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Abstract
Circulating activated platelets roll and make transient contacts before ultimately adhering to a
substrate. However, despite the dynamic nature of platelet adhesion, most in vitro adhesion and
activation studies have focused on establishing local cause and effect relationships. Here, we
determined the effect of exposing platelets to immobilized upstream human fibrinogen on
downstream adhesion and activation. Microcontact printing was used to prepare substrates that
contained well defined fibrinogen priming regions. Washed platelets were perfused over the
substrates and adhesion and activation in a downstream capture region were compared with
samples that did not contain a fibrinogen priming region. It was found that samples containing an
upstream priming region resulted in higher adhesion, platelet spreading areas and aggregation than
samples that lacked the priming region. Also, when the priming region was selectively blocked
with a polyclonal anti-fibrinogen antibody, the platelet response was attenuated. To characterize
this phenomenon further, flow cytometry was used to assess bulk platelet activation following
fibrinogen priming. The expression of two activation markers, PAC-1 and P-selectin were
quantified. Expression of both activation markers was found to be higher after perfusion over
fibrinogen versus albumin-coated substrates.
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1. Introduction
Platelet adhesion and activation on the surface of synthetic blood contacting biomaterials
continues to be a challenge for vascular devices. Activation stimulates the local activation of
plasma coagulation factors and eventually leads to formation of a fibrin clot. An adverse
platelet response to vascular implants can lead to many complications including occlusion,
neointimal hyperplasia, and embolism. Consequently, a considerable amount of effort has
been devoted to developing materials that minimize the platelet response [1-4].

The general methodology used to study the blood compatibility of a biomaterial is to
examine the direct local effects of a material property on platelet adhesion and activation
[5-7]. However, surface induced platelet adhesion and activation is a dynamic process.
Platelets attach/detach and roll [8-10], before ultimately forming stable adhesive
interactions. In fact, most platelet-surface contacts are transient [10]. Even though transient
interactions do not result in local platelet adhesion and aggregate formation, it is unlikely
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that they leave the activation state of the platelet unaffected. With each surface contact there
is the opportunity to interact with adsorbed plasma protein agonists such as fibrinogen and
vWf, through specific interactions with integrin αIIbβ3 and GPIb-IX-V membrane receptors
respectively [11-13]. Also, platelets may interact with exposed subendothelial collagen due
to injury at the anastamoses of the implanted vascular device [14]. Furthermore, previous
studies have found that the platelet-surface response is changed when the upstream
environment is varied [15]. Taken together, upstream platelet-surface interactions may affect
downstream adhesion and activation. Specifically, upstream interactions with protein
agonists may “prime” platelets for downstream adhesion and activation.

In this study, we characterized the effect of upstream platelet–fibrinogen interactions on
downstream adhesion and activation. Microcontact printing (μCP) was used to covalently
immobilize fibrinogen priming regions onto chemically reactive substrates and the
downstream platelet response was observed. Adhesion, activation and aggregation were
found to be significantly higher on samples containing a fibrinogen priming region
compared with control samples. Also, the increase in downstream adhesion was attenuated
when the priming region was blocked with a polyclonal antibody for fibrinogen suggesting
fibrinogen is, in fact, capable of inducing a downstream response. The effect of transient
platelet-surface contacts on bulk platelet activation was assessed by quantifying P-selectin
and active αIIbβ3 using flow cytometry. An increase in bulk platelet activation was observed
after perfusion over samples prepared with covalently immobilized fibrinogen versus
albumin. These results suggest that platelets are capable of being primed for downstream
adhesion and activation by upstream immobilized protein agonists. These findings have
implications for both the design of vascular devices as well as the design of in vitro platelet
adhesion and activation assays.

2. Methods
2.1. Preparation of polydimethylsiloxane (PDMS) stamps for μCP

PDMS stamps were prepared from masks with randomly distributed mm-sized features that
were defined to cover 85% of the stamp surface area (Fig. 1A). Mask patterns were
developed by generating a 500 × 500 array of randomly distributed black and white pixels
using Mathematica (Wolfram). Patterns were transferred to chromium coated silica wafers
using conventional photolithography. First, the pattern was uploaded into a mask making
software, L-Edit (Tanner), where each pixel was defined to be 25 μm × 25 μm. An
Electromask MM250 (Interserv Technology) pattern generator was used to produce the first
mask (Amask = 1.25 cm × 1.25 cm and Apixel = 25 μm × 25 μm). This was followed by two
5× image reductions and one repeat step to produce a final mask with a 20 × 20 pattern array
of randomly distributed micron sized features (Amask = 1 cm × 1 cm and Apixel = 1 μm × 1
μm). Sylgard 184 silicone elastomer (Dow Corning) was mixed with curing agent in a 10:1
ratio and poured over the patterned mask. PDMS was degassed by placing the samples under
vacuum for 30 min. The samples were cured for 30 min at 100 °C and carefully peeled away
from the mask to remove the patterned stamps. This was followed by an additional 60 min
of curing at 60 °C. After curing the stamps were incubated overnight in hexane to remove
any polymer that did not crosslink. To eliminate swelling that occurred after hexane
incubation, stamps were rinsed for 30 min in a 95% ethanol solution, 30 min in Milli-Q
water, and dried for 30 min at 60 °C.

2.2. Covalent immobilization of fibrinogen to reactive surfaces
PDMS Stamps were “inked” with human fibrinogen in PBS (cFgn = 1 mg/ml, pH 8.5) for 15
min, rinsed in Milli-Q water and dried with N2 gas. The fibrinogen coated stamps were
placed in contact with commercially available Nexterion-H (Schott) reactive slides with 490
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Pa of pressure applied evenly using a 5 g weight. These slides contain a reactive coating in
which a cross-linked poly(ethylene glycol) PEG layer is functionalized with NHS esters
providing means for covalent protein immobilization through the terminal amine group [16].
A fibrinogen “priming” region was printed in the upstream region on test samples and a
platelet capture region was printed 10 mm downstream of the priming region (Fig. 1B).
Fibrinogen coated stamps were allowed to react with the surface for 1 h. After fibrinogen
was printed, the nonreacted regions were passivated by incubating the samples in an
albumin solution in PBS (cHSA = 1 mg/ml, pH 8.5) for 30 min (Fig. 1C). Albumin was
chosen over small molecules such as ethanolamine for background passivation because it
demonstrated an improved ability to eliminate platelet adhesion (data not shown). Following
protein immobilization, samples were vigorously rinsed in a 1% Tween solution to remove
any protein not covalently immobilized on the surface. Samples were then rinsed thoroughly
with Milli-Q water, dried with N2 gas and stored under vacuum until use.

2.3. Surface characterization
The printed fibrinogen patterns were previously characterized [17]. Briefly, the integrity of
the protein patterns was characterized visually using fluorescence microscopy. In order to
visualize immobilized protein patterns, fibrinogen was labeled with Alexa Fluor 488
succinimidyl ester (Invitrogen) following the manufacturers protocols. The protein transfer
efficiency was quantitatively characterized using lateral force microscopy (LFM). LFM
measurements were obtained in air on an Explorer AFM (TopoMetrix) with silicon
cantilevers (Mikromasch) having a force constant of 0.03 N/m and a radius of curvature <
10 nm. These measurements (n = 10) were used to compare the actual printed protein area
with target values.

2.4. Blocking immobilized fibrinogen priming regions
Control samples were prepared by blocking the upstream fibrinogen region with a rabbit α-
polyclonal antibody raised against human fibrinogen (Calbiochem). Blocking was achieved
by selectively incubating the priming region with 1:100 dilution of anti-fibrinogen in 0.1 M
PBS (pH 7.4) for 30 min. The samples were rinsed three times in Milli-Q water following
blocking, and immediately used for experiments.

2.5. Platelet adhesion studies
Fresh whole blood was collected from healthy human donors in a 1:7 ACD solution. The
blood was centrifuged for 15 min at 1500 rpm to separate platelet rich plasma (PRP). The
PRP supernatant was aspirated off using a transfer pipette. Prostaglandin E1 (PGE1, 300
nM) was added to the PRP to inhibit aggregation during preparation [18]. PRP was then
centrifuged for another 15 min at 2100 rpm to isolate the platelet pellet. The platelet poor
plasma (PPP) supernatant was carefully discarded and the platelet pellet was gently re-
suspended in prewarmed Tyrodes-HEPES buffer (37 °C, pH 7.4) [19]. Washed platelets
were counted using a hemocytometer and the concentration was adjusted to 2.5 × 107

platelets/ml.

Platelet perfusion studies were conducted in a parallel plate flow cell as described previously
[15]. Briefly, washed platelets were perfused for 5 min at a flow rate of 20 ml/h (γ ~ 100
s−1) in a parallel plate flow cell (w = 0.5 cm, h = 0.025 cm). Adhesion was quantified by
averaging samples (n = 30) downstream of the priming region. In studies where Nexterion-H
reactive substrates were used, average platelet spreading area and the number of aggregates
per sample were also calculated. The platelet spreading area was calculated by taking the
average area of 100 spreading platelets in the downstream region. Platelet aggregates were
defined as a cluster of 3 or more platelets and the average number per sample was quantified
(n = 30). Significance between data sets was established using unpaired t-tests.
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2.6. Flow cytometry
Flow cytometry was used to measure levels of expressed P-selectin and the active
conformation of integrin αIIbβ3 on the membranes of platelets. Platelets were perfused over
substrates in which the entire sample area contained either immobilized albumin or
fibrinogen. The flow cells used for these studies were designed to maintain similar
conditions as described previously [15] however the length of the channel was increased by
using a serpentine flow channel pattern versus a rectangular pattern. Following perfusion, a
100 μl aliquot of the platelet supernatant was collected and incubated for 30 min with either
anti-CD62P (BD Biosciences) or PAC-1 (BD Biosciences) to label P-selectin and active
αIIbβ3, respectively (c = 1 μg/ml, BD Biosciences). Also, two 100 μl aliquots were obtained
and labeled prior to perfusion. One sample was stimulated by addition of thrombin
immediately prior to labeling (c = 0.1 units/ml) and the other was left unstimulated to serve
as positive and negative controls, respectively. In order to ensure platelets were properly
identified, they were labeled with CD41b (BD Biosciences) which binds to the αIIb subunit
of integrin αIIbβ3 regardless of the activation state of the receptor. Rat monoclonal anti-
mouse IgG and IgM served as a negative control for P-selectin and PAC-1 test samples,
respectively. Following labeling, platelets were fixed in 1% para-formaldehyde and stored at
4 °C. Analysis of 10,000 events was conducted on a FACScan (BD Biosciences) analyzer.

3. Results
3.1. Reactive surface and fibrinogen pattern characterization

Fig. 2 provides a representative image for fibrinogen printed surfaces. As previously shown
[17], fluorescence images of 85% printed protein micropatterns were acquired to
qualitatively assess the integrity of printed fibrinogen patterns and ensure no major defects
were present. These images were also acquired after samples were vigorously rinsed in a 1%
Tween solution suggesting the protein present on the surface was, in fact, covalently
immobilized.

In order to determine the efficiency of protein transfer, samples were scanned with LFM.
This technique measures deflections of a cantilever tip that arise from variations in friction
over heterogeneous surfaces providing contrast between the printed and nonprinted regions.
For these studies, PDMS stamps with a target protein coverage area of 85% were used for
printing. Previously, actual printed coverage area was quantified for each LFM sample (n =
10) and found to be 85.5% +/−0.9%, suggesting an accurate protein transfer efficiency [17].

3.2. Effect of upstream immobilized fibrinogen on the downstream platelet response
Here, samples were prepared with a covalently immobilized fibrinogen priming and capture
region as described above with 85% coverage area stamps. The background was passivated
with covalently immobilized albumin. The effect of fibrinogen priming on the downstream
platelet response was quantified by comparing average adhesion, spreading area, and
aggregate formation in the downstream capture region with controls that did not contain a
priming region (Fig. 3). Aggregates were defined as 3 or more platelets in a single cluster. In
all three cases, adhesion, spreading area, and aggregation were significantly higher on
samples with the fibrinogen priming region (p < 0.01), suggesting that upstream platelet–
protein interactions are capable of eliciting a downstream response. Platelet adhesion was
observed in the fibrinogen priming region, however overall values were lower than the
capture region (data not shown).

To explicitly confirm that the presence of fibrinogen priming region is amplifying the
downstream platelet response, a test sample was prepared with the upstream fibrinogen
priming region blocked by a polyclonal antibody (for fibrinogen). Average adhesion in the
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downstream capture region was compared with adhesion values on samples with and
without an upstream fibrinogen priming region (Fig. 4).

Platelet adhesion on samples primed with upstream fibrinogen was again significantly
higher (~775 platelets/mm2) than samples that did not possess an upstream priming region
(~325 platelets/ mm2). Also, when the upstream priming region was blocked with an
antihuman fibrinogen polyclonal antibody the downstream platelet adhesive response was
attenuated (~345 platelets/mm2) and there was no significant difference with unprimed
samples (p < 0.01). These results further confirmed that the presence of upstream
immobilized protein agonists primed platelets for downstream adhesion.

3.3. Assessment of bulk platelet activation using flow cytometry
In previous experiments, we found that upstream immobilized fibrinogen was capable of
increasing surface induced platelet adhesion and activation downstream. To further
investigate this phenomenon, the bulk platelet response to surface immobilized fibrinogen
was characterized using flow cytometry. Two activation markers (PAC-1 and P-selectin)
were quantified after washed platelet perfusion over either a fibrinogen or an albumin-
coated substrate. The percent of expression events out of 10,000 (n = 4) for each receptor
was recorded and compared with expression prior to perfusion (negative control) and
expression after thrombin stimulation (positive control) (Fig. 5). Significant increases (p <
0.01) in both PAC-1 and P-selectin expression on platelets perfused over fibrinogen
substrates were observed compared with albumin substrates. For PAC-1, average percent of
platelets expressing the active conformation if integrin αIIbβ3 was 40.8% and 54.9% for
albumin and fibrinogen substrates respectively (Fig. 5A). The average percent of platelets
expressing the P-selectin membrane receptor was 2.9% and 9.1% for albumin and fibrinogen
substrates respectively (Fig. 5B).

4. Discussion
In this study, the effect of exposing platelets to immobilized upstream fibrinogen on
downstream adhesion and activation was characterized. Fibrinogen was chosen as a model
protein since it is the primary adhesive ligand for platelets and required for aggregation
[20-22]. Overall adhesion (Fig. 3A) was found to be significantly higher when flowing
platelets were primed with upstream immobilized fibrinogen. Platelet spreading area and
aggregate formation are two variables directly correlated to the activation state of the
platelet. Here, both were found to be significantly higher (Fig. 3B and C) when platelets
were primed. It should be noted that, in its native state, fibrinogen is relatively inert to
quiescent platelets; it is only when it is adsorbed and unfolds that adhesion is supported [23]
due to the exposure of epitopes capable of interacting with integrin αIIbβ3. Although the
conformation of surface immobilized fibrinogen was not specifically elucidated, the
difference in the downstream platelet response between samples with and without a priming
region suggests it is in fact fibrinogen, activating platelets. Also, when platelets were
perfused over samples where the fibrinogen priming region was blocked, the downstream
response was statistically similar to perfusion over samples that did not contain a priming
region, but were coated with albumin (Fig. 4). This further confirms the observed
downstream platelet response is, in fact, due to fibrinogen priming and that upstream platelet
interactions with the substrate can elicit a downstream response.

In this study, platelet perfusion was conducted at a shear rate of γ = 100 s−1, representative
of venous flow. The choice of a lower shear rate was ideal for this system in order to
minimize shear-induced integrin αIIbβ3 activation [24]. If shear rate is increased, the
convective transport of platelets to the surface also increases thus it can be expected that
surface induced platelet responses will also be amplified.
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Platelet-material interactions do not always end in an adhesive event. Platelets may contact
the substrate transiently and return to the bulk solution. To characterize downstream bulk
platelet activation, flow cytometry was used to quantify the expression of two membrane
receptors indicative of activation. Upon activation, integrin αIIbβ3 undergoes a
conformational change from its low affinity state to its high affinity state and RGD ligands
such as fibrinogen are capable of inducing this activation [25]. PAC-1 is an antibody that
recognizes the active conformation of integrin αIIbβ3 and was found to be expressed at
significantly higher levels on platelets perfused over fibrinogen substrates versus albumin
substrates (Fig. 5A). Following platelet activation, platelets undergo release reactions called
degranulation. During this process, P-selectin is translocated from the inner membranes of
platelet granules to the outer membrane [26]. It was also determined that presence of P-
selectin receptors on platelets perfused over fibrinogen substrates was significantly higher
than on platelets perfused over albumin substrates (Fig. 5B). Both these findings suggest that
surface immobilized fibrinogen is capable of activating platelets in the bulk which will
affect the downstream platelet response. It should be noted that the increase in expression
for both markers on fibrinogen substrates was low when compared to thrombin activated
positive controls. By considering the number of platelets that actually interact with the
surface compared to the total bulk platelet concentration, this can be explained.

According to the Von Smoluchowski–Levich equation, the platelet flux to the surface in a
parallel plate flow cell can be modeled by the following equation [27]:

where j* = the instantaneous platelet flux [platelets/cm2 sec] to the interface, Dplt = platelet
diffusion coefficient, c = bulk platelet concentration (~2.5 × 107 platelets/ml), b = ½ the
height of the flow cell (~0.13 cm), Vm = mean velocity (~0.7 cm/s), and x = position in the
flow cell. This equation assumes the flow is laminar and fully developed. According to this
model, the deposition rate changes with, x, the distance from the flow inlet due to the
presence of a hydrodynamic boundary later. When this function is integrated with respect to
the time it takes for the sample volume of platelets to travel through the flow cell, one
obtains the overall deposition rate as a function of distance from the flow inlet per area. Dplt
can be estimated to be ~10 −13 m2/s using the Stokes–Einstein relationship. When the flux
equation is integrated over the length of the flow channel, the overall flux of platelets to the
surface is ~830 platelets/cm sec. When this value is multiplied by the width of the flow
channel and the time it takes for one sample volume (0.2 ml) to travel over the surface area
of the flow channel (t = 36 s, w = 0.3 cm) the theoretical number of platelets contacting the
flow chamber walls in each sample is ~18,000 platelets. This only represents approximately
0.36% of the total platelets present in the bulk solution (~5,000,000). Consequently, it is not
surprising that increases in bulk activation due to platelet–fibrinogen interactions are small
when compared to the thrombin activated positive controls (Fig. 5). It is also important to
note that platelet and coagulation mechanisms are inherently designed to be amplified in the
physiological environment so even a small amount of activation can be significant. It also
should be noted that this approximation does not take into account external forces on
platelets including gravity, buoyancy, and any surface forces.

Traditionally, blood compatibility studies focus on establishing the local platelet response to
the biomaterial. However, since platelet-surface interactions are often transient [10], these
studies may not be sufficient to understand the whole picture. Platelet membrane receptor
interactions with surface immobilized proteins, such as vWf-GPIb-IX-V and fibrinogen-
αIIbβ3, are capable of activating platelets [11-13,23]. It is unlikely that these transient
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contacts leave the phenotype unchanged. For example, upstream platelet activation on
devices such as prosthetic heart valves and stents have been shown to cause downstream
thromboembolic complications [28,29]. Also, it has been hypothesized that transient
platelet-surface interactions trigger platelet microparticle formation at the site of contact
[30]. Platelet microparticles have pro-coagulant surface properties and may have serious
blood compatibility implications in the absence of stable platelet adhesion [31,32]. It is
evident that the “history” of transient platelet-substrate contacts is an important
consideration in the design of in vitro blood compatibility studies.

Characterizing the effect of transient interactions on the downstream platelet response is also
an important aspect in the development of cardiovascular devices. When a device such as a
vascular graft or heart valve is implanted there exists a region in which the native vessel is
joined with the synthetic material. This region, also known as the anastomotic region, is
characterized by high rates of stenosis (narrowing) and subsequently, higher fluid shear rates
[33]. The anastomosis is also characterized by adsorption of pro-coagulant proteins such as
fibrinogen due to damage of the vessel endothelium at this location [34]. This presents an
ideal environment for platelet activation to occur and may have serious consequences for the
blood compatibility of the downstream biomaterial. Another implication is in the use of
grafts or shunts in hemodialysis patients. Traditionally, the most common cause of
arteriovenous graft failure is neointimal hyperplasia at the graft-venous anastomoses
[35,36]. The exact mechanism is not yet understood. However, it has been suggested that the
physiology of the venous endothelial layer may play a role [36]. It is possible, however, that
the upstream artery-graft anastomoses may be pre-activating platelets for downstream
adhesion since this region is characterized by both high shear forces as well as a damaged
endothelial layer. In order to better understand the role of platelet activation in device failure
we must take into account the transient nature of adhesion and activation. This will, in turn,
help us develop more hemocompatible biomaterials.

5. Conclusions
In this study, the effect of priming platelets with covalently immobilized fibrinogen on the
downstream response was investigated. Priming regions were prepared using μCP on
surfaces capable of protein covalent immobilization. The downstream platelet response on
PEG based model substrates was quantified by comparing adhesion, spreading area, and
aggregation values with control samples that did not contain an upstream priming region.
The results presented suggest that immobilized fibrinogen is capable of priming platelets
and their response may be transient. The effect on immobilized fibrinogen on the bulk
platelet activation was also quantified by measuring expression levels of P-selectin and
PAC-1 expression. Although slight, there was an increase in expression after perfusion over
fibrinogen substrates. This has both clinical significance and will be an important
consideration in the design of future in vitro studies and cardiovascular devices.
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Fig. 1.
Sample preparation using μCP: (A) Image of a random pattern used to prepare PDMS
stamps with an 85% relative coverage area. (B) Nexterion-H samples were prepared with
covalently immobilized protein patterns using μCP. (C) A schematic representation of the
μCP process. First PDMS stamps are cast and cured in patterned masks. The stamps are
transferred to a protein solution where they are “inked” by allowing the protein to adsorb to
the surface. The protein coated stamp is placed in contact with the reactive surface allowing
the protein transfer to occur. On Nexterion-H substrates, the printed surface was incubated
in an albumin solution to passivate the unpatterned regions.
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Fig. 2.
A representative fluorescence image of an 85% printed fibrinogen pattern where the grey
represents Alexa Fluor 488 labeled fibrinogen. Images were acquired after a vigorous
surfactant rinse.
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Fig. 3.
Effect of an upstream immobilized fibrinogen priming region on downstream (A) adhesion,
(B) aggregation, and (C) spreading area on Nexterion-H substrates. Samples (n = 30) were
acquired 10–15 mm downstream of the priming region. The error bars represent the standard
error of the mean with a 95% confidence interval.
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Fig. 4.
Blocking fibrinogen priming region with an anti-fibrinogen polyclonal antibody attenuates
the downstream adhesion response. The effect of priming platelets with immobilized
upstream fibrinogen on downstream adhesion was compared with samples containing no
priming region and a priming region blocked with an anti-fibrinogen polyclonal antibody.
Samples (n = 30) in the downstream capture region were averaged and error bars represent
the standard error of the mean with a 95% confidence interval.
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Fig. 5.
Flow cytometry analysis of bulk platelet activation. (A) Pac-1 and (B) P-selectin expression
were quantified on washed platelets following perfusion over both an albumin and a
fibrinogen substrate. These samples were also compared with unstimulated (negative
control) and thrombin stimulated (positive control) samples collected prior to perfusion.
Samples (n = 4) represent the average percent of platelets expressing each receptor out of
out of 10,000 recorded events. The error bars represent the standard error of the mean
calculated from a 95% confidence interval.
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