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from 60 to 200 nm. Unlike most conventional nanopatterning
approaches, this method provided control over the local receptor density (spacing) rather than just the global receptor density. Under physiological flow
conditions, neutrophils required a minimum spacing of GPlbc. molecules to successfully adhere. In contrast, under low-flow conditions, neutrophils
adhered on all tested spacings with subtle but nonlinear differences in cell response, including spreading area, spreading kinetics, adhesion maturation,
and mobility. Surprisingly, Mac-1-dependent neutrophil adhesion was very robust to GPIbo density variations up to 1 order of magnitude. This complex
response map indicates that neutrophil adhesion under flow and adhesion maturation are differentially regulated by GPIba. density. Our study reveals how
Mac-1/GPIbat interactions govern cell adhesion and how neutrophils process the number of available surface receptors on the nanoscale. In the future, such

in vitro studies can be useful to determine optimum therapeutic ranges for targeting this interaction.
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he close connection between plate-
Tlets and cells of the immune system in

many fundamental physiological and
pathological processes is well-established.’
Platelets are central protagonists in arterio-
sclerotic lesions, contributing to leukocyte
accumulation and inflammation.? Circulating
neutrophils and platelet—neutrophil aggre-
gates are increased in patients with coronary
artery disease.® Leukocyte infiltration at sites
of platelet accumulation also occurs after
vascular injury.* Because elevated neutrophil
counts may be associated with cardiovascular
risk, the pathophysiological mechanisms are
of fundamental medical importance. Novel
targeted therapies to disrupt the interaction
between neutrophils and platelets could offer
an approach to limit cardiovascular damage.
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Recruitment of leukocytes to sites of plate-
let accumulation involves a multistep cas-
cade of adhesive and signaling events.>®
These steps include selectin-mediated roll-
ing of leukocytes as well as integrin-
mediated firm adhesion and transplatelet
migration.”® In particular, the integrin Mac-

(B2 or CD11b/CD18) is responsible for
firm leukocyte adhesion to platelets through
its interaction with the platelet surface re-
ceptor glycoprotein GPlbo. (CD42b).>°

As part of the glycoprotein Ib-V-IX com-
plex, GPlba represents one of the major
adhesive receptors on the platelet mem-
brane. The best known function of GPIba
is its interaction with von Willebrand Factor
(VWF) at sites of vascular injury and, thus,
the initialization of primary hemostasis.'’
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Interestingly, the GPlba—VWF bond shows high shear
resistance, which was attributed as catch bond/flex
bond behavior.'*'* However, GPIba can also bind to
the Mac-1 | domain, which has structural homology
with the VWF A1 domain that binds GPlbo."

Even though the GPlb-V-IX complex is constitutively
expressed on the platelet surface, its density is dynamic,
thus impeding a precise determination of GPlba dis-
tribution in vivo. On the one hand, a subset of GPIb-V-IX
is thought to be constitutively associated with lipid
rafts in unstimulated platelets, and additional copies
can be recruited to these microdomains upon stimula-
tion.'> On the other hand, GPIba. can undergo ectodo-
main shedding, leading to the release of the soluble
extracellular domain, also termed glycocalicin, into the
blood, thus reducing the number of available GPlba
binding regions on the platelet surface.'® Consequently,
GPlba density is a complex biological entity, which can
change significantly under different conditions.

Although the importance of the Mac-1/GPlba inter-
action has been appreciated, its biological conse-
quences and the required biophysical parameters of
this interaction have not been assessed. While in vivo
models often possess a level of complexity that hinders
the isolated and direct observation of a single receptor—
ligand interaction, commonly available in vitro systems
do not allow precise tuning of biophysical parameters
such as receptor density and, simultaneously, hydro-
dynamic shear.

Surface receptors such as GPlba are laterally distrib-
uted within the cell membrane.'” Nanotechnology can
be used to control such chemical features on artificial
interfaces. In combination with surface chemistry,
tailored surfaces could be designed that mimic biolo-
gical membranes very precisely. Nanopatterning of
biological entities can be achieved by tools such as
Dip-Pen nanolithography (DPN), tailored supported
bilayers, or block copolymer (micellar) nanolithogra-
phy (BCML)."®2° Here, BCML was used to pattern glass
surfaces with gold nanoparticles (Au-NPs). In contrast
to other methods, this method can precisely control
the distance (local density) and not only the global
density between the Au-NPs on the nanoscale.?' 2
Such inorganic nanoparticles can be further used as
anchor points to bind single proteins in a site-directed
manner and defined orientation, which is necessary to
mimic the ligand presentation in the cell membrane
itself 22

We have developed a highly tunable in vitro model
system in which platelet GPlba was nanoscopically
presented at different, locally defined densities. These
surfaces mimic the distribution of GPIba. on platelets.
The nanostructuring method was used to tune GPlba
densities/spacings in the physiologically relevant
range over 1 order of magnitude. Our model surfaces
were integrated into a microfluidic setup and allowed
the precise study of the Mac-1 integrin-dependent
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biological responses of human neutrophils with surface-
bound GPIba with or without flow.

RESULTS

Development of Nanostructured Surfaces That Present GPlbol
at Precisely Defined Spacings/Densities. The distribution of
GPIba on a platelet surface was mimicked by using a
combined nanopatterning/biofunctionalization ap-
proach (Figure 1a,b). To gain control over the density
and lateral distribution (spacing) of gold nanoparticles
(Au-NPs), we used block copolymer micellar nanolitho-
graphy (BCML) as a nanopatterning method.?" In short,
glass surfaces were dip-coated in a solution of gold-
loaded block copolymer micelles, which self-assembled
into a quasi-hexagonal pattern. By varying the coating
conditions and the block copolymer length, the dis-
tance between micelles was controlled. Plasma treat-
ment then removed the organic polymer and released
individual Au-NPs (6—10 nm in diameter) at defined
interparticle spacings. Finally, GPlba. molecules with
C-terminal 6-His tags bound to the Au nanoparticles
(6—10 nm in diameter) via a NTA-thiol-Ni*" system.

We generated Au-NP patterns of three different spac-
ings:58 £ 1,97 £ 1,and 198 £ 2 nm (£SEM,; for further
details, see Supporting Information S1 and S2). In the
article, we used the term “60 nm”, “100 nm”, and
“200 nm” for these patterns. The corresponding den-
sities were 314 £+ 11,99 4+ 6, and 27 + 1/ym2 (£SEM),
respectively. Therefore, the surfaces with small, medi-
um, and large spacings overspan 1 order of magnitude
with respect to the Au-NP/GPlba. density.

When neutrophils came into contact with a bio-
functionalized surface, they adhered to the surface and
showed spreading, movement, and pseudopodia ac-
tivity (Figure 1c,d).

To avoid nonspecific protein adsorption and un-
specific cell interactions with the surfaces, we passi-
vated the glass surface between the Au-NPs. For this
purpose, we activated the nanopatterned glass sur-
faces with O, plasma and incubated them with PLL-
(20 kDa)-g-[3.5]-PEG(2 kDa).?® In the next step, we
covalently bound HS-(CH,);:-EG3s-NTA to the Au-NP.
The nitrilotriacetic acid (NTA) headgroup can be used
for site-directed immobilization of molecules.®* Next,
the surfaces were incubated with a NiCl, solution to
coordinate Ni?* to the NTA groups. In the last step, the
human recombinant His-tagged protein GPlba was
bound to the NTA/Ni*™ complex.

To verify that this functionalization regimen worked,
we used quartz crystal microbalance with dissipation
monitoring (QCM-D) on homogeneous gold. Figure 2b
depicts frequency changes (Af) and dissipation (D)
upon the binding of the different compounds in the
respective solvents. These changes indicate successful
binding of HS-(CH,),,-EG3-NTA NTA to the Au surface,
coordination of Ni**, and finally binding of GPIba. via
its terminal Hisg sequence.?” In the last step, functional
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Figure 1. In vivo interaction of neutrophils with platelet aggregates and a new in vitro model system. (a) Schematic overview
of neutrophilic granulocytes interacting with a platelet aggregate in vivo. (b) Experimental setup: GPlba. is immobilized in a
site-directed manner via its terminal Hiss group to NTA groups on gold nanoparticles (Au-NPs). Neutrophils expressing the
Mac-1 integrin can interact with GPlba presented on the surface. (c) Scanning electron microscopy (SEM) image of an
adhering and migrating neutrophil on such a biomimetic surface. (d) Magnified region with pseudopodia and the
functionalized Au-NP pattern in the background. The inset shows a higher-magnification image in which the gold

nanoparticles are clearly visible.

immobilization of GPlba was verified by binding of an
antibody against human GPIbo.

Immunofluorescence microscopy was used to opti-
cally verify successful immobilization of GPlba. on the
surfaces with Au-NP patterns (Figure 2c). Because of
the PLL-g-PEG passivation layer between the Au-NPs,
neither GPIba nor GPlba—antibody adsorbed to areas
without Au-NPs.

The low unspecific background of this new in vitro
model system was confirmed by phase contrast micro-
scopy and RICM. Human neutrophils adhered specifi-
cally to nanoscopically presented GPlba but not to the
non-nanostructured area (Figure 2d, e). In the RICM
image (Figure 2e), one neutrophil on the border be-
tween the nanostructured and the non-nanostructured
area of the glass substrate is marked with an asterisk.
The part of the cell on the nanostructured side has
more black pixels, indicating close contact to the sur-
face, mediated by GPIba-functionalized nanoparticles.

Model System Allows Highly Specific Neutrophil—GPlbol
Interactions. A series of negative and positive controls
were used to exclude nonspecific interactions of neu-
trophils on the biofunctionalized surfaces. Toward this
end, human neutrophils were isolated and immedi-
ately incubated with the nanostructured surface. Their
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interaction with the surfaces was recorded for 20 min.
The last 40 s of the generated movies were analyzed.
Cells were grouped into the categories “inactive” (cells
that settled down on the surface without any changes
of cell morphology or cells that did not settle down)
and “active” (cells that attached/adhered to the sub-
strate and increased their projected spreading area by
at least 20% or showed pseudopodia activity on the
surface). This binary classification was used to verify the
specificity of the biomimetic model system.

On the 60 nm surface, 65.2 + 6.0% (+SEM, n = 10
donors) of all cells were active (Figure 3b). On the
100 nm surface, 49.1 £+ 6.4% (n = 7) belonged to the
active group, and on the 200 nm surface, only 22.3 +
8.1% (n = 7) were active. A significant difference for the
proportion of active cells was found when comparing
60 nm versus 200 nm (p = 0.002) and 100 nm versus
200 nm (p = 0.014). No significant difference could be
detected between 60 and 100 nm (p = 0.16; Figure 3a,b).

Nearly all neutrophils were active on the positive
control surfaces and inactive on the negative control
surfaces (Supporting Information Figure S5 and movies
M4 and M5). The glass surfaces that were coated with
PLL-g-PEG only (without nanoparticles) allowed no inter-
action of the neutrophils with the surface (inactive).
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Figure 2. Surface characterization of the biomimetic model system. (a) SEM image of a Au-NP pattern on glass (98 & 11 nm
spacing). (b) Quartz crystal microbalance measurements of the biofunctionalization procedure on homogeneous gold.
The frequency/dissipation changes indicate successful conjugation of GPlbo. (c) Immunofluorescence image of the border
region between nanostructured and non-nanostructured area. The clear contrast indicates immobilization of GPlIbo. on
the Au-NPs and a low unspecific background. (d) Phase contrast and (e) reflection interference contrast microscopy
(RICM) images of neutrophils adhering to the border between the nanostructured and the non-nanostructured area on a
sample. The darker pixel values of the neutrophil marked with * indicate closer contact to the area tailored with Au-NPs/

GPlba.

A similar behavior was observed when the neutrophils
were incubated with soluble GPIba prior to the experi-
ment to competitively block Mac-1 receptors on the
neutrophils. To show the importance of the binding
region for Mac-1 on the surface-bound GPlba and
thereby exclude nonspecific binding of neutrophils
to structures on the glass substrates, 60 nm surfaces
biofunctionalized with GPlbo. were treated for 30 min
with a protease isolated from the monocled cobra,
Naja kaouthia (Nk-protease). Nk-protease specifically
cleaves the binding region of GPlba, leaving a trun-
cated version of the protein on the surface.?® All neutro-
phils on these surfaces were inactive (Figure 3c).

As positive controls, neutrophil interactions on glass
without nanostructures/passivation and on poly-L-lysine
(PLL)-coated glass surfaces were assessed. Both sur-
faces nonspecifically activated neutrophils, causing an
almost immediate and strong morphological change
in almost all neutrophils (active). Likewise, when cells
were incubated additionally with the activator N-for-
myl-Met-Leu-Phe (fMLP), a potent chemotactic pep-
tide that induces oxidative burst in neutrophils, for
5 min at a concentration of 107 M prior to the
experiment, all cells were active on a 60 nm surface.
fMLP-treated neutrophils showed profound morpho-
logical changes with a rugged surface and numerous
protuberances even before contacting the nanostruc-
tured surface.

Dynamics of Cell Adhesion. To learn more about cell
surface interactions on the different nanostructured

KRUSS ET AL.

GPlbal surfaces, we used RICM at a wavelength of
470 nm to visualize the interface between the biomi-
metic surfaces and cell membranes. We analyzed areas
of close cell surface contact, spreading kinetics, and
cellular mobility. RICM data were collected as 8-bit gray
value images with pixel values ranging from 0 (black)
to 255 (white), corresponding to distances between cell
membrane and surface.®® The closer the membrane
was to the substrate, the darker the corresponding area
was in the image. As soon as the cells settled down,
they appeared as white objects with darker pixels
becoming visible when cells adhered and formed areas
of close contact.

The spreading kinetics of neutrophils were analyzed
in movies of individual cells (Figure 4a—c). Figure 4a
depicts characteristic images of a neutrophilic granu-
locyte on a 60 nm surface at different time points (top
row). The cell first appeared as a white disk, indicating
that it was in the proximity of the surface (t=05). As the
cell settled down, darker patches appeared in the cell
surface contact zone, indicating close contact to the
nanostructured surface (t > 405s). As the cell spread, the
spreading area expanded (t = 100 s, 160 s) and more
dark regions of close contact emerged. Formation of
pseudopodia with a diameter of 200—300 nm started
around t = 240 s, with either of the ligand spacings
(Supporting Information Figure S6). These pseudopo-
dia could not be discerned in phase contrast or DIC
microscopy but were readily observed by RICM and
electron microscopy, usually opposite the leading
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Figure 3. Specific interaction of neutrophilic granulocytes with biomimetic surfaces. (a) Diagram of neutrophil interactions
with biofunctionalized surfaces (60, 100, and 200 nm spacing), biological and chemical controls of the experimental system.
Errors are SEM, n = 7 experiments for 60, 100, and 200 nm and n > 2 for all controls (=30 cells were analyzed per donor/
condition); *p < 0.05, **p < 0.01 (Mann—Whitney U test). (b) Characteristic DIC images of neutrophils on a 60 nm GPlbo
substrate and (c) on a 60 nm surface with a truncated GPlba molecule (incubation of the surface with Nk-protease before the

experiment).

edge of the cell (Figure 1¢,d). The middle row of images
in Figure 4a shows a binary visualization and the
bottom row a translation of RICM pixel gray values
into heat maps vividly illustrating close proximity to
the surface in red and greater distance in blue.
Spreading area development over time for indivi-
dual cells was analyzed using a custom-made algo-
rithm that detected cell edges (see Materials and
Methods). We defined spreading area as the whole
area that is confined by the contour of the cell (see
Figure 4a). In Figure 4b, an exemplary growth curve for
the neutrophil depicted in 4a is shown. The arrows
indicate the time points at which the images from
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Figure 4a were taken. At the maximum of the growth
curve (t = 160 s), the phase of initial spreading came to
an end. Consecutively, cellular behavior was character-
ized by the development of pseudopodia, an increase
in cellular mobility, and by a slight decrease in cell
size (Supporting Information movies M1—M3). To describe
the initial spreading phase of the cells, we fitted the
spreading areas A to a power law A(t) ~ t°, with time
t and growth exponent b, in accordance with analytical
descriptions of spreading area kinetics from literature. >

This growth exponent depended nonlinearly on the
Au-NP/GPlbo. spacing (Figure 4c). With a mean value
of 2.31 &+ 1.50 (standard deviation), the exponent was
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Figure 4. Reflection interference contrast microscopy (RICM) reveals dynamics of neutrophil adhesion on nanoscopic GPIbao.
(a) Characteristic time-lapse images of neutrophil spreading on a 60 nm surface over a total of 240 s. The respective images of
the cell are RICM images (top line), binary spreading areas of the cell (middle line), and heat maps depicting the relative
proximity between cell membrane and surface (bottom line). Red depicts areas of close contact to the surface, and blue
indicates greater distance between cell membrane and surface. (b) Spreading area development of the neutrophil shown in
(a) on a 60 nm surface (arrows indicate the time points shown in a). The spreading area growth curve during the initial
spreading of the cell was fitted to a power law A(t) ~ t° (red dashed line) up to the onset of movement/pseudopodia activity
(red arrow). (c) Diagram of the exponent b of the power law fit for the spreading area development of neutrophils on 60 nm
(n=26), 100 nm (n = 15), and 200 nm (n = 12), as indicated; p = 0.0069 for 60 vs 100 nm, p = 0.0017 for 100 vs 200 nm, and p =
0.8258 for 60 vs 200 nm; 95% confidence intervals of the fit were b < 0.05. (d) Spreading areas of neutrophils after 20 min; n >
337 cells from 7 donors; p = 0.0009 for 60 vs 100 nm, p = 0.0472 for 60 vs 200 nm, and p < 0.0001 for 100 vs 200 nm. (e)
Normalized number of neutrophils adhering with a spreading area of >10 um? (RICM). Errors are SEM (n = 3). (f) RICM and
corresponding (g) heat map images (depicting cell/surface proximity) of neutrophils on nanoscopic GPlba (60, 100, and
200 nm spacings) after 20 min. (h) Mean mobility of neutrophils on 60, 100, and 200 nm surfaces; n = 7 for all cells; p = 0.0048
for 60 vs 200 nm, p = 0.0034 for 100 vs 200 nm, and p = 1 for 60 vs 100 nm. For all statistical analysis, unpaired Bonferroni
adjusted t tests were used; n.s.: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

highest on surfaces with 100 nm spacing. On the 60 nm
spacings, the growth exponent had a value of 1.39 +
0.39 and of 1.05 % 0.53 on the 200 nm spacings (p =
0.0069 for 60 vs 100 nm, p = 0.0017 for 100 vs 200 nm).

KRUSS ET AL.

No significant differences were observed between
60 and 200 nm spacings (p = 0.83).

To evaluate the cell spreading areas after 20 min
(Figures 4d and S4), images from 25 positions of each
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sample for each experiment/donor (n = 337 cells from
>7 donors) were analyzed. The smallest cell adhesion
area was found at 100 nm with an average value of
101.6 m? (p = 0.0003 for 60 vs 100 nm and p < 0.0001
for 100 vs 200 nm; unpaired t test). Between the 60 nm
surfaces (mean cellular area 12021 um?) and the
200 nm surfaces (mean cellular area 129.49 umz), only
a marginal difference could be detected with cells on
200 nm showing a slightly higher average cell area (p =
0.0157).

To assess how many cells adhered with close
spreading areas, the number of interacting cells was
determined as a function of time. Because of the
variations of absolute numbers from different donors,
the number of cells was normalized to cell count on the
60 nm surfaces after 20 min.

Cells were counted as interacting if they had bright
spreading areas >10 um? and at least 10 pixels with
gray values smaller than the mean background pixel
gray value (dark adhesion patches). At all time points,
the cell numbers increased in the order 200 nm <
100 nm < 60 nm (Figure 4e). In Figure 4f, characteristic
RICM images of cells on the 60, 100, and 200 nm
surfaces are depicted as grayscale images (top row)
and as heatmaps (bottom row), indicating areas of
different proximity to the surface.

As shown in the movies (M1—M3 and M6), neutro-
philic granulocytes produced pseudopodia and entered
a phase of random movement on the nanostructured
GPlba substrates following initial spreading. We de-
termined the center of mass of individual cells over the
time course of up to 20 min and calculated the mean
displacement (as a parameter of mobility). We found
the highest mean mobility on the 200 nm surfaces with
0.170 £ 0.081 um/s (standard deviation), while the
mobility was significantly reduced both on the 60 nm
and the 100 nm surfaces, with 0.079 4 0.022 and 0.077 +
0.017 um/s, respectively (p = 0.0016 for 60 vs 200 nm,
p =0.0011 for 100 vs 200 nm; Figure 4f). No significant
difference could be found between the mobility on
60 and 100 nm (p = 0.8182 for 60 vs 100 nm).

Minimum Receptor Density Is Required To Support Dynamic
Cell Attachment under Flow. Experiments under flow con-
ditions were performed to mimic the recruitment of
leukocytes to platelet aggregates in the bloodstream.
Toward this end, nanostructured surfaces were
mounted in parallel plate flow chambers, and the
biofunctionalization was performed inside. Neutro-
phils were injected into the chamber, where they
attached/adhered to nanoscopic GPlba (60 nm spa-
cing, 1 dyn/cm?) and cell numbers increased linearly
with time (Figure 5a). In contrast to static conditions,
experiments under flow conditions (1 dyn/cm?)
showed binary differences in the cell response to the
spacing. While 100 nm spacings supported cell attach-
ment and activation nearly as well as 60 nm, cell
attachment was no longer possible at 200 nm,

KRUSS ET AL.

suggesting a critical threshold spacing between 100
and 200 nm (Figure 5a). Without Au-NPs, the surfaces
could not support cell attachment, thus proving the
inert background of the PLL-g-PEG layer.

The specificity of the interaction under flow was
confirmed by two complementary controls: First, the
integrin was blocked by incubating neutrophils 30 min
before the experiment with mouse anti-human Mac-1
antibody. The number of attached cells decreased by
>80%, indicating the crucial role of Mac-1 for the
dynamic interaction with GPlbo. Second, cleavage of
GPlba by Nk-protease?® attested to the GPlba depen-
dency of the cell binding to the nanostructured sur-
faces. Indeed, cells could not attach to the truncated
form of GPIba. on the nanostructured surfaces (60 nm
spacing, Figure 5b), demonstrating that the observed
interactions were specifically mediated by GPlba on
the Au-NPs.

The distance-dependent cell attachment could
also be shear-stress-dependent, thus creating a system
of mutual interference. Therefore, we changed the
shear stress conditions incrementally in a physiologi-
cally relevant range in flow chambers with different
spacings (Figure 5c). At high shear stresses, no (at
10 dyn/cm?) or very small numbers (at 5 dyn/cm?) of
cells could attach to the surfaces with small (60 nm)
and medium spacings (100 nm). At a shear stress of
1 dyn/cmz, cells attached to small and medium spa-
cings. At a shear stress <0.5 dyn/cm? even at 200 nm
spacings, cells started to attach to the surface. The
slope of the curves in Figure 5¢ (60 nm, 100 nm)
became less steep with decreasing shear stress, which
can be explained by the decrease of cell flux (number
of cells that pass the surface per time).

DISCUSSION

Despite the fundamental contribution of neutrophil—
platelet interactions to many inflammatory patho-
physiological situations, no reliable in vitro system
was available to study precisely how platelet ligands
direct neutrophil behavior at the molecular level. We
have developed a novel system that allowed the first
thorough study of human neutrophils interacting
with immobilized human platelet GPlba, a ligand
for integrin Mac-1."° This biomimetic model system
features site-directed immobilization of GPlba, lead-
ing to an orthotopic orientation of this biomolecule
resembling its positioning within the platelet mem-
brane. Furthermore, it provides control over the
distance between GPlba. molecules through the
precise adjustment of Au-NPs, which serve as anchor
points for GPlba. This GPlbo. patterning method
therefore allowed control over the local GPIba den-
sity presented at the surface and not just the global
density, which is the commonly controlled variable
in most conventional in vitro assays. The experimen-
tal setup models in vivo conditions when neutrophils
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Figure 5. Attachment of neutrophils to nanoscopically presented GPIba under flow conditions. (a) Neutrophils bound to the
nanostructured GPlba surface under shear stress (1 dyn/cm?), when the ligand spacing was 60 or 100 nm, whereas without
Au-NPs or with a spacing of 200 nm cells did not attach (n = 4). (b) When the Mac-1 integrin was inhibited by a function-
blocking antibody, the number of attached cells after 10 min of flow decreased by more than 80%. Cleaving the GPlbo
binding pocket by Nk-protease completely abrogated cell binding (shear stress = 1 dyn/cm?, n = 3). (c) In a shear-stress-
dependent and distance-dependent attachment assay, cells attached to the surface when either spacing or shear stress was
sufficient to support attachment and resist the shear forces. At shear stress conditions >5 dyn/cm?, no cells or very few
attached to the surface for all spacings. For a shear stress <0.5 dyn/cm? even 200 nm spacings could support Mac-1-
dependent attachment to nanoscopic GPlba (n = 3). Errors are SEM.

start to adhere to platelet aggregates on a thrombus
surface.

We studied neutrophil behavior for three different
interparticle spacings of GPlba (60, 100, and 200 nm),
resulting in defined ligand densities over a range from
314 to 27 ligands/um?. For the first time, we showed a
spacing/density dependency of granulocyte functions.
The smallest interparticle spacing, 60 nm, is the mini-
mum receptor spacing as estimated from available
data (Supporting Information Figure S3). This calcula-
tion potentially underestimated the actual distance
between the GPlb-V-IX complexes, as we assumed a
minimum platelet size and a maximum receptor num-
ber for this calculation. Furthermore, the nanoscale
distribution of GPIba. can vary considerably as the
extracellular domain of GPlbat is shed from the platelet
surface upon platelet activation.'® Thus, it is conceiva-
ble that the real in vivo receptor spacing lies above
this 60 nm minimum value. Moreover, the exact
spacing/density might differ between individuals,
in different organs or in general in different
(patho)physiological situations. The 200 nm spa-
cings corresponded to a receptor density which
was more than a factor of 10 lower than on 60 nm
spacings (Supporting Information Table S1 and
Figure S2). Therefore, these three different Au-NP/
GPIba spacings/densities were likely to span the
biologically relevant range of GPlba densities and
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can be further refined in the future as receptor
densities are more precisely defined.

Given that the proof of biological specificity is a
major challenge for all in vitro systems, we first focused
on proving that this biomimetic surface mediated
specific interactions between neutrophils and GPlba.
Indeed, complementary positive controls including
immediate spreading of neutrophils on glass, on PLL,
or on a 60 nm/GPIba surface after stimulation with
fMLP provided strong circumstantial evidence for the
specificity of the molecular interaction in our system. In
addition, negative controls showing reduced adhesion
after cleavage of the binding region of GPlba. by the
specific Nk-protease, after competitive blocking of
Mac-1 by soluble GPIba or when neutrophils came in
contact only with the passivating PLL-g-PEG, ruled out
nonspecific interactions of neutrophils with the biomi-
metic surfaces. Therefore, this system can serve as a
very simplified but specific and chemically well-
defined model of a platelet aggregate surface.

We used RICM to visualize adhesion maturation of
neutrophils on these biomimetic surfaces. RICM is an
ideal method for the analysis of the complex adhesion
kinetics of cells and to study cellular behavior in detail 2"
Here, it provides information about the distance be-
tween cell membrane and substrate (Figure 4a).

The number of adhering cells on the nanostructured
surfaces showed a clear dependency of the GPlba
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spacing/density, as expected. The more biomolecules
the cells had access to, the more cells interacted
successfully with the surface (cell numbers on 60 nm
surfaces were 4-fold higher compared to 200 nm
surfaces; Figure 4e).

Surprisingly, if neutrophils attached to the surface,
their activity did not show the same linear dependency
on GPlbo. spacing/density, but rather a very robust
adhesion behavior. Thus, we could show that neutro-
phils exhibited very similar spreading kinetics on
60 and 200 nm and the fastest spreading kinetics on
100 nm surfaces (Figure 4c) in spite of a 3-fold lower
protein availability than on the 60 nm surface. In
addition, the cell spreading area, as determined by
RICM, was the smallest on the 100 nm surfaces
(Figure 4d).

It is noteworthy that on 200 nm cell spreading area
and spreading kinetics were similar to the 60 nm
surfaces, although the ligand density on these surfaces
was about 10-fold reduced. At least two hypotheses,
which are not mutually exclusive, could explain these
unexpected observations: First, there might be a non-
linear integration of the number of surface cues and
respective signaling. If cells “see” less GPIba, they would
have smaller spreading areas (100 nm, Figure 4d), but if
there are too few GPlba molecules, cells compensate
the need for surface cues by changing how signals
are integrated/transduced. Another explanation could
be a density-dependent selection of neutrophils. While
most neutrophils were not able to adhere and spread
on a 200 nm surface (smaller cell numbers in Figure 4e),
those that adhered functioned normally even on very
large interparticle spacings.

In general, the result that only one-tenth of the
GPlba occurring naturally on nonactivated platelets
is sufficient to induce neutrophil adhesion and spread-
ing kinetics generally shows that the interaction of
Mac-1 with GPIba. is very robust.

In vivo, this could be significant under the different
physiological and pathophysiological conditions where
platelets become activated and/or shed a portion of
their GPlba receptors off the surface. According to our
findings, even aggregated platelets with low GPlba
surface expression would permit neutrophil adhesion,
a prerequisite for the initiation of inflammatory pro-
cesses. Furthermore, the faster spreading kinetics at
the 100 nm interparticle spacing implies that a certain
degree of receptor shedding could precipitate neutro-
phil spreading on GPIbo.3?

Neutrophils that attached to and spread on the
200 nm surface visibly showed more random move-
ment and had a significantly higher mobility as com-
pared to the 60 nm or the 100 nm surfaces (Figure 4h).
The increase in cellular mobility is conceivably due to
the “need” of the cells to engage ligands on the
substrate, to maturate adhesion, and thus to ensure
signaling events. From a biophysical point of view, cells
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would need higher detachment forces for higher
densities of ligand—receptor interactions (60 nm) than
for a lower number of ligands.

In vivo, the interactions described here would not
take place under standardized low-flow conditions but
rather under variable shear stress conditions, so the
shear dependence of neutrophil adhesion is of central
importance. There was a threshold for successful
attachment/adhesion under shear stress (Figure 5). At
1 dyn/cm?, neutrophils readily attached to surfaces
with a 60 and 100 nm but not on a 200 nm Au-NP/
GPlba spacing. When the shear stress was increased to
over 5 dyn/cm? no cells could attach, regardless of
ligand density. Conversely, below 0.5 dyn/cm?, even
200 nm spacings supported neutrophil attachment.
These findings suggest the requirement of a minimum
number of Mac-1/GPlba. bonds to resist the shear
stress.

This dichotomous behavior implies that a certain
cellular behavior can be changed by an additional
external stimulus such as flow. For all spacings, more
cells attached at lower shear stress. In contrast to the
well-studied GPIbo/VWF interaction,'® we did not ob-
serve a shear resistance effect under medium shear
stress conditions.

When evaluating the results obtained under flow
conditions, it is important to consider that neutrophil
adhesion to vessel surfaces is mediated by a complex
cascade.”®*3 Given that integrin interactions are usual-
ly preceded by selectin-mediated rolling of neutro-
phils, the actual shear forces assailing the GPlba/Mac-1
interaction in vivo probably fall below the values
estimated from the blood flow velocity. As the actual
shear forces applying in any given (patho)physiological
microenvironment are challenging to calculate and
imitate, the truth about neutrophil behavior on differ-
ent GPlba surfaces probably lies somewhere between
the in vivo measurable shear stress and our low-flow
experiments.

We identified several characteristics of cell adhesion
that linearly depended on the ligand density, while
other hallmarks of cell adhesion showed minimums
and maxima at medium ligand densities (Figure 6).
From a medical point of view, it is important to know
that blockade of a certain number of receptors or
ligands does not automatically lead to diminished
function of the targeted cells. On the contrary, blocking
an insufficient amount of receptors might even lead to
a “paradoxical” increase of some cellular functions.***
According to our results, any medication targeting
GPIba platelets would have to ensure a blockade of
GPlbo by more than 90% (compared to the density on
resting platelets).

These findings are especially interesting in light of
the limited success that blockade of integrins has had
in treating inflammatory diseases. Conversely, activa-
tion of the integrin receptor Mac-1 by small molecule
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Figure 6. Synopsis of characteristic neutrophil adhesion hallmarks on nanoscopically presented GPIbo. The density/spacing
(60, 100, and 200 nm) of the gold nanoparticles carrying GPIba is visualized schematically in the correct quantitative ratio in
the first row. White arrows illustrate the interparticle spacing. The relative degree of cell adhesion and cell morphologies is
indicated. A change of 1 order of magnitude in GPlba density distinctly modulates cellular adhesive behavior which is,
however, surprisingly robust. Conversely, under flow conditions (shear stress <1 dyn/cm?), a threshold density is necessary to
support cell attachment. In summary, a complex interplay of GPlba ligand density/spacing and shear stress determines
distinct functional states of neutrophils. Red arrows represent degrees of cellular mobility.

agonists can, in turn, inhibit neutrophil adhesion and
tissue recruitment through ICAM-1 even more effi-
ciently than Mac-1 inhibition.*3>

Likewise, antitumoral therapeutics targeting the
receptor recognition motif Arg-Gly-Asp (RGD)¢~3°
have, at low concentrations, led to an unexpected
adverse effect: they stimulated tumor growth and
angiogenesis.>* These notions emphasize that inhibi-
tion and activation of surface receptors may follow a
complicated concentration-dependent balance.

CONCLUSIONS

We developed a biomimetic model system of the
platelet surface and studied human neutrophil adhe-
sion by changing the parameters of ligand density and
shear stress. Nanopatterning with Au-NPs and site-
directed immobilization provided a precisely defined

MATERIALS AND METHODS

Nanopatterning. Nanostructured surfaces were fabricated by
using block copolymer (micellar) nanolithography (BCML).>'
The extensive procedure is described in the Supporting Infor-
mation. We used the terms 60 nm, 100 nm, and 200 nm for
surfaces from batches with a spacing of 58 + 1,97 + 1,and 198 &
2 nm (see Supporting Information S1 and S2). Spacings corre-
spond to densities of 314 + 11, 99 & 6, and 27 4+ 1/um” +
standard error of the mean (SEM).

Experimental Setup and Biofunctionalization. Cell experiments
were performed in flexiPERM (8 chambers, Greiner bio-one,
Germany) cell culture chambers or in ibidi parallel plate flow
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surface chemistry that allowed us to investigate the
specific interaction between neutrophils and surface-
bound GPlba through the integrin Mac-1. This new and
versatile platform was used to determine biophysical
characteristics and the first response map for neutro-
phil adhesion on a biomimetic platelet-like surface. We
showed that there is a complex relationship between
GPlbat density and neutrophil spreading kinetics,
spreading area, mobility, and cell attachment under
flow. In addition, our results suggest that neutrophil
Mac-1-dependent adhesion (without flow) to GPlba is
very robust in terms of GPlba density. We believe these
findings may be of substantial importance for under-
standing how cells integrate signals from surface cues,
the detection of the optimum therapeutic range of
novel pharmaceuticals, and the tailoring of individua-
lized therapies.

chambers (sticky slides, 0.1 mm height, ibidi, Germany). Nano-
structured and plasma-cleaned (10 min/150 W O, plasma, TePla
100, PVA, Germany) glass surfaces were mounted on the
bottom of the flexiPERM system or the ibidi parallel plate flow
chamber. Then the chambers were incubated in 0.5 mg/mL
PLL(20 kDa)-g-[3.5]-PEG(2 kDa) (SuSoS, Switzerland) in 10 mM
HEPES  (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
Calbiochem, Germany) at pH 7.4 for 45 min. Afterward, the
chambers were incubated with 1 mg/mL HS-(CH,);1-EG5-NTA
(NTA = nitrilotriacetic acid; Prochimia, Poland) in ethanol for
90 min. Then Ni*" was bound to the NTA group by incubating
the surfaces 20 min with 10 mM of NiCl, (Merck, Germany) in
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HBS (10 mM HEPES, 75 mM NaCl (Roth, Germany), pH 7.5).
Finally, the chambers were incubated with 10 ug/mL GPlba
with a C-terminal 6-His tag (rhGPIba ectodomain, NSO-derived,
R&D Systems, Germany) in PBS for 2 h. The chambers were
equilibrated in the corresponding solvent before and washed
two times with the corresponding solvent for 5 min after each
functionalization step.

Surface Characterization. For quartz crystal microbalance with
dissipation (QCM-D) measurements, an E4 System (Q-Sense,
Sweden) was used. Gold-coated quartz crystals (4.95 MHz,
Q-Sense) were cleaned for 45 min/150 W in O, plasma (TePla
100). We used the same molecules and solvents for the char-
acterization and biofunctionalization (see section above). To
obtain immunofluorescence images, surfaces were incubated
for 2 h with 10 #g/mL fluorescein-conjugated mouse anti-
human GPlba IgG antibody (clone HIP1, BD, Germany) in PBS
to label GPIba and verify biomolecule conjugation to the
Au-NPs.

Neutrophil Isolation. Neutrophils were isolated from the blood
of healthy donors who had not taken medication for at least
10 days. We obtained informed consent from all donors after
explaining the nature and the possible consequences of the
study. Isolation was performed according to standard protocols.*’
All media used were sterile and endotoxin-free.

In short, 6 mL of venous blood was drawn in a syringe filled
with 1 mL of citric buffer (25 g of trisodium citrate dihydrate,
12.8 g of citric acid, 20 g of anhydrous p-(+)-glucose, all from
Sigma Aldrich, in 1 L of H,O, pH 7.4). Blood was mixed with a
dextran solution (3% (w/v) Dextran 500 in 0.9% NaCl, both
Sigma Aldrich) by gentle inversion and left at room temperature
for 20 min for sedimentation of red blood cells. Supernatant
from dextran sedimentation was collected and centrifuged at
500g for 10 min at room temperature (RT). Supernatant was
discarded, and the pellet was resuspended in 35 mL of sterile
PBS (Gibco, Invitrogen GmbH, Germany). Ten milliliters of Ficoll-
Paque Plus (GE Healthcare, Germany) was carefully layered
under the suspension and centrifuged for 40 min at 400g at
RT. Supernatant except for the pellet containing neutrophils
and erythrocytes was discarded. The remaining pellet was
resuspended in 10 mL of sterile, distilled water for hypotonic
lysis, followed by the addition of 10 mL of sterile 1.8% NaCl
solution (Sigma Aldrich, Germany). The solution was centri-
fuged at 500g for 5 min at RT, suspended in 3 mL of HBSS
without Ca?*/Mg*™ (Lonza), counted, and suspended at 1 x 10°
cells/mL. Cells were only used for experiments if >90% had a
rounded, quiescent morphology. Experiments were carried out
within 2 h of neutrophil isolation. Cellular identity was con-
firmed by cytospin in combination with a modified Wright-
Giemsa staining (Sigma Aldrich). Double staining with both anti-
CD16 and anti-Mac-1 in flow cytometry showed a coexpression
of both markers in over 99% of the cells, confirming their
identity as neutrophilic granulocytes (data not shown).

Cell Experiments. For static experiments in the flexiPerm
system, the wells were filled with 400 uL of sterile, endotoxin-
free HBSS containing Ca>"/Mg?" (Lonza) at room temperature.
To provide a final concentration of 2 x 10° cells/mL, 100 ulL of
the cell solution with 10° cells/mL was added. Immediately after
addition of the cell solution, reflection interference contrast
microscopy (RICM) or differential interference contrast (DIC)
microscopy was performed.

For dynamic flow chamber experiments, cells were also
diluted in HBSS containing Ca®*/Mg®" at 2 x 10° cells/mL in a
12 mL syringe mounted in a Al-100 syringe pump (World
Precision Instruments, Germany). Cells were then transfused
through the flow chamber system at the indicated shear flow.
Movies of the field of interest were recorded, and the number of
attached cells was determined as a function of time (>60 cells per
field of view for 60 and 100 nm surfaces). As the absolute numbers
of attached cells varied from donor to donor but the ratio of
attached cells between the three substrates was always similar, we
normalized the number of attached cells. The highest number of
attached cells (the number on 60 nm after 20 min) was set as 1.0,
and all other numbers were calculated in relation to this.

Nk-protease to specifically cleave the binding domain of
GPIba. off the surface was purified as previously described.?®
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The lyophilized protease (0.48 mg/mL in 0.01 M Tris-buffer, 0.15
M NaCl, pH 7.4) was reconstituted in distilled water. For cleavage
of GPlba, the biofunctionalized surfaces were incubated with a
1:50 dilution of protease (0.01 mg/mL, final concentration) in
HBSS with Ca®*/Mg?" (Lonza) for 30 min at RT and then washed
with HBSS.

For competitive blockade of Mac-1 in static experiments, the
stock solution of neutrophilic granulocytes was incubated with
a final concentration of 13 ug/mL of soluble GPlbo. in HBSS
without Ca>*/Mg?** for 5 min prior to the experiment. For
activation of neutrophils, cells were incubated with the chemo-
tactic peptide N-formyl-Met-Leu-Phe (fMLP; Sigma Aldrich,
Germany) at 107° M for 5 min at RT prior to the addition of
the neutrophils to the nanostructured surfaces. For blockade of
Mac-1 in the flow chamber experiments, 1T mL of the cell
solution (10° neutrophils/mL) was incubated with 10 uL of
mouse anti-human anti-CD11b antibody solution (Dako, Germany,
C3bi, clone 2LPM19c, 100 mg/mL)'®'* in HBSS without
Ca®"/Mg*" (Lonza) for 30 min immediately before the experi-
ment. For experiments under zero-flow conditions, cells were
allowed to settle for 2 min. Afterward time-lapse movies were
recorded (4 s/frame for DIC, 2 s/frame for RICM) for 20 min. Ten
images from random positions were collected at the 20 min
time point. In all cell experiments, the order of the used
substrates (60, 100, 200 nm, controls) was changed randomly
in every experiment to avoid artifacts produced by using slightly
older cells.

Microscopy. The RICM setup was implemented on an AxioOb-
server Z1 inverse microscope with a definite focus option using
a63x Plan NeofluarAntiflex oil immersion objective (NA 1.25; all
Zeiss, Germany), a RICM filter cube with a beam splitter (50R/50T
VIS) and two polarization filters (AHF, Germany), and a Colibri
LED light source (Zeiss) in order to produce coherent mono-
chromatic light to increase the contrast of the interference
pattern. The samples were imaged (2 s per frame, 8-bit gray
value tiff) at 470 nm with an Orca R2 camera (Hamamatsu,
Germany).

DIC microscopy was performed on an Axio Imager micro-
scope with a 40x Plan apochromatic oil immersion objective
(NA 1.4) with polarization filters (all Zeiss). Phase contrast and
fluorescence microscopy were performed on an Axiovert 200
system and an Axio Imager M1 (Zeiss). Scanning electron
microscopy (SEM) was performed using a Zeiss Ultra 55. Sample
surfaces with adhering cells were fixed (4% PFA, 10 min) and
dried in a critical point dryer.

Data Analysis. We used a customized Matlab (R2009a) routine
to detect cells from RICM images and determine cell morphol-
ogy/spreading area development and center of mass changes.
The algorithm was based on standard Matlab image processing
functions and was similar to previously described algorithms.>°
First, gray value gradients were detected, and a black—white
image was generated, then the image was dilated by linear
structuring elements. Finally, the holes were filled, and small
objects were removed. Similar data sets were analyzed by using
the same threshold parameters. Although the algorithm could
not reliably detect pseudopodia, the analysis of initial spreading
kinetics was not biased because pseudopodia activity always
started after the initial spreading (Figure 4a,b and movies
M1—M3 and M6). We defined the spreading area of a cell as
the whole area that is confined by the contour of the cell
(Figure 4a).

Spreading area growth curves were fitted using the Matlab
(R2009a) curve fitting toolbox. RICM movies (2 s/frame) were
analyzed starting at one frame before pixels darker than the
mean background pixel appeared in the cell/surface contact
zone. The end point was the first maximum in the curve, just
before migration/movement and pseudopodia activity started.
The growth curve was fitted to the function A(t) ~ t°. The fits had
95% confidence intervals b < 0.05.

For the static analysis of the spreading areas after 20 min,
images of the cell body were traced in ImageJ (1.45s, NIH, USA).
Pseudopodia were not taken into account.

Cell attachment kinetics under static conditions were eval-
uated by analyzing RICM movies. The number of interacting
cells was counted at different time points on 25 fields of view
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(140 um x 100 um). A cell was defined as interacting if the bright
area (compared to the background) was larger than 10 um? and
atleast 10 pixels (1 pixel =0.01 /Amz) of close cell/surface contact
were observed in this area. Close contact pixels are defined as
pixels with 8-bit gray values smaller than the mean background
gray value.

Mobility was assessed by determining the center of mass
(Matlab, R2009a) of individual cells from RICM movies after the
initial spreading regime. The mean mobility was defined as =
(Z]Ax))/t with Ax; being the difference between the center of
mass of two consecutive frames and a total observation period t
(200—300s). We did not use the term migration because in most
cases no directional movement was observed and cells oscil-
lated around the center of mass (n > 7 for all cells).

Statistical Analysis. For all continuous measurements, a one-
way ANOVA was performed to detect differences of the three
Au-NP spacings of 60, 100, and 200 nm. If data from multiple
cells per donor were available, the donor was considered to be a
random factor accounting for potential correlation between
measurements from different cells from the same donor. For
Figure 3a, donor data were aggregated, and then these sum-
mary statistics were analyzed. Further analyses regarding the
amount of active and inactive cells were carried out using the
Kruskal—Wallis test. If a global effect could be determined,
pairwise comparisons were performed using either the inde-
pendent t test or the Mann—Whitney U test. The global type |
error rate was 5% with post hoc tests adjusted using the
Bonferroni procedure to control the level at 5%. All statistical
analyses were conducted using SAS 9.3 and Statistica 10
statistical software.
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