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ABSTRACT: The worldwide cardiovascular disease (CVD) epidemic is of grave
concern. A major role in the etiology of CVDs is played by the platelets
(thrombocytes). Platelets are anuclear cell fragments circulating in the blood. Their
primary function is to catalyze clot formation, limiting traumatic blood loss in the case
of injury. The same process leads to thrombosis in the case of CVDs, which are
commonly managed with antiplatelet therapy. Platelets also have other, non-
hemostatic functions in wound healing, inflammation, and tissue regeneration. They
play a role in the early stages of atherosclerosis and the spread of cancer through
metastases. Much remains to be learned about the regulation of these diverse platelet
functions under physiological and pathological conditions. Breakthroughs in this regard are expected to come from single platelet
studies and systems approaches. The immobilization of platelets at surfaces is advantageous for developing such approaches, but
platelets are activated when they come in contact with foreign surfaces. In this work, we develop and validate a protocol for
immobilizing platelets on supported lipid bilayers without activation due to immobilization. Our protocol can therefore be used
for studying platelets with a wide variety of surface-sensitive techniques.

■ INTRODUCTION

Platelets are small (2−4 μm) anuclear cell fragments circulating
in the blood.1 They maintain the integrity of the vascular bed,2,3

catalyze clot formation to minimize traumatic blood loss when
vascular integrity is compromised,1,4,5 and orchestrate the
inflammatory and wound-healing processes that follow the
clotting stage.5−7 Unfortunately, they also play a crucial role in
cardiovascular disorders (CVDs), being involved in the
development of atherosclerosis from the very early stages of
the disease to the eventual thrombosis that causes heart attacks
and stroke.8,9 CVDs are currently the major cause of death
worldwide, with more than 50% of patients dying as a result of
consequences of atherosclerosis.10−12 Antiplatelet therapy is
widely used to manage CVDs,13 but it incurs a bleeding
risk.14−17 The severity of the global CVD epidemic and the
bleeding risks associated with the existing antiplatelet therapies
continue to drive the search for therapeutic options with
improved selectivity. Of particular interest are treatments that
capitalize on platelets’ regenerative functions. This, in turn,
requires advances in understanding how platelet activity is
regulated.
The history and state of the art of platelet research have been

recently reviewed by Coller.18 Much progress has been made in
identifying agonists and antagonists and mapping out platelet-
signaling pathways regulating platelet functions in the context
of hemostasis and thrombosis. Questions of current interest
include interactions between various signaling pathways19 and
the regulation of platelet secretion reactions. Understanding the
organization of the signaling pathways is expected to aid in the

development of targeted antiplatelet therapies, while the
secretion reactions are thought to be responsible for the
regenerative and other nonhemostatic functions of plate-
lets.7,20,21 Breakthroughs in these directions are expected to
come from single-platelet studies and systems approaches that
would complement existing functional and flow cytometric
assays.18 Such approaches would benefit from the immobiliza-
tion of platelets at surfaces and applications of sensitive surface
analytical22 and array technologies.23,24 For example, we have
recently reported the first single-platelet study with surface-
immobilized platelets aimed at the analysis of platelet granule
secretion.25

Immobilizing platelets at surfaces presents a problem:
platelets are activated upon contact with artificial materials.
An example of such activation is shown in Figure 1, where
platelets adsorbed on glass are spread and express CD62P,26 a
marker signifying that a secretion reaction has taken place upon
interaction with the surface of glass. Numerous examples of
similar activation and spreading phenomena can be found in
the literature.27−30 The purpose of this study is to circumvent
this well-known problem and devise a protocol for immobiliz-
ing purified platelets at surfaces while limiting their activation
so that they can be used in further studies.
Our approach to immobilizing platelets is summarized in

Figure 2. It relies on the surface-passivating properties of
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supported lipid bilayers (SLBs) on one hand and on the
biotin−streptavidin interaction31 for immobilization on the
other hand. SLB formation, characterization, and properties,
including those containing biotinylated lipids, have been
described in detail in numerous publications by us and by
others.32−37 SLBs are known to passivate surfaces on short time
scales (hours), preventing nonspecific protein adsorption38,39

and cell adhesion.40 This time scale is sufficient for the
experiments with platelets, which take at most a few hours,
because platelets are spontaneously activated during storage
outside the body.41−43 Some studies show that surface
passivation with SLBs is superior to the standard serum
albumin approach.44 SLBs have formed the basis of a number of
cell-based assays, in particular, in the area of immunology.45−47

Thus, we prepared SLBs containing a biotinylated lipid on
glass, introduced biotinylated lipids into the platelets, and
linked the two together using streptavidin. Platelet biotinyla-
tion, the characterization of biotinylated platelets, and their
interaction with streptavidin are described in detail in the
Results section. Activation levels of the immobilized platelets
and their response to agonists were then evaluated
quantitatively using immunofluorescence microscopy against
granule secretion marker CD62P and compared to flow
cytometry results for platelets in solution.

■ MATERIALS AND METHODS
Materials. Monoclonal Antibodies and Protein-Conjugated

Fluorochromes. PerCP-Cy5.5-conjugated anti-CD41a, PE-conjugated
anti-CD62P, V450-conjugated anti-CD63, FITC-conjugated PAC1,
and BV605-conjugated phospholipid binding protein Annexin A5 (BD
Biosciences, Heidelberg, Germany).
Phospholipids. DOPC (2-dioleoyl-sn-glycero-3-phosphocholine),

NBD-PC (1-palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)-
amino]hexanoyl]-sn-glycero-3-phosphocholine), DPPE-cap-biotin 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl), and
LRPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl)) were purchased from Avanti Polar Lipids
(Alabaster, AL).

Other Chemicals. Acid citrate dextrose (ACD), calcium chloride
hexahydrate ≥99.0%, α-D-glucose anhydrous 96%, magnesium chloride
anhydrous ≥98.0%, potassium nitrate ≥99%, sodium chloride ≥99.5%,
TRAP (thrombin receptor activating peptide), and PMA (phorbol 12-
myristoyl acetate) were from Sigma-Aldrich (Steinheim, Germany).
Water used for buffers and cleaning throughout this study was purified
on a Arium Pro VF Ultrapure water system from Sartorius (Göttingen,
Germany). HEPES (4-(2-hydroxyethyl)piperazin-1-ylethanesulfonic
acid), 50% hydrogen peroxide, 28% ammonia solution, HCl, and

Figure 1. Platelets adhering to the bare glass surface are spread and
activated. Purified platelets adhering to a bare glass surface were
stained with the aCD41a antibody (green) and aCD62P antibody
(red). Platelets are spread and express CD62P, which indicates
activation. Scale bar: 40 μm.

Figure 2. Study schematic. Platelets (gray spheres) purified from
human blood were biotinylated by introducing DPPE-cap-biotin into
their membranes. The structure of this lipid is shown in the figure and
it is schematically represented with a yellow biotin headgroup and two
black chains. Biotinylated platelets were immobilized on glass-
supported lipid bilayers (SLBs) using the streptavidin−biotin link.
Activation studies were conducted on the immobilized platelets by
exposing them to agonists (TRAP in this study). Platelet activation
entails changes in size as well as the secretion of granules and the
consequent expression of granule-related activation markers CD62P
(red filled circles) and CD63 (light-blue filled circles) on the platelet
surface. It also entails the redistribution of phosphatidylserine (PS,
purple arrowheads) and the activation of constitutively expressed
integrin receptor GPIIb/IIIa (green circles and ellipses for the inactive
and active forms, respectively). Small dots inside the granules
represent granule contents secreted as a part of the activation process.
In this study, CD62P expression was monitored to assess granule
secretion in immobilized platelets by immunofluorescence microscopy.
The response was compared to that of the platelets in solution
analyzed by flow cytometry.
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streptavidin were purchased from VWR International GmbH
(Bruchsal, Germany). Fluorescein-conjugated streptavidin was pur-
chased from Rockland (Limerick, PA, USA). Hellmanex III was from
Hellma Analytics (Müllheim, Germany), BD cell fix solution was from
BD Biosciences (Heidelberg, Germany), nitrogen gas 99.999% was
from Air Liquide (Düsseldorf, Germany), and the addition-curing
silicon glue Picodent Twinsil (speed 22) was from Picodent
(Wipperfürth, Germany).
Buffers. Three buffers were used throughout the study. Buffer (A)

contained 100 mM NaCl, 5 mM KCl, 5 mM glucose, 1 mM MgCl2,
and 15 mM citrate, pH 6.5. Buffer (B) contained 145 mM NaCl, 5
mM glucose, 1 mM MgCl2, 10 mM HEPES, 5 mM KCl, and 2 mM
CaCl2, pH 7.4. Buffer (C), used only for the SLB formation, contained
150 mM NaCl, 10 mM HEPES, and 2 mM CaCl2, pH 7.4. Buffers
were prepared in nanopure water and autoclaved. Glucose was added
to the autoclaved buffers, and the glucose-containing buffers were
filtered through a 0.2-μm-diameter syringe filter immediately before
use.
Methods. Preparation of Supported Lipid Bilayers (SLBs). SLBs

were prepared on freshly cleaned glass surfaces from unilamellar
liposomes containing between 0 and 5% biotinylated lipid DPPE-cap-
biotin and 0.5% chain-labeled NBD-PC. Liposomes were prepared in
buffer C by extrusion through 50 nm pore diameter filters using the
Avestin Lipofast hand-held extruder.48 SLB preparation procedures
have been described by our group in numerous previous
publications.34,49,50 Key factors for preparing good-quality SLBs are
glass slide cleaning and the use of freshly prepared liposomes (less
than 2 weeks old) that have been stored under argon or nitrogen.
Glass slides were cleaned with the modified RCA-1 cleaning

procedure consisting of two steps: first, with H2O2/NH4OH/H2O
(1:1:1.5) and then with H2O2/HCl/H2O (1:1:1.5) for 15 min at 50
°C. Slides were rinsed with nanopure water between and after the two
cleaning steps. After the cleaning, the glass slides were stored under
water until use in the SLB formation experiments. The storage time
was never longer than overnight. Before the slides were removed, the
air/water interface was cleaned of the adventitious contamination by
pouring nanopure water into the tilted beaker while simultaneously
pouring it out. This procedure was previously verified by XPS analysis
of the surfaces and an examination of the quality of the resulting SLBs
as a function of storage time (Camarero, S.; Reviakine, I. 2012,
unpublished results). Clean glass slides were mounted in homemade
Teflon cells using Picodent Twinsil two-component adhesive. Once
the adhesive set (∼2 min), the cells were filled with 400 μL of buffer
C, to which 10 μL of a 5 mg/mL liposome suspension was added.
SLBs were allowed to form for 1 h at room temperature, rinsed by
exchanging the buffer (20 repetitions of 10 resuspensions of 100 μL of
fresh buffer (B) each), and warmed to 37 °C to prepare for platelet
immobilization. Fluorescence recovery after photobleaching was
performed on every SLB to examine its quality before the platelet
experiments.
Platelet Isolation and Purification from Human Whole Blood.

Blood collection was organized by the Medical Services, Karlsruhe
Institute of Technology (Campus North, Eggenstein-Leopoldshafen,
Germany). Study protocols were approved by the Ethics Commission
of Baden-Württemberg (approval no. F-2014-077). Informed consent
was obtained from all of the donors by the KIT medical staff. Donors
were healthy volunteers without a history of exposure to antiplatelet
medication (such as aspirin) or exposure to alcohol in the 2 weeks
prior to collection. For each experiment, 10 mL of blood was drawn
with a 21 gauge needle by venipuncture into two 5 mL glass BD
Vacutainer tubes containing 0.5 mL of buffered 0.105 M trisodium
citrate anticoagulant. The first 2 mL of blood was discarded during
collection to avoid platelet activation by residual thrombin. The
Vacutainer tubes were preheated to 37 °C prior to collection. Platelet
purification was performed within 30 min of phlebotomy, during
which time the blood-filled tubes were maintained at 37 °C. Platelets
were purified by centrifugation. In the first step, platelet-rich plasma
(PRP) was separated from the rest of the blood components by
centrifugation at 40g for 25 min at 37 °C in a Sigma 3-30KHS
centrifuge (Sigma Laborzentrifugen GmbH, Osterode am Harz,

Germany). Acid citrate dextrose (Sigma, Germany) was added to
PRP in a ratio of 1:6 by volume, and it was incubated for 10 min at 37
°C. PRP was centrifuged for 20 min at 700g at 22 °C to pellet the
platelets. They were resuspended in buffer (A) with gentle washing to
remove as much of the plasma as possible, centrifuged for 10 min at
700g at 22 °C, and finally resuspended in buffer (B) at a concentration
of ∼1 × 108 platelets/mL. Platelet counts were determined with the
ABX Pentra 60+ blood cell counter (Horiba Medical, Kyoto, Japan).
These protocols have been previously established in our
group.25,29,30,51 Immediately after purification, the level of platelet
activation and response to agonists was characterized by flow
cytometry.

Flow Cytometry.52 Flow cytometry was used to characterize the
level of platelet activation and response to agonists immediately after
purification as well as following biotinylation described in the next
section. Platelets were identified by staining them with PerCP-Cy5.5-
conjugated anti-CD41a antibodies. Activation markers were detected
by staining the platelets with PE-conjugated anti-CD62P (P-selectin),
V450-conjugated anti-CD63, FITC-conjugated PAC1 (antibody
against the active conformation of GPIIb/IIIa), and BV605-conjugated
Annexin A5 that binds phosphatidylserine. To prepare samples for
flow cytometry analysis, 25 μL of appropriately treated platelets
(untreated, agonist-treated, biotinylated, etc.) in buffer B were
incubated with the antibodies, appropriate isotype-matched controls,
or annexin A5 for 30 min at 37 °C. Agonist treatment (0−150 μM
TRAP6, 10 μM PMA) was performed for 30 min at 37 °C before the
addition of the antibodies. Stained samples were diluted to 2 mL of
buffer B and analyzed on the Attune acoustic focusing cytometer (Life
Technologies, Darmstadt, Germany). Compensation parameters were
set to avoid crossover fluorescence. Light-scattering and fluorescence
data from 10 000 events were collected with the detectors set in
logarithmic mode. Only CD41a positive events were considered in the
analysis.

Platelet Biotinylation. Biotinylated lipid (DPPE-cap-biotin),
alone or in a mixture with fluorescently labeled lipid Lissamine
rhodamine B DOPE (LRPE), was incorporated into the platelets by an
instantaneous dilution method. To this end, 0.5 μL of lipid solution in
ethanol was added to 100 μL of a platelet suspension in buffer B and
incubated for various periods of time (10−60 min, specified in the
Results section). Lipid incorporation was evaluated by directly
examining platelet fluorescence in experiments where LRPE was
used or by adding fluorescently labeled streptavidin and analyzing
platelets by flow cytometry in experiments where DPPE-cap-biotin was
used alone. A lipid concentration of 0.065 mg/mL in ethanol solution
(0.325 μg/mL in the platelet suspension) was found to be appropriate
for the immobilization experiments.

Immobilization of Biotinylated Platelets. Freshly prepared
SLBs were incubated with 50 μg/mL streptavidin in buffer C for 30
min. Excess streptavidin was removed by repeated rinsing with buffer
B (22 repetitions of 10 resuspensions of 100 μL). Samples were
warmed to 37 °C. Biotinylated platelets were added to the SLBs and
incubated for 1 to 3 h at 37 °C before staining with the fluorescent
aCD41a and aCD62P antibodies. The staining was performed by
adding 0.5 μL of the aCD41a antibody solution diluted 1:3 in buffer B
and 1 μL of undiluted CD62P solution to a 400 μL Teflon cell.
Labeled samples were observed with fluorescence microscopy, and
then excess platelets were removed by rinsing with buffer B (42
repetitions of 5 gentle resuspensions with 100 μL of buffer). The
number of remaining adhering platelets and their activation levels with
and without agonist treatment were determined as described below.

Fluorescence Microscopy and Image Analysis. Fluorescence
microscopy and FRAP were conducted using a Zeiss Axio Observer Z1
inverted fluorescence microscope (Zeiss, Jena, Germany) located in
the laboratory of Dr. Cornelia Lee-Thedieck, equipped with a 63 ×
1.25 NA oil-immersion objective, a Colibri illumination system, a high-
pressure Xe lamp, a set of filter cubes appropriate for the dyes used, an
AxioCam MRm3 camera, and an environmental chamber (PeCon
GmbH, Erbach, Germany). All experiments were performed at 37 °C.
Images were recorded at the maximal resolution of 1388 × 1040
pixels2 corresponding to 142.10 × 106.48 μm2. Images were analyzed
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using ImageJ version 1.42 software. Multichannel images were split.
The aCD41a channel was used to identify platelets; images from this
channel were converted to binary data by applying a threshold, and the
particle analysis algorithm was used to determine the number of
adhering platelets and to define a mask that was then used to
determine the average fluorescence intensities of the platelets in the
aCD62P channel. This reflected their activation levels.

■ RESULTS

Platelet Isolation, Purification, and Biotinylation. The
starting point for our experiments was citrate anticoagulated
whole human blood. Platelets were purified by a series of
centrifugation and washing steps described in Figure S1 in the
Supporting Information, yielding a suspension of purified
platelets in buffer B with a platelet concentration of 108 mL−1.
Red blood cell concentrations in the purified platelet samples
were below the levels of detection of the equipment, and white
blood cell contamination did not exceed 105 mL−1. Freshly
purified platelets were analyzed by flow cytometry to determine
their activation levels and response to agonists such as TRAP
and PMA. An example of such a measurement is presented in
Figure 3A, where it is shown how the fractions of activated
platelets were calculated from the fluorescence-intensity
histograms. These are plotted in Figure 3B for the unstimulated
and agonist-stimulated platelets, together with platelets that
undergo biotinylation as described below. (The corresponding
scatter plots are shown in Figure S2 in the Supporting
Information.)
Freshly purified and characterized platelets were then used in

biotinylation and immobilization experiments. To introduce
biotin into the platelets, we chose to incorporate a biotinylated
lipid into their membrane by the instant dilution method.
(Others have previously used a chemical approach.53) This was
achieved by adding 0.5 μL of the biotinylated lipid, DPPE-cap-
biotin, solution in ethanol to 100 μL of the freshly purified
platelet solution. The final ethanol concentration in the platelet
solution was thus 0.5%. The first step was to choose the
appropriate lipid concentration. To this end, fluorescently
labeled LRPE was used as a reporter molecule, and solutions of
0.013, 0.065, 0.13, and 1.3 mg/mL of the 1:1 LRPE/DPPE-cap-
biotin mixture in ethanol were mixed with the platelet solutions
to yield final lipid concentrations of 0.065, 0.325, 0.65, and 6.5
μg/mL, respectively. Labeled platelets were allowed to adsorb
on glass and stained with aCD41a antibody for identification.
The criteria that were used to select the appropriate lipid
concentrations were the homogeneity of the aCD41a staining
and the visibility of LRPE. In some experiments, mixtures of
LRPE and DPPE-cap-biotin were used, and platelets were also
labeled with fluorescently labeled streptavidin to examine the
visibility of the label. The results are shown in Figure S3 in the
Supporting Information. On the basis of these experiments, a
DPPE-cap-biotin concentration of 0.325 μg/mL was chosen,
achieved by adding 0.5 μL of 0.065 mg/mL DPPE-cap-biotin
solution in ethanol to 100 μL of platelets. For the 108 platelets/
mL, this leads to ∼2 × 106 lipid molecules per platelet at the
most. A conservative estimate of the fraction of the added lipids
relative to the total number of lipids in the platelet membrane
can be made. Assuming spherical geometry, a platelet diameter
of ∼4 μm, and the area per molecule of a lipid of ∼72 Å2, the
fraction of the lipid incorporated is ∼1%. This is an upper limit,
since the area of the platelet membrane is significantly larger
than that of a sphere of equivalent diameter due to the
extensive membrane area stored in the open canalicular system.

The next step was to examine the effect of lipid addition on
platelet activation. To this end, the expression of the four
activation markers on freshly purified platelets treated with
ethanol with or without dissolved DPPE-cap-biotin was
analyzed by flow cytometry. The results are shown in Figure
3B. No effect of ethanol or of the lipid on the marker
expression levels could be observed. The ability of the platelets
to respond to agonists (TRAP or PMA) was similarly
unaffected by the addition of ethanol alone or of the solution
of DPPE-cap-biotin in ethanol.
The last step in the biotinylation process was to analyze

biotin exposure on the biotinylated platelets using fluorescently
labeled streptavidin and the effect of streptavidin binding on the

Figure 3. Characterization of the purified platelets by flow cytometry.
(A) An example of a histogram showing the fraction of platelets with a
given fluorescence intensity of the aCD62P-PE antibody under
different conditions: gray, isotype; blue, unstimulated platelets; and
red, agonist (TRAP)-stimulated platelets. The peak in fluorescence
intensity shifts to the right upon TRAP treatment, indicating antibody
binding to the CD62P expressed on the surfaces of the activated
platelets. Black brackets indicate gates used to calculate activated
platelet fractions. Schematic diagrams of platelet activation are shown
above the histograms. The color scheme is the same as in Figure 2. (B)
Fractions of platelets expressing CD62P, CD63, PS, and activated
GPIIb/IIIa were calculated from the flow cytometry data as described
in (A) in untreated platelets, platelets treated with ethanol alone
(vehicle), or the solution of DPPE-cap-biotin in ethanol, that was
either unstimulated or stimulated with an agonist. TRAP was used as
an agonist for CD62P, CD63, and PS; PMA was used for GPIIb/IIIa.
PS expression was determined using annexin A5 binding. Relevant
antibodies were used for other markers. Error bars are standard
deviations from 11 experiments with 6 different donors.
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activation of platelets. This was done using flow cytometry with
fluorescently labeled streptavidin as a reporter, as well as
antibodies against CD62P and annexin A5 to detect
phosphatidylserine (PS). The results are shown in Figure 4.
The corresponding scatter plots are shown in Figure S2 in the
Supporting Information.

In Figure 4A, we present median fluorescence intensities
(MFIs) of the platelets labeled with fluorescent streptavidin.
The MFI values are significantly higher in the case of platelets
treated with DPPE-cap-biotin than in the case of platelets that
were exposed only to the vehicle (ethanol) or not exposed to
either of the two reagents (controls). This is also visible in the
inset, which reveals an increase in the MFI as a function of the
time platelets were incubated with the biotinylated lipid
solution. No such increase can be seen in the case of platelets
incubated with ethanol alone for different amounts of time.
These results are indicative of the specific binding of
streptavidin to biotinylated platelets. More streptavidin appears
to bind to TRAP-treated platelets than to otherwise identically
handled platelets not treated with TRAP.
In the case of labeling platelets with fluorescent streptavidin,

we chose to present the MFI values instead of calculating

labeled platelet fractions, as we do when we report the extent of
platelet activation. This is because the case of streptavidin
labeling is somewhat different from that of antibody binding to
an activation marker. Activated platelet fractions are calculated
on the basis of a threshold value of fluorescence intensity set
using the isotype control (Figure 3A). Because there is no
isotype control, the threshold value is not well-defined. The
100% binding is not defined either because it depends on the
amount of DPPE-cap-biotin incorporated into the platelet
membranes.
Fractions of platelets expressing activation markers CD62P

and PS as a result of their exposure to DPPE-cap-biotin for
different amounts of time and then to streptavidin are examined
in Figure 4B. No effect of these treatments on the expression of
either marker is observed. These treatments also do not
interfere with the response of platelets to TRAP.

Platelet Immobilization on Biotinylated SLBs. Biotiny-
lated SLBs were prepared from unilamellar liposomes on
freshly cleaned glass surfaces (Materials and Methods)
according to standard protocols previously used in our
laboratory.34,35,49,50,54 Prior to platelet immobilization, the
SLB quality was verified qualitatively by fluorescence recovery
after photobleaching, the results of which are shown in Figure
S4 in the Supporting Information.
To immobilize platelets on the SLBs, we chose to first

incubate the SLBs with streptavidin and then to add
biotinylated platelets. This was done to avoid the need for
separating excess streptavidin from the platelets by centrifuga-
tion, which could lead to additional platelet activation. Excess
streptavidin was removed from the SLBs by simple rinsing prior
to incubation with the platelets. The results are shown in Figure
5. Most of the platelets visible in the samples are removed after
rinsing; only a few attached platelets remain (Figure 5A). The
number of attached platelets increases with the biotin content
of the SLBs (Figure 5B), further supporting that the binding is
specific.
The nonspecific adhesion of platelets was examined by

analyzing the number of platelets remaining on the SLBs after
rinsing for the SLBs without DPPE-cap-biotin (pure DOPC) or
for SLBs containing DPPE-cap-biotin but without the added
streptavidin (Figure 5B). That number was relatively small,
∼100−200 PLTs/mm2, compared to ∼2.6 × 103 PLTs/mm2

on SLBs containing 1% DPPE-cap-biotin. This nonspecific
adhesion is probably due to the defects in the bilayers.
No motion of immobilized platelets during experiments was

detected.
Analysis of Immobilized Platelet Activation. To

investigate the level of activation of the immobilized platelets
and their response to platelet agonist analogue TRAP,
immobilized platelets were treated with various TRAP
concentrations (between 0 and 150 μM) and stained with
aCD62P. Representative images are shown in Figure 6A. The
number of platelets staining positive for CD62P increases with
the TRAP concentration. The platelet shape and size also
change.
Figure 6B shows histograms of fluorescence intensities due to

the aCD62P staining for platelets treated with three different
TRAP concentrations. A shift of the histograms to the right
(higher intensities) is visible as a function of TRAP
concentration. This situation is similar to that found in flow
cytometry with platelets in solution (Figure 3A). The
histograms shown in Figure 6B were used to define a threshold
for calculating the fraction of activated platelets (dashed line):

Figure 4. Analysis of biotinylated platelets by flow cytometry. (A)
Median fluorescence intensities of platelets interacting with
fluorescently labeled streptavidin. (B) Fraction of platelets expressing
CD62P (open bars) or PS (diagonally hatched bars). In both panels,
the blue bars (open squares in the inset) refer to agonist-stimulated
platelets, while the black bars (open squares) refer to platelets that
were not stimulated with the agonist (TRAP). Unstimulated platelets
were incubated with ethanol (vehicle) or the solution of DPPE-cap-
biotin in ethanol for 10, 22, 40, or 60 min, followed by incubation with
fluorescent streptavidin and fluorescently labeled antibody against
CD62P or annexin A5 to reveal PS expression. Some of the platelets
were stimulated with TRAP before the incubation with the antibodies.
Different measurement groups are separated with dashed red lines for
clarity. Also included in the plots are the results for unstimulated and
agonist-stimulated platelets that were not exposed to either ethanol or
lipid but were otherwise treated in an identical manner for 60 min and
then exposed to streptavidin; they appear in the leftmost group. The
inset in (A) depicts the time dependence of the biotinylation revealed
by streptavidin binding to the platelets incubated with the solution of
the DPPE-cap-biotin lipid in ethanol for different time periods. Dashed
lines refer to the ethanol alone controls. Error bars are standard
deviations.
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platelets with fluorescence intensity above the threshold are
considered to be activated, while platelets with fluorescence
intensity below the threshold are considered to be resting. This
is a similar procedure to that used in the analysis of flow
cytometry data, where the threshold is defined on the basis of
the locations of the fluorescence intensity peaks of the isotype-
matched control and of the activated platelets (Figure 3A).
Fractions of activated platelets obtained with the above

procedure from the immunofluorescence microscopy images

and flow cytometry are plotted together as a function of TRAP
concentration in Figure 6C. Qualitatively similar responses are
observed in both cases. To make the comparison more
quantitative, the results of the two methods are plotted against
each other in Figure 6D. The relationship between the two sets
of results is linear, with a slope of 0.85 ± 0.03 and an R2 value
of 0.91. This indicates that immobilized platelets and platelets
in solution behave in a similar manner with respect to CD62P
expression when challenged with TRAP. Identical behavior is
expected to give rise to a slope of 1.
A similar analysis was performed in the case of unstimulated

platelets, with a similar result (Figure S5 in the Supporting
Information).

■ DISCUSSION

The aim of this study was to immobilize platelets on the surface
of glass without activation that adhesion to the surface normally
induces (Figure 1). This was achieved by relying on the well-
known ability of SLBs to passivate surfaces of inorganic
materials.32,38−40 Here, it is important to remember that
experiments with purified platelets can be done only on the
scale of a few hours at the most because of their spontaneous
activation. Therefore, the passivating capacity of the SLB is
sufficient. Linkage to the SLB was provided by the biotin/
streptavidin interaction, with a biotinylated lipid incorporated
into the SLB at the formation stage and into the platelets by the
instant dilution method (Figure 2).
Throughout the labeling and immobilization procedure

(Figure 2), it was important to verify that platelet activation
remained minimal at every step. Particularly important in the
context of our future goal of investigating platelet secretion was
the α-granule specific surface marker, CD62P (P-selectin).26

Indeed, we showed that the expression level of this marker was
not elevated above the level already present on the freshly
purified platelets as a result of the introduction of the
biotinylated lipid (Figure 3) or because of the addition of
streptavidin to the biotinylated platelets (Figure 4B). PS
expression was similarly unaffected (Figure 4B).
The streptavidin-mediated immobilization of biotinylated

platelets on biotin-containing SLBs was shown to be specific
because the number of immobilized platelets (i) depended on
the amount of biotin in the SLBs and (ii) was significantly
higher than the number of platelets adhering on the biotin-free
or streptavidin-free SLBs (Figure 5).
Finally, the activation and activation behavior of the

immobilized platelets was similar to that of the platelets in
solution. This was the case for the freshly purified, unstimulated
platelets (Figure S5 in the Supporting Information) as well as
for the platelets treated with different concentrations of TRAP
(Figure 6). Here, as throughout the article, platelet activation is
defined in terms of the number of platelets expressing CD62P
at a level above the threshold defined for fluorescence
microscopy and flow cytometry as described in Figures 6D
and 3A, respectively.
Some differences between the activation of the immobilized

platelets and platelets in solution were noted. It appears that
immunofluorescence microscopy is less sensitive to platelet
activation than flow cytometry. This is apparent from the trends
visible in Figure 6D and in Figure S5 in the Supporting
Information, where the two methods are compared directly.
The origin of the difference is not entirely clear, but these
differences are small.

Figure 5. Immobilization of biotinylated platelets on the biotinylated
SLBs. (A) Immunofluorescence microscopy images of platelets
incubated with SLBs containing various amounts of DPPE-cap-biotin.
The fraction of this lipid in the SLBs is indicated on the figure.
Platelets were stained with the aCD41a (green) and aCD62P (red)
antibodies for identification and to reveal the level of activation,
respectively. Left: before rinsing. Right: after rinsing. The scale bar in
the top-left image is 40 μm. (B) The number of platelets remaining on
the surface after rinsing is plotted as a function of the DPPE-cap-biotin
content in the SLBs (blue rhombi). Error bars are standard deviations
obtained from five to nine individual experiments with each SLB
composition with blood from five different donors. Red square: a
series of control experiments where no streptavidin was added to the
SLB prior to the addition of the platelets. Error bars are standard
deviations from three individual SLBs with blood from one donor.
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It is well known that phospholipids in membranes of cell are
distributed asymmetrically, with aminophospholipids such as
PS and PE favoring the inner membrane leaflet.55 The
asymmetric distribution is maintained through the action of
ATP-dependent flippases.56 This subject had been compre-
hensively reviewed by Daleke.57 Therefore, a particular concern
with using a PE-based phospholipid to introduce the biotin into
the platelets is its possible internalization. Such a process would
manifest itself as a decrease in the amount of available biotin
with time. On the contrary, the results presented in Figure 5A
(inset) show that the amount of exposed biotin increases with
the time platelets are incubated with the solution of DPPE-cap-
biotin in ethanol over a time period of 1 h. There is no evidence
of a decrease in the amount of biotin exposed on the platelet
surface during this time. There are two likely reasons for this.
First, flippases are rather selective with respect to the lipid
headgroup, favoring PS over PE for transmembrane transport,
whereas the rate of transport of phosphatidylcholine (PC) is
very small.58 In an experiment where spin-labeled phospholi-
pids were added to the red blood cells, PS was transported to
the inner leaflet within an hour and PE, within 8 h, and the
transport of PC continued over a period of 18 h.58 Morrot et al.
furthermore showed that the progressive methylation of the
primary amine from PE to PC reduced the rate of lipid

transport.58 It can be seen in Figure 2 that the amine group of
PE is used to attach the biotin and the spacer. Second, the
biotinylated headgroup with the spacer is rather bulky, further
limiting the ability of the protein to transport this lipid.
The SLB-based approach we use to immobilize platelets on a

surface is very flexible and versatile. It can be combined with
patterning to create arrays47,59−63 or with microfluidic
approaches to be used under flow.64,65 In particular, their
intrinsic mobility can be combined with flow to simulate
transport.64 Biologically active substances relevant to platelet
physiology, such as platelet activating factor or phosphatidyl-
serine, can also be readily incorporated into the SLBs.
Potentially, other surface-passivation methods could be used,

in particular, the ones based on PEGulation of the surface. It
may be worth comparing the efficiency and the flexibility of the
different methods in view of the knowledge that blood in
contact with PEGualted surfaces continues to clot66 and that
plasma proteins adsorb to them.67 Whether these phenomena
are interrelated is not clear; however, zwitterionic lipids (such
as the ones we use in the SLBs) also make up the outer leaflets
of cell membranes.68,69 One may speculate that for this reason
they are more suitable than PEG when favorable interactions
with volatile biological entities are sought.

Figure 6. Analysis of immobilized platelet activation. (A) Immunofluorescence microscopy images of platelets immobilized on SLBs containing 1%
DPPE-cap-biotin. Platelets were stained with aCD41a (green) for identification and aCD62P (red) to evaluate their activation levels. Numbers
indicate TRAP concentrations used to stimulate platelets. Representative images from different experiments are shown. (B) Fluorescence intensity
histograms obtained from images such as those shown in (A). Blue, 0 μM TRAP (10 experiments); green, 1 μM (2 experiments); red, 70 μM (3
experiments). The histograms shift to the right with increasing TRAP concentration, reflecting an increasing platelet activation level. The dashed line
indicates the threshold (1.9) that was used to calculate the fractions of platelets expressing CD62P in the subsequent analysis of the fluorescent
images. (C) The percentage of platelets expressing CD62P calculated from the flow cytometry measurements for platelets in solution (blue) and
immunofluorescence microscopy for the immobilized platelets (red) plotted as a function of TRAP concentration. Error bars are standard deviations.
Arrowhead: unstimulated platelets (0 μM TRAP). The raw flow cytometry data is shown in Figure S6 in the Supporting Information. (D) Same as
(C), with the fluorescence microscopy (FM) data plotted vs the flow cytometry data (FC). The dashed line is a linear fit to the data with a slope of
0.85 ± 0.03.
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■ CONCLUSIONS
We developed a method to immobilize purified platelets at
surfaces with limited activation in addition to that incurred by
the purification itself. Platelets immobilized in this manner can
be used in further studies. Our approach offers numerous new
possibilities for further experimentation with platelets using
surface analytical techniques.
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