets on (i) flat, completely coated, (ii) topographic,
completely coated and (iii) topographic, selectively coated
substrates as shown in Fig. 1c, and analyze their size upon
spreading, as well as their membrane outline. In a direct
comparison between the substrate types we find that cells seek
to achieve an optimized spread area independent of the
substrate type but they adapt their cell outline, lamellipodia
formation and local curvature to the topography of the substrate
as well as to the availability of potential binding sites defined by
the proteins on the surface.

2. Materials and methods
2.1. Substrate preparation

Micropatterns are designed in AutoCAD and transferred to a
silicon wafer (Silchem, Freiberg, Germany) via conventional
photolithography. We use a 1 : 1 mixture of SU-8 2001/SU-8 2000
thinner (both MicroChem, Newton, MA, USA) yielding a struc-
ture height of 505 (+25) nm. We thus capture the order of
magnitude of the height of cells and thereby the topographical
features in a wound. Platelets adhere to the disrupted endo-
thelial cell layer and also in subsequent layers to other platelets.
Platelets can be as thin as a few tens of nm (ref. 24) at the
periphery when fully spread, while other cells are usually
thicker (up to several um). The structured substrates consist of
an array of 2.1 (+£0.1) pm diameter holes arranged in a square
grid with 0.9 (£0.1) pm interspaces. Data for holes with a
diameter of 2.8 (+£0.1) pm and 1.1 (£0.1) pm interspaces are
shown in the ESL.} The wafer is coated with (heptafluoropropyl)-
trimethylsilane (97%, Sigma-Aldrich, Miinchen, Germany) to
ensure easy detachment of PDMS (polydimethylsiloxane).
PDMS with the cross-linker (10 : 1 weight mixture) (Sylgard 184,
Dow Corning, Midland, MI, USA) is spincoated onto the wafer to
yield a thin PDMS layer of 47 (+5) um and it is baked for 1 hour
at 80 °C on a hotplate. The cured PDMS is transferred, upside
down, to a standard coverslip.
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To distinguish between the effects of topographic and chem-
ical (protein) patterns, we fabricate three different types of
substrates. First, flat, non-structured substrates are completely
coated with protein. Second, structured substrates are coated
completely. Third, only the elevated parts of the structured
substrate (i.e. the interspaces between the holes) are coated. The
three substrate types are shown in Fig. 1c. To coat a substrate
completely, itis activated by oxygen plasma treatment for 1.5 min.
The plasma treatment renders the surface hydrophilic and
negatively charged, ensuring that only weak interactions between
the surface and the protein are present and the fibrinogen
remains close to its native state.”® A fluorescent fibrinogen solu-
tion (Alexa Fluor 488 conjugate, Life Technologies GmbH,
Darmstadt, Germany, from human plasma, 0.05 mg mL™") is
prepared and the solution is left on the substrate for one hour and
subsequently removed, the substrate is washed three times with
phosphate buffered saline (PBS) and let dry or kept immersed in
PBS. This procedure ensures that the substrate is saturated with
bound fibrinogen. For selectively coated substrates, microcontact
printing as described by Bernard et al.® is employed. Briefly, the
structured PDMS substrate is activated by oxygen plasma treat-
ment for 1.5 min. A flat PDMS stamp (cured, 10:1 weight
mixture) is soaked in the fibrinogen solution for 1 hour and then
washed two times, each time for 5 seconds, in fresh MilliQ water
and dried with N, is placed on top of the structured substrate for
15 minutes and weighed down with about 15 g. When comparing
cells on flat stamped and immersed substrates we observe
equivalent cell behavior, indicating a corresponding number of
binding sites. The microcontact-printed substrate is then
treated with poloxamer 407 (poly(ethylene glycol)-block-poly-
(propylene glycol)-block-poly(ethylene glycol), 0.2%, Sigma-
Aldrich, Miinchen, Germany) for 2 hours to block unspecific
binding sites.** The poloxamer solution is removed and the
substrate is washed three times with PBS. Afterwards, both the
completely and the selectively coated substrates are washed three
times with Medium 199 (with Earle’s Balanced Salt Solution,
L-glutamin and 25 mM Hepes Lonza, BioWittaker, Basel,
Switzerland). Micrographs showing the quality of coating are
depicted in Fig. S1 in the ESL.{ As can be seen in Fig. 4 the holes
are not perfect squares but have rounded corners. Thus, the
curvature is higher at the corners. We determine the mean local

radius of curvature at the corners to be 2.0 (+0.1) pm ™.

2.2. Platelet preparation

Platelets are purified from thrombocyte concentrates as
described previously® with the centrifugation steps performed at
18-22 °C. The experiments are performed according to national
and regional laws and with the consent of the Ethic Committee of
the University of Gottingen and its ethical vote 11/11/09. In total,
cells from twelve healthy donors were used. After purification,
platelets are diluted to a concentration of 6 x 107 platelets per
mL. 150 pL of the diluted cell suspension are placed on the
substrates and platelets are allowed to settle on the surface for 15
minutes at room temperature. Next, 50 pL of thrombin solution
(from human plasma, Sigma-Aldrich, Miinchen, Germany, 4 U
mL~ ") are added to the solution toyield a final concentration of 1
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U mL " and the samples are placed in an incubator at 37 °C and
5% CO,-concentration for 60 minutes. Afterwards, 200 pL of 4%
formaldehyde (FA, ~4 °C, diluted in PBS from 37% stabilized FA
solution, Merck, Darmstadt, Germany) are added to the samples,
which are then placed in the incubator for additional 20 minutes.
The samples are subsequently washed three times with PBS. 200
uL of Alexa Fluor 594 phalloidin (Life Technologies) are added to
the sample to yield a final concentration of 4.88 U mL " and left
to react with the platelets for 30 minutes at room temperature.
After washing the samples again three times with PBS, the
substrates are mounted with Prolong Gold antifade reagent
solution (Life Technologies). During storage, the platelets are
likely to be already activated in solution and interactions
between the cells, just as in the in vivo situation, are probable.
However, we restrict data acquisition and analysis to single
platelets on the substrate.

2.3. Data acquisition and analysis

For image acquisition an inverted motorized research micro-
scope (IX81, Olympus, Hamburg, Germany) equipped with a
100x oil-immersion phase contrast objective and the image
acquisition software xcellence rt is used. At each investigated
position on the sample both a phase contrast image and two
fluorescence images, each of them with an acquisition time of
60 ms, are recorded to visualize the underlying substrate
structure as well as the actin structure (Alexa Fluor 594) of the
platelets and the fibrinogen coating (Alexa Fluor 488) of the
substrate. Data preprocessing requires a selection of platelets
that are completely spread and isolated from (not covered by or
lying on top of) other platelets or irregular fibrinogen coating.
Afterwards, the contours of the cells are detected in the fluo-
rescence images by a program written in MATLAB (MATLAB
R2009b, The MathWorks, Inc., Natrick, MA, USA) using the
Canny edge detection algorithm with a low threshold of 0 and a
high threshold of 0.05. The outlines as detected before are
connected by hand and filled to create masks of the cells. In
cases, where the Canny algorithm fails to detect certain parts of
the cells (e.g. those that are too faint as compared to the rest of
the cell) these parts are drawn manually based on the fluores-
cence image. The different steps of image processing are shown
in Fig. S2 in the ESL{ Typical phase contrast images of the
substrate structure and the detected cell contours from
the corresponding fluorescence image are shown in Fig. 4. Here,
the cell contours are redrawn by hand after automatic detection
to improve visibility. The area and perimeter of the cell are
determined in Image]*” and an ellipse is calculated that has the
identical area and major and minor axes of the cell as described
by Zemel et al.?® Membrane curvature is computed by a program
written in MATLAB that fits a spline function to the cell’s
contour in inverted binarized images (see Fig. S2ct), and eval-
uates the curvature of the outline of the cell by the second
derivative of the fitted spline.

2.4. Atomic force microscopy (AFM) measurements

The substrate for the atomic force microscopy (AFM) images
was produced as described above, activated for 1.5 minutes by
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oxygen plasma treatment and immersed in PBS for the
measurement. Images of the substrate topography are recorded
with an MFP-3D (Asylum Research, Santa Barbara, USA) AFM
and an Olympus OMCL-AC-240-TS cantilever (Atomic Force F&E
GmbH, Mannheim, Germany) in AC mode at a scan rate of 0.25
Hz with a resolution of 256 x 256 points for a total field of view
of 9 x 9 um?.

3. Results and discussion
3.1. Cell area

Complete platelet spreading is observed on the fibrinogen coated
PDMS substrates as has been reported before, for example, for
fibrinogen coated polysterene dishes (see Savage et al.?). In
contrast to spreading of simple liquids where the spread area is
determined by the interfacial energies of the involved materials,
we here deal with a complex, active, viscoelastic material. In our
experimental scenario, two parameters could influence the
spreading area: the area fraction of the coating via the availability
of binding sites and the substrate topography. We analyze
platelets on all substrates used and compare the spreading area,
as shown in Fig. 2 for holes with a diameter of 2.1 um. Corre-
sponding data, also for the following analyses, for holes with a
diameter of 2.8 pm are presented in the ESL{

Notably, the cell size is conserved within the accuracy of the
measurement errors and is approximately 30 um? for all
substrate types and hole dimensions. This is consistent with the
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Fig.2 Histograms showing the cell area of platelets on three different
types of substrates: (top) on flat, completely fibrinogen-coated
substrates; (center) on topographically structured, completely fibrin-
ogen-coated substrates; (bottom) on topographically structured,
selectively fibrinogen-coated substrates. The spreading area lies in the
same range for all substrate types.
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result that Lehnert et al.*® have described for fibroblasts and
mouse melanoblasts, which shows that optimal spreading is
achieved for protein surface coverages of more than 15%
(percentage of covered area with respect to total area) of the
total substrate area. It is likely that the spreading to an optimal
area of about 30 um? is related, via the volume of the cells, to an
optimal height and distribution of the force-generating
machinery in the cells.

3.2. Cell shape and morphology

Although the spreading area of the platelets is conserved
regardless of the topography of the substrate and the area
fraction of the coating, the cell morphology is considerably
influenced. Platelets on flat substrates display a rather smooth
outline with few protrusions as shown in Fig. 3a. By contrast,
platelets on completely coated, structured substrates display
some broad protrusions (Fig. 3b) and platelets on selectively
coated, structured substrates show even more pronounced
lamellipodia (Fig. 3c). To quantify this observation, we analyze
the ratio of cell perimeter U, to the perimeter of a calculated
ellipse Uepipse With equal area. The perimeter of the calculated
ellipse is determined based on the semi-major axis a and semi-

minor axis b:**
Usi *ﬁ(a+b)(1+34xz) (1)
cliise 10+ V432
with
A=(a— b)l(a+b).

The histograms displayed in Fig. 3d show that platelets on
structured substrates show a larger relative perimeter than the
platelets on flat substrates and that the effect is more
pronounced when the substrate is selectively coated. The ratio
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Fig.3 (a—c) Typical cellmorphologies in fluorescence images (stained
for filamentous actin) on substrates with 2.1 pm wide holes. (d)
Histograms showing the ratio of the cell perimeter U. to the
perimeter of an ellipse Ueyipse that has the same area as the cell for
platelets on different substrates, for cells on substrates with 2.1 um
wide holes. The ratio increases from top to bottom.
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of the cell perimeter U to the perimeter of the calculated
ellipse Uejjipse accounts for cell-cell variations in the aspect ratio
(semi-major axis divided by semi-minor axis). Higher values
therefore clearly result from a roughened outline rather than
from a more elliptical shape.

From the histograms and the images of the cells shown in
Fig. 3we conclude that platelets are in neither case perfect ellipses
and that there is roughening of the cell outlines from flat over
completely coated to selectively coated substrates. We explain this
difference in cell morphology on the different substrates by the
number and distribution of available binding sites. Platelets on
flat, completely coated substrates adhere to the substrate with the
desired spread area (see above) being the only condition to guide
their shape. It is known that cells use protrusions like filopods to
search for appropriate binding sites. In agreement with this
concept we observe more protrusions on topographically struc-
tured substrates. If the substrates are completely coated with
fibrinogen, binding sites are available but in a different geometric
plane than the initial plane of cellular adhesion. The situation is
even more striking for selectively coated substrates, where no
binding sites are present inside the holes. These scenarios may
explain the need for increased lamellipodia formation on topo-
graphically structured substrates.

3.3. Adaption to substrate topography

The availability of binding sites as explained above may account
for the different cell morphologies on completely or selectively
coated substrates, but fails to explain why cells on topographi-
cally structured, completely coated substrates display such a
high number of lamellipodia: topography itself seems to play an
important role.

b)

Fig. 4 Examples of phase contrast micrographs of cells on substrates
with contours amplified in blue on substrates with 2.1 um wide holes.
(a) Platelets on completely coated, topographically structured
substrates. (b) Platelets on completely coated substrates, partly lying
on topographically structured parts and partly lying on flat parts. (c)
Platelets on selectively coated, topographically structured substrates.
(d) Platelets on selectively coated substrates, partly lying on topo-
graphically structured parts and partly lying on flat parts. Platelets
adapt to the underlying substrate topography regardless of the area
fraction of coating. Cells partially lying on flat and structured substrates
are not included in the quantitative analysis.
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As shown in Fig. 4, platelets adjust to the underlying
topography by avoiding the holes at their periphery, whether the
holes are coated with fibrinogen, as in Fig. 4a and b, or chem-
ically blocked as in Fig. 4c and d. The direct transition from flat
to structured substrates is shown in Fig. 4b and d. A clear
difference can be observed between the behavior on flat
substrates, where the membrane mainly follows a smooth line
and on structured substrates, where platelets adapt their
membrane to the underlying topography.

This effect can be observed for different hole dimensions on
the substrates, as shown in Fig. 5 for hole sizes ranging from
2.8 um to 1.0 pm. The larger the holes are, the more likely the
extension of protrusions into fibrinogen-coated holes (in the
case of completely coated substrates). For an example of a
platelet that extends lamellipodia into the holes see the video
M1 of a z-stack and Fig. S6 in the ESL.}

Membrane curvature is energy driven and thus, devoid of any
additional boundary conditions, the membrane area at the
periphery (or perimeter in a quasi-2D system as we investigate it
here) is minimized leading to spherical (circular) shapes. The
rather smooth cell contours we observed on flat substrates
mirror exactly this energy minimization (under the influence of
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Fig. 5 Micrographs of cells on completely coated substrates with
different hole sizes ranging from 2.8 um to 1.0 um in width. The upper
micrographs show a combination of images from the stained actin of
cells (red) and the fibrinogen coating (gray). The lower inverted ones
show only the actin staining. The cells show adaption to the underlying
substrate in all cases.
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certain intra- or extracellular boundary conditions; contours are
therefore not perfectly circular). This is also confirmed by the
decay that we can observe in the histogram of curvature distri-
bution for flat substrates (inset of Fig. 6a).

On structured substrates the cell outline follows the topog-
raphy. The outline of the holes does not have a constant curva-
ture, but is higher at the corners with R~* = 2 um~* (marked cyan
in the inset of Fig. 6b) and fairly small at the edges (marked
orange in the inset of Fig. 6b), where it can be estimated as R~ <
(hole radius)™". These two curvatures are reflected in the
measured curvatures of the membrane. This becomes apparent,
when analyzing the differences in membrane curvatures (4
percentage) upon placing the cells on topographic structures, as
shown in Fig. 6. For the completely coated substrates (Fig. 6a) we
observe two peaks in the difference histogram, i.e. curvatures
which are more pronounced on structured than on flat substrates.
The smaller peak at around R = 2.0 um ™" corresponds to the
corner radius, whereas the peak at around R™' = 1.0 um™"
corresponds to the hole radius. This second peak is due to the fact
that for completely coated substrates the cells do find binding
sites at the substrate walls and can therefore partly span over the
holes. In agreement with this observation, for selectively coated
substrates (Fig. 6b) the ratio of the heights of the peaks changes
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Fig. 6 Histograms showing the differences in average membrane
curvature of platelets on different substrate types: (a) on completely
coated, topographically structured substrates as compared to platelets
on flat substrates; the difference value 4 percentage between both
histograms is shown; the inset shows the corresponding histogram of
platelets on flat substrates; (b) on selectively coated, topographically
structured substrates as compared to platelets on flat substrates; the
inset shows the different curvatures along the contour of the holes.
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dramatically. In this case, the cells even more closely follow the
contours of the holes. Compared to flat substrates we observe a
decrease in the distribution for values smaller than about R ' =
0.6 pm ™! for both structured substrates. For cells on substrates
with 2.8 pm wide holes (see ESIt) the influence of the straight
edges of the holes as compared to the rounded corners becomes
stronger. On selectively coated substrates, where the cells closely
follow the contours of the holes, this leads to an increase in the
values for small curvatures as compared to flat substrates. In the
difference diagram a peak for very small values emerges.

Taken together, we thus observed that platelets adapt their
membrane curvature to the curvature of the holes in the
underlying topography, at least at their periphery. This behavior
can be understood by considering the options the cell has when
encountering holes on the substrate. Since the cross-section of
the holes is approximately rectangular with sharp edges, as it is
typical for SU-8 lithography and can be seen in the AFM image
of the structure in Fig. 1d, the curvature right at the edges of the
holes is extremely high. For small holes, cells that seek to extend
filopods inside the holes need to follow this high curvature with
their membrane and cytosol. For larger holes, a (partial)
detachment of the cell from the binding sites is imaginable.

In principle, cells are non-equilibrium systems which are
able to recruit energy in the form of ATP to reach certain states.
Our observation from this experimental setup is, however, that
the cells avoid the holes by spreading around the structures.
Thus, instead of paying the high energy costs to achieve high
curvatures and thus be able to bend into the holes, the leading
edges bend around the holes as seen in Fig. 4 and 5. The larger
the holes are, the more likely it is that cells extend protrusions
into the fibrinogen-coated holes (completely coated substrate).
The larger diameter of holes provides the possibility to bend
into the holes but with a larger bending radius. The confocal z-
stack in the ESI} shows an example for such an event.

4. Conclusions

In conclusion, we have shown that the cells spread to an area of
approximately 30 pm?® regardless of the substrate topography or
the area fraction of coating. Apparently, this optimal area is
reached with minimized energy consumption for the respective
situation. At their periphery, platelets avoid small holes as
bending into the holes requires smaller radii of curvature than
bending around the holes. This interplay between fixed
spreading area and membrane energy minimization points at a
very defined state (e.g. distribution of intracellular components
and thereby volume, size and shape) of the spread platelet. In
the physiological situation, platelets are confronted with rough
surfaces and structures on the micrometer scale. In such an
environment an optimal spreading area is still preserved. In
medicine, this physiological situation is mimicked by struc-
turing the surface of the implant material.
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