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Stirred, shaken, or stagnant: what goes on at the bloodbiomaterial interface.
Abstract
There is a widely recognized need to improve the performance of vascular implants and
external medical devices that come into contact with blood by reducing adverse reactions they
cause, such as thrombosis and inflammation. These reactions lead to major adverse
cardiovascular events such as heart attacks and strokes. Currently, they are managed
therapeutically. This need remains unmet by the biomaterials research community.
Recognized stagnation of the blood-biomaterial interface research translates into waning
interest from clinicians, funding agencies, and practitioners of adjacent fields. The purpose of
this contribution is to stir things up. It follows the 2014 BloodSurf meeting (74th International
IUVSTA Workshop on Blood-Biomaterial Interactions), offers reflections on the situation in
the field and a three-pronged strategy integrating different perspectives on the biological
mechanisms underlying blood-biomaterial interactions. The success of this strategy depends
on reengaging clinicians and on the renewed cooperation of the funding agencies to support
long-term efforts.
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Research Agenda
Three strategies are proposed to address the recognized need for minimizing adverse reactions
caused by the materials used in vascular implants:
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Testing to evaluate the performance of currently used materials. A particular emphasis
should be placed on comparing different materials and results between different
laboratories.



Testing approaches should include surface-phase and fluid-phase reactions (thrombotic
and embolic propensity) and encompass coagulation, platelet-, leukocyte-, and
complement activation pathways.



Modeling blood-biomaterial interface interactions beyond the limits of “physiologically
relevant” conditions to uncover hidden degrees of freedom and cryptic interactions
between components of various regulatory pathways.



“Hacking” these pathways with the idea of incorporating the implant interface into their
network.

Practice Points


Mechanisms underlying the phenomena occurring at the blood-material interface are
poorly understood. The questions facing the field of hemocompatibility have remained
unchanged over the past several decades.



Current clinical success of implants and other devices is brought about by the
pharmacological strategies for managing the adverse reactions they cause.



There are limits to the ability of pharmacological approaches to balance various risks
associated with the specific pathologies, co-morbidities, and material-induced effects.
This translates into dangers for the patient and costs for the healthcare systems. Hence,
there is a pressing need for reducing the adverse effects of biomaterials.



It is suggested that further progress in the hemocompatibility field will come from
focusing on the details of the biological mechanisms underlying blood-biomaterial
interactions.
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1. Introduction: cardiovascular implants
The practice of modern medicine can hardly be envisaged without reliance on artificial
materials in devices that substitute, or augment, the function of failing tissues and organs. In
the context of blood-biomaterial interactions, examples of such devices include stents,
mechanical heart valves, occluder systems, ventricular assist devices (VADs), synthetic
vascular grafts, catheters, guidewires, as well as membranes of dialyzers, oxygenators,
artificial heart-lung machines, and so on. Close to half a million cardiac stents are implanted
in the US annually;1 nearly three quarters of a million in Europe;2 and around 100,000 in the
UK.3 Although stent overuse continues to be discussed,4 it is clear that stenting is saving lives
and improving the quality of life of millions of patients world-wide. Numbers for other
implants are equally significant. In 2009, 90,000 heart valves were implanted in the US and
280,000 – world-wide.5 The use of LVADs has increased considerably (from 246 patients in
2007 to ~ 2500 patients in 2014, according to the Interagency Registry for Mechanically
Assisted Circulatory Support, or INTERMACS6), as mortality and complication rates
decreased due to the design improvements; this success has generated some excitement in the
clinical community.7-10 Millions of patients undergo procedures requiring cardiopulmonary
bypass (CPB), while the heart is stopped,11,

12

thousands benefit from other forms of

extracorporeal circulation, such as extracorporeal membrane oxygenation (ECMO), that is
used particularly often in neonates.13 Close to half a million patients are receiving hemodialysis
treatment for end-stage renal disease in the US.14 These devices involve contact between blood
and artificial materials.
While native endothelium has naturally anticoagulant properties, the materials used in the
artificial devices—metals and their oxides, polymers, pyrolytic and diamond-like carbon—
activate the body’s natural defense systems: coagulation, inflammation, and complement.15, 16
Clinicians have become progressively better at managing the more severe of the resulting
major adverse effects therapeutically through antiplatelet therapy (APT), anticoagulation
therapy (ACT), or a combination of the two.
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ACT based on intravenous (systemic) heparin and the introduction of heparin while priming
the circuit is used to manage patients on CPB ever since CPB was developed in the 1950s,11, 12,
17

ECMO patients,18 and hemodialysis patients.19 Of course, heparin is also the drug of choice

for a wide variety of interventions, not only in the context of cardiovascular disorders. During
percutaneous coronary intervention and stenting, it may be used together with antiplatelet
agents such as abciximab, a GPIIb/IIIa antagonist.20 For managing mechanical heart valves
and VADs, long-term ACT is based on agents such as warfarin, by itself or in combination with
APT.21-24 VAD patient management also relies on heparin.25
Heparin causes serious complications, such as immune-mediated heparin-induced
thrombocytopenia, in some patients.26 Alternatives are therefore needed, especially in longterm applications such as ECMO and hemodialysis. These are reviewed by Fisher et al.19 and
include other thrombin inhibitors as well as regional citrate anticoagulation.27 Most recent
developments in this area are based on the recent understanding of the role contact activation
plays in thrombosis vs. hemostasis and include factor XI and XII inhibitors that are being
introduced into the clinic.28, 29
The breakthrough widely recognized as being transformative in catalyzing the wide-spread use
of stents was the introduction in the 1990s of the aspirin-ticlopidine dual APT regimen (DAPT;
ticlopidine was subsequently replaced by clopidogrel).30-35 DAPT considerably reduced the
thromboembolic complications associated with stent placement. It was also superior to the
combination of anticoagulation therapy (ACT, consisting of intravenous heparin or
phenprocoumon) with aspirin.32 Further developments in the area of APT include the
introduction of new P2Y12 and protease-activated receptor-1 antagonists into the clinical
practice,36-38 although the former appear to suffer from increased bleeding risks.38 Finally,
most recently, a dual-function agent (FXI inhibitor and GPIIb/IIIa antagonist) is being
explored in animal studies for reducing stent thrombosis.39
Differences in the pharmacological strategies used to manage material-induced thrombosis
induced by different devices are noteworthy. It is tempting to conclude that they reflect distinct
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activation mechanisms at play in these situations, but it is also possible that they reflect the
scale of the adverse reactions: smallest in the case of the stents, greatest in the case of the CPB,
ECMO, and hemodialysis.
As far as implants and devices themselves are concerned, the history of CPB development is
discussed in detail in several reviews.11,

12, 17, 40

The key problem was the design of the

oxygenator; first the use of animal and human (live donor) lungs was attempted, then bubble
and rotating disk oxygenators were designed, followed by steel plate design, and finally,
membrane and hollow fiber oxygenators were developed, which are used today. Moving away
from the blood/gas interface of the bubble and rotating disk oxygenators, and reducing the
surface area, improved their performance in terms of thrombosis; so did the introduction of
heparin-coated circuits reviewed in refs. 41 and 42. These are used in ECMO, CPB, and
hemodialysis devices to date, but their use not abolished the need for systemic heparin.
The history of mechanical heart valve design has been reviewed by Gott et al.43 and Pibarot et
al.5 Several different types of mechanical heart valve prosthetics have evolved since the original
caged ball design, with some becoming obsolete. The most recent advance in this area is
represented by aortic valves designed for minimally-invasive, trans-catheter replacement.44, 45
Similarly, VAD design went through two generations of improvements (with pulsatile and
continuous flows).22, 46 The design of these implants benefited from advances in material
science and other adjacent engineering fields: for example, replacing titanium with pyrolytic
carbon in heart valves reduced failure rates,43 and fluid dynamics calculations that were
combined with the understanding of platelet activation on non-physiological flow patterns
improved the overall design.5, 22, 47-49 The performance of these devices, however, continues to
be limited by thrombotic complications and bleeding events associated with their
pharmacological management.
The history of stents begins with the introduction of the steel wire-mesh stent (bare metal
stent, BMS) by Ulrich Sigwart in 1986.50 Since then, stent design and materials underwent one
major change: Drug-eluting stents (DES), where the metal framework is coated with a polymer
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matrix eluting anti-proliferative, anti-inflammatory, and immunosuppressive drugs, were
developed to combat restenosis—the major complication of BMS. DES implantation in
humans was first reported by several authors in 2001.51-54 Their success in significantly
reducing restenosis rates,35, 55 and therefore the need for repeated interventions, translated
into wide acceptance: DES are recommended by the latest European guidelines,56 with over 75
% of stent implantations currently using DES.1-3 However, studies have revealed that they
suffer from late-stage thrombosis57 noted as late as 5 years post-implantation,58 necessitating
the extension of the DAPT regimen (1 – 3 month for BMS, 6 – 12 month for DES59). This is
also underscored in the latest European guidelines.56 To quote Helft,60 this “became a real
nightmare for cardiologists”. Here, the crucial role of the antiplatelet therapy (APT) is further
substantiated by the risks associated with discontinuing the DAPT too early. The optimal
duration of DAPT is still very much a subject of debate,56, 60-62 despite improvements associated
with the second-generation DES63 (see Mukherjee et al. for the list of first- and secondgeneration stents64). Montalescot et al. review the results of seven different trials illustrating
non-inferiority of short-term (3 – 6 month) as compared to long-term (1 year) DAPT after DES
implantation, but comment on the limitations of these studies, such as the short follow-up
times limiting their ability to detect late stent thrombosis.65 These authors also reviewed
studies where DAPT duration was longer than one year. Their overall conclusion was that “safe
interruption of DAPT after 6 month may be possible in selected patients”.65 In one such longduration DAPT study, Marui et al.66 reported a significant reduction of the risk of stent
thrombosis and major adverse cardiac events (MACE) associated with the extension of DAPT
for an additional 18 month beyond 1 year after implantation of a first- or a second-generation
DES. However, this carried with itself a higher risk of bleeding. Surprisingly, there was also an
elevated risk of stent thrombosis and myocardial infarction during 3 month after
discontinuation of DAPT independently of its duration.66
The mechanisms underlying late stent thrombosis in DES have been discussed in detail by
Luscher et al.57 and by Finn et al.67 Essentially, they involve a delayed healing response that is
thought to be caused by factors such as polymer toxicity, drug interactions, and strut geometry
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that translate into excessive fibrin deposition on the strut surface, inflammation, and necrosis,
contributing to the malapposition of the stent.58, 63, 67
Attempts to improve on the current state of affairs are proceeding in several directions. On
one hand, there are the improvements to the DES design (thinner struts, different polymer
coatings, and/or different drugs). Several authors reviewed the available clinical evidence for
these second-generation DES stents pointing to improvements in safety while maintaining or
improving their efficacy in terms of preventing restenosis.55, 64, 65, 68 Nevertheless, existing
guidelines stipulating the need to extended DAPT apply to both the first- and the secondgeneration DES,

56

and both were included in the trials referred to above,65, 66 reflecting the

remaining limitations.69
On the other hand, the strategy of promoting wound healing and stent integration through
endothelialisation is represented by the endothelial progenitor cell (EPC) capture stents.70 The
first clinical investigation of these stents was reported by Aoki in 2005.71 The results, however,
were somewhat unconvincing,72 leading to a combined EPC + DES strategy (in the form of the
COMBO stent). The latest 1–year clinical data for this approach have been recently
published.73 The jury is still out on whether its performance will be superior to that of the DES
stents, as discussed in a recent editorial by Mehran and Giustino.69 So far, the recommended
DAPT duration or the COMBO stent is 6 – 12 month.73
The third strategy being explored is that of bioresorbable stents. The idea here is to remove
the foreign material from circulation over a period of time. It is represented by DES with
bioresorbable coatings, or stents that are entirely made of biodegradable materials. In a 2015
report of the task force on the evaluation of coronary stents in Europe, “...bioresorbable
coronary stents were not represented ... due to absence of published evidence meeting the
inclusion criteria at the time of the review.”55 In other words, the clinical evidence available so
far is severely limited. We refer the readers to the most recent review by Lindholm and James
discussing the technology.74
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It is noteworthy that passive (barrier) coatings were not found to be useful on their own,35
neither in stents, nor in other devices, although there is a stent design combining such a
coating (based on phosphorylcholine) with drug elution (the Endeavor stent from
Medtronics).68 The subject of passive barrier coatings is discussed in more detail below in the
context of coatings that resist the non-specific adsorption of proteins. This failure could be
taken to highlight the importance of specific, biological aspects of the blood-biomaterial
interactions over the generic physicochemical ones.
In summary, significant advances in ACT and APT have been made by clinicians, enabling
pharmacological management of thrombotic complications arising from artificial materials in
vascular implants and blood-contacting devices. Advances in the design of the devices have
also been made, but by and large they were restricted to the mechanical aspects of their
performance, because the mechanisms underlying the phenomena occurring at the bloodmaterial interface remain poorly understood. In a nutshell, the factors, which need to be
measured to evaluate material performance in blood, remain largely undefined. This underlies
what Ratner had termed the blood compatibility catastrophe: the failure to deliver bloodcompatible materials and predictive in vitro hemocompatibility tests.15, 75

2. State-of-the-art in the area of blood-biomaterial interactions and
testing
That research into blood-biomaterial interactions has failed to produce an adequate material
or an accepted in vitro test for evaluating the performance of materials in blood is hardly news:
several articles have been dedicated to the subject. Nothing illustrates the stagnation in this
field better than a series of quotes from papers spanning the last sixty years. In 1987, Spaet,76
looking back at a ten-year period of blood compatibility meetings on one hand, and to the
future on the other, asked “What does a surface have to be to be ‘physiological’, and can this
actually be synthesized by other than the appropriate cell in vivo?” This question can be
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traced back to the late 1800s / early 1900s, when (hydrophobic) vaseline and paraffin coatings
on glass were shown to extend blood coagulation times.77, 78 It is also echoed in the two articles
by Ratner15, 75 on the blood compatibility catastrophe published in 1993 and 2007. In 2016, we
still don’t have an answer.
In the same 1987 article, another question is raised: “A topic that has never been suitably
addressed is the relationship between in vitro and animal studies and the application of these
studies to human disease.” This echoes a comment by Hastings (a onetime Chief of the
Artificial Heart Program at NIH): “To summarize my feeling about the evaluation of
materials, there is no technique of evaluation that I know of which is entirely satisfactory”
in his 1971 paper that focuses mainly on the issues of funding blood compatibility studies, but
illuminates some of the crucial scientific aspects of the problem.79 The lack of predictive in
vitro hemocompatibility tests and the complexities of applying animal results to humans are
discussed in both of the hemocompatibility catastrophe papers,15, 75 as well as a number of
other works.80-82
In a 1969 article Stoffey et al.83 stated: “It would be highly useful to prepare prostheses with
the same shapes, using the different methods, and implanting them in the same locations in
dogs to give a truly accurate comparison” – an early expression of the need for standardizing
biocompatibility measurements. Today, the topic of standardization remains very high on the
list of things that still need to be done.81, 82
Some important lessons have nevertheless been learned. Among them is the need to evaluate
both the thrombotic and the embolic propensity of the material, as put forward by Kusserov
in his seminal 1972 paper.84 This refers to the need for evaluating processes occurring at the
material surface as well as in the fluid phase, or markers that are indicative of both sets of
processes (such as platelet consumption).85-89 Although this issue has been extensively
discussed,15, 75 one continues to find in the literature erroneous parallels between platelet
adhesion and material hemocompatibility.
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Early on, platelets took the center stage. In retrospect, one could say this foreshadowed the
tremendous impact of APT on the success of cardiovascular implants. Although they do not
represent the whole story, platelets do occupy the point of intersection of multiple defense and
regeneration pathways: thrombosis, adaptive and innate immunity, wound healing, etc. This
subject has by now been extensively reviewed.16, 90-93 Once again, fluid phase and surface
measurements are needed to characterize platelet-surface interactions.80,

86, 89

Platelet

activation at surfaces of different materials can be different and materials may be classified
according to platelet reactions;86 what that means in terms of thrombogenicity is not clear.
This subject is revisited below.
Another conjecture that appears to have withstood the test of time is the improved
performance of hydrophobic coatings/materials. Early observations of vaseline and paraffin
coatings on glass extending coagulation time have already been mentioned.77, 78 Similar in
vitro observations have been made with PTFE (Teflon)-coated stents evaluated against a panel
of parameters.80 Indeed, perfluorinated polymers appear to top the list; this subject is
discussed in some detail in Szott et al.94 Promising results were also obtained with stents
coated with another perfluorinated polymer, poly[bis(trifluoroethoxy)phosphazene] (PTFEP),
in in vitro95 and animal studies96, 97 that led to the first-in-man clinical trials.98, 99 Limitations
of the hydrophobicity conjecture should be kept in mind, however. On one hand, there is the
limited success of passive barrier coatings. On the other hand, the relationship between
surface wettability and hemocompatibility remains poorly defined, and one would expect it to
be affected by coating stability, roughness, topography, and porosity. The mechanisms
underlying the superior performance of perfluorinated materials are also not understood.
Current hypotheses invoked to explain it center on another conjecture: the relationship
between

albumin/fibrinogen

ratio

in

the

adsorbed

protein

layer

and

material

thrombogenicity.94, 100 It should be mentioned that some studies challenge the notion that
PTFE is superior to other materials. In particular, Braune et al. demonstrated platelet
adhesion and spreading on the surface of PTFE in an in vitro study, without, however,
considering the state of their activation or surface embolization propensity.101
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These topics and questions were revisited at the 2014 BloodSurf meeting102, 103 that gave rise
to this article. The consensus was that, although important lessons have been learned, we
continue to have more questions than answers. The resulting stagnation has translated into
loss of funding, declining interest from clinicians no longer expecting breakthroughs, and
waning interest from adjacent disciplines, the contributions of which are sorely needed for
progress to be made. It is the aim of this article to “shake things up” so that the field can start
moving forward again.

3. Is there a need to improve the performance of artificial materials in
contact with blood?
Given the existing and evolving therapeutic approaches for managing adverse reactions to
biomaterials, is there any remaining need to improve material performance? Indeed, there is.
The key problem with the pharmacological management of material-induced thrombosis is
the associated risk of bleeding. Balancing the two entails complex decisions concerning
appropriate drug combinations, their dosage and duration, as well as issues of adherence and
monitoring. These concerns should be viewed in the context of patient safety and quality of
life, as well as sustainability of healthcare systems strained by the ageing populations.
The problem of balancing thrombosis vs. bleeding risks is particularly acute in patients
requiring APT and ACT combinations (e.g., aspirin/clopidogrel/warfarin). This so-called
triple therapy is used to manage stent-induced thrombosis and the risk of stroke arising from
emboli caused by atrial fibrillation or from active cardiovascular implants such as mechanical
heart valves and LVADs.21-23 Holmes et al.21, Schömig et al.23, and Paikin et al.24 discuss the
relevant issues in some detail, illustrating the complexity of the decisions facing clinicians.
Similar concerns arise when patients on DAPT need to undergo surgery (cardiac or other).104
Further complexities are introduced by co-morbidities associated with hypercoagulable
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and/or proinflammatory states such as diabetes mellitus, obesity, smoking, etc.56,

105-107

Adherence issues are discussed in refs. 108 and 109. Disturbingly, 1 to 4% of patients appear to
be resistant to APT, developing adverse thrombotic complications, due in part to the variability
in responses to clopidogrel among patients.109-111 This aspect has been recently reviewed.112
Heparin-based ACT has its own problems. The use of heparin-coated circuits in CPB, ECMO,
and hemodialysis did not alleviate the need for systemic heparin.18 Complications that are
associated with the use of heparin, such as heparin-induced thrombocytopenia,26 are nothing
if not catastrophic, in part because of the scarcity of alternative strategies19, 113 (although there
are new anticoagulants in the pipeline, as discussed earlier.28, 29, 39)
Furthermore, there are inflammatory complications of artificial materials that are not
alleviated by the existing therapeutic strategies. The so-called systemic inflammatory response
syndrome in patients after CPB or ECMO is a problem that still awaits a management strategy
or, indeed, adequate, systematic investigation.40, 114, 115.
Last but not least, designing small diameter (< 5 mm) vascular grafts that remain patent
following implantation remains a challenge despite the available therapeutic options.83, 116
In other words, the performance of blood-contacting devices continues to be limited by
thrombotic and inflammatory complications arising from the blood-biomaterial interactions
or bleeding complications arising from their therapeutic management. There is plenty to do,
and given the scope, seriousness, and significance of the problem, the stakes are high.

4. Solution strategies
Three strategies are proposed below to address the recognized clinical need for minimizing
adverse reactions occurring at the blood-biomaterial interface. Their focus is on the specific,
biological aspects of the blood-biomaterial interactions. They aim to satisfy two goals:
clinicians’ immediate need for information about existing materials on one hand, and the long-
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term goal of developing systems (material + pharmacological regimen) that minimize the
severity and duration of adverse effects on the other. These strategies encompass testing the
reaction of blood to biomaterials (“testing”), developing reductionist models for unravelling
molecular mechanisms underlying these reactions (“modeling”), and hacking into the cellular
communication pathways of the wound healing process with the notion of integrating the
implant into them (“hacking”).
4.1 Testing
The strategy referred to as “testing” consists of taking existing or newly synthesized materials
and evaluating their performance in contact with blood in vitro. In the past, this approach
focused on a search for the elusive “hemocompatible material”. However, since the concept of
hemocompatibility has never been properly defined, various surrogate metrics have been
adopted in different contexts for evaluating material performance. Most common examples of
such metrics included the ability of materials or coatings to resist non-specific protein
adsorption and platelet adhesion, or reduce the level of platelet activation in solution in
contact with these materials. The relationship between these metrics and the in vivo
performance of materials remains obscure at best, or, at worst, is entirely lacking. Therefore,
echoing several strongly sounded calls,15,

117

we believe that the wide-spread practice of

misidentifying materials as “biocompatible” or “hemocompatible” according to these various
arbitrary metrics should stop, because it has led nowhere.
Instead of a search for the elusive “hemocompatible material”, we propose to focus testing
strategies on uncovering correlations and, subsequently, causal, mechanistic relationships
between material properties and the reactions they induce. Recognizing that none of the
existing materials are hemocompatible, materials that are currently used in the clinic are a
good place to start. Emphasis should be placed on comparing responses between different
materials and results between different laboratories. Clinicians will appreciate hard data on
what the implant/material is doing mechanistically: is it activating adhering and/or nonadhering platelets, fracturing coagulation cascade proteins at its surface, or giving rise to

15
complement activation? All three sets of pathways will lead to thrombosis and inflammation,
because these systems are linked,16,

118-120

but the efficiency of the different management

strategies might be different depending on which of the systems is activated to which extent,
and how antiplatelet agents affect activation levels. Systematic studies addressing these
questions are sparse to say the least; they are also often out of reach of any one laboratory and
require collaborations between several groups with different capabilities.
Which parameters should be measured in vitro to enable meaningful conclusions to be drawn
about the performance of different materials in contact with blood? There is currently no in
vitro test predictive of the material’s in vivo performance. Therefore, the answer to this
question is at the moment partial at best. However, meaningful progress towards a predictive
panel of in vitro tests can be made by recognizing that (i) these tests have to encompass both
the surface phase and the fluid phase reactions; (ii) parameters directly related to
thrombogenesis, platelet-, leukocyte-, and complement activation processes need to be
measured; and (iii) controls allowing meaningful comparisons between measurements
performed in different laboratories and with different materials need to be included. The
ISO10993-4121,

122

gives a starting point with tests for hemolysis, coagulation, platelet,

complement, and leukocyte activation; a far more exhaustive discussion can be found in the
recent perspective by Braune et al.81 and a review by Jung et al.80 that bring into focus the
analysis of surface-adsorbed proteins, appropriate controls, blood-drawing procedures,
anticoagulant choices, and a well-defined starting point for the testing achieved by
characterizing the blood with which the tests are to be performed. Without an adequate
characterization of the level of activation of the blood (components) at the outset, a meaningful
comparison between results from different laboratories, or even the same laboratory at
different times, cannot be made.
Which markers of coagulation, complement, and leukocyte activation should be measured,
and under which conditions? There is a relatively well-established set of ELISA assays for
measuring thrombin-anti-thrombin (TAT) complex concentration for quantifying thrombin
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production, fibrin concentration for quantifying protease activity, β-thromboglobulin (β-TG)
and serotonin levels for quantifying the release reactions accompanying platelet activation,
PMN elastase for quantifying leukocyte activation, and SC3b and SC5b-9 complexes for
quantifying complement activation.121 They are sensitive, validated, and report the outcomes
of both surface and fluid phase processes, without, however, distinguishing between the two.
On the other hand, they suffer from long processing times and require relatively large blood
volumes. Reducing these takes us into less well charted territory of direct thrombin generation
assays123 and flow cytometry analysis of platelet and leukocyte activation.124-127 On one hand,
these still need to be validated. On the other hand, given recent advances in bead-based flow
cytometry analysis of cytokines128 and the role of platelets in non-hemostatic processes,91, 93,
120, 129

it may be worth the extra effort and provide a new dimension to the evaluation of platelet

activation at biomaterial surfaces. Several studies also point to the importance of quantifying
platelet-leukocyte aggregation as a sensitive measure of platelet activation.130-133 An important
note should also be made concerning the flow cytometric detection of microparticles. First,
conventional flow cytometers detect ~ 1% of the circulating microparticles.134 Second, caution
should be exercised when using colloidal particles to define size-gates for microparticle
detection due to the differences in refractive indexes between microparticles and the
colloids.135 These aspects are reviewed by Shantsila et al.136 Appropriate combinations of
parameters are more likely to provide comprehensive answers than any one of them.
Concerning measurement conditions, several recent reviews discuss different models,
without, however, reaching a consensus—except to say that whole blood studies should be
performed under shear, if nothing else than to avoid cell sedimentation.80, 82, 137 The jury is still
out as to whether there is one suitable model system. Geometry is important: circular channel
cross-section mimics the in vivo flow conditions and is more likely to reflect physiological
distribution of cells in the flowing blood with the platelets pushed to the periphery.138-140 The
future is most likely with microfluidic systems—because of the small blood volumes used,
control, relative ease of standardization, and unmatched possibilities for in situ observation of
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adsorption, adhesion, aggregation, and coagulation events. Some information on the subject
can be found in recent reviews141, 142 and several interesting technical papers.139, 143, 144 One
drawback of the microfluidic systems is an increased surface area-to-volume ratio.80 As of yet,
microfluidic technologies have not been tried in the context of biomaterial testing. Of course,
for active devices (such as VADs and heart valves), the geometry is specified at the outset.
Finally, materials to be tested also need to be characterized. The need for appropriate surface
characterization has been pointed out some time ago.75 Whereas surface chemistry has
traditionally attracted the most attention, it is now clear that topography and surface
mechanical properties also play important roles. Specific effects of surface topography and
stiffness on cell differentiation have been revealed in a variety of studies: see, for example,
reviews by Guilak et al.145 and von der Mark et al.146 Particularly noteworthy are recent reports
of topography effects on platelet adhesion and activation,147 on macrophage phenotype
switching,148 and on endothelialisation.149 In the context of testing, this means that the
topography as well as chemistry of the materials tested should be characterized.150
Apart from the surface characterization, care should be taken to evaluate the stability of the
interface in physiological environments before such a significant investment of effort (see the
discussion in ref.97). In particular, relatively rapid (months) degradation of poly(ethylene
glycol)-based coatings by cultured cells has been reported in the literature.151 Long-term
applications of coatings need to explicitly address the issue of stability, keeping in mind that
the internal environment of our bodies is rather aggressive, containing both non-specific and
targeted degradation agents such as reactive oxygen species and various enzymes (e.g.,
proteases) produced in the course of the immune response.
The above discussion should make it clear, that proper in vitro testing of biomaterials entails
a significant effort that draws on concepts from clinical sciences, natural sciences, and
engineering. It also highlights aspects of in vitro testing studies that are crucial to maximizing
the impact of this arborous effort. It is important to support multi-center or otherwise
interdisciplinary studies that incorporate these aspects. This is all the more so since the
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cardiovascular implant industry does not appear to be interested in standardization or
publically available comparative analysis of implant performance.
Several examples of rigorous in vitro hemocompatibility studies can be highlighted.86, 95, 137, 152,
153

These studies share certain traits: explicit characterization of the starting blood; surface

and/or microscopic characterization of the materials; coating stability analysis where relevant;
inclusion of fluid-phase and surface-phase reactions as well as testing for multiple pathways
(thrombosis, platelet, leukocyte, and complement activation); inclusion of controls.
Adherence to the ISO 10993-4 is apparent in the more recent works. Among the drawbacks
are limited starting blood and surface characterization in some of the studies, and different
controls. However, by and large, there is sufficient information to repeat the studies, provided
that identical controls are included.
Stang et al.152 distinguish between material-induced and pyrogen contaminant-induced
reactions, Brubert et al.153 examine new styrene copolymers with and without heparin coating,
as compared to PTFE and bovine pericardium, van Oeveren et al.137 compare different dynamic
testing systems, Mrowietz et al. compare the PTFEP-coated stent with the uncoated stainless
steel BMS,95 while the in vitro study of Haycox et al.86 is notable both because of the
classification of platelet reactions to the different materials and a correlation between their in
vitro results and in vivo observations in a baboon shunt model.
Finally, it has to be mentioned that there is so far no clear way of translating the results of the
in vitro tests described above to thrombotic failure of a device in the clinic. Ex vivo tests (e.g.,
the baboon shunt model85, 154) fare somewhat better than the in vitro tests despite the limited
test duration, when evaluated against in vivo animal studies.85 In the end, animal studies
remain a necessity. Here, the seminal work by Kusserow (where the evaluation of thrombotic
and embolic potential of several polymeric materials is presented) can once again be
highlighted.84
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Animal models have their problems related to the differences between humans and animals in
terms of coagulation, inflammation, and wound healing pathways. These include receptor
identities, cell counts, and the reactivity of the various pathway components, including in
terms of their interactions with material surfaces.155-161 More subtle effects relate to the
different rates of the healing processes in animals and humans and to the fact that animal tests
are performed on young, healthy adult animals—a model that may not be suitable for ageing
patients whose arteries are affected by atherosclerosis. These issues are discussed in ref.

162

Another interesting review examining various animal models in in vivo evaluation of stent
performance is that of de Prado et al.,163 while Carney et al.164 present an illuminating
discussion of animal models for pediatric circulatory support devices.
It would appear that the gamut of currently available tests (in vitro, ex vivo, or in vivo) is
better suited for (i) predicting early responses; and (ii) serving a gatekeeper function: failure
in these tests is a sign of clinical problems, while the opposite does not guarantee success. This
is yet another reason to shift the focus of the testing from the search for the ultimate
hemocompatible material to the more basic goal of evaluating physiological responses.
4.2 Modeling
With respect to understanding the mechanisms underlying blood reactions to biomaterials,
attempting to emulate physiological conditions becomes a fatal flaw. Such attempts to resolve
complexity by emulation result in dogmatic recipes concerning what is and what is not
considered to be “physiologically relevant”. In particular, whole-blood studies performed
under flow are considered to yield physiologically relevant information, while static or quasistatic study conditions applied to blood or individual blood components are not. This division
is both artificial and illogical. There are several reasons for that. Static and quasi-static
conditions are common in model studies with blood components, to which we return further
below. It should also be remembered, however, that static conditions characterize aneurysms,
areas behind venous valves, and the left atrial appendage of the heart. All of these are known
thrombi formation and embolization sites (up to 90% of the emboli leading to cerebral strokes
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in atrial fibrillation patients are thought to originate in the left atrial appendage; reviewed in
ref.165). This alone demonstrates the value of static tests. A similar argument applies to wound
sites and to interactions with biomaterials in the context of dental- and osteoprosthetics. These
implants also come into contact with blood, commonly under stagnant (and hypoxic)
conditions. The interactions occurring at their interface with blood influence subsequent
integration (or, more commonly, lack thereof) of the device into the wound healing process.
While the physiological environments at the different sites are clearly different, the blood
components are same.
The second, and perhaps more important, point is that no current in vitro measurement
mimics physiological conditions for the very simple reason that blood extracted from the body
will coagulate if left to its own devices, and very quickly at that. Anticoagulants are used to
combat this problem. Different anticoagulants block the coagulation pathways at different
points, all the while the action of the other pathways continues unhindered. Case in point:
platelets will become activated during storage even in the presence of a citrate anticoagulant
over a period of hours,126, 166-169 while quiescent platelet lifetime in the body is on the order of
days. Compounding the problem is the issue of platelet age; a blood sample will contain
platelets of different ages, with the associated effects of different activation kinetics and
platelet death.170 Any in vitro test is therefore a competition between at least two sets of
processes: one set that is related to the material under investigation, and another set that is
spontaneous and is a consequence of the removal of blood from its physiological environment.
Although it may be supposed that the origin of spontaneous activation of hemostasis is the
cessation of the endothelial anticoagulant activity upon extraction, this issue has never been
systematically investigated. In part, this is because there is currently no way in which we could
collect the blood without inducing material-dependent effects (recall that blood is always
collected into a tube, that is also made of a foreign material activating blood components);
even cultured endothelial cells may be thrombogenic, as discussed by McGuigan and Sefton171
in some detail. As a result, the field lacks one of the most important things of all: a negative
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control. Despite a significant need, research towards identifying appropriate controls remains
underappreciated, because it is often viewed through the prism of the “physiological” recipes.
The third point is that, since blood and its components are only useful for a very short period
of time outside the body, in vitro tests can only be performed over time periods of minutes to
hours. Yet, these tests need to predict the behavior of materials and devices over time periods
of months to years. On the other hand, short-term (minutes) exposure of materials to
concentrated protein solutions (such as plasma) renders them non-interactive—this is the
basis for blocking reactive surfaces with concentrated albumin solutions used in molecular
and cell biology assays. The apparent paradox may be resolved by considering the timescales
on which the remodeling and chemical modification of the adsorbed protein layers exposed to
complex protein mixtures occurs. This, once again, is an area which remains largely unstudied.
Finally, physiological and pathophysiological conditions differ from each other. For example,
it was shown in a recent study that using platelets from patients suffering from coronary artery
disease vs. platelets from healthy subjects in a static thrombogenicity tests system led to
significantly different results in platelet adherence and activation.101
The path out of these woods may be found through model studies that entail basic physics and
physical chemistry experiments applied to blood (or blood components) under controlled
conditions. They should take into account the relevant time- and length scales, and are aimed
at identifying minimal sets of elementary events and their rates that are capable of
describing various phenomena observed in practice. The relevant phenomena include
spontaneous coagulation of blood outside the body and the way the rate of this process
depends on time, temperature, and protein adsorption to the surface of the container;
differences in platelet activation by different surfaces; the relationship between platelet
activation and spreading; the relationship between adsorbed protein conformation and
platelet activation; etc. These model studies require certain levels of abstraction, reducing
complex phenomena to sets of elementary components and interactions between them.
Therefore, the question asked of these studies should not be whether they do or do not emulate
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a physiological situation, but whether they have identified, in a causal manner, mechanisms
underlying particular aspects of the behavior of the system (material + blood (components)).
Physiological relevance should then be established by examining the manifestations of these
mechanisms in the appropriate in vivo or ex vivo systems.
A discussion of modeling physiological phenomena would be incomplete without mentioning
the limitations of the reductionist approach applied to complex systems.172,

173

Indeed,

coagulation, inflammation, and complement, are examples of interconnected biological
networks ripe for systems biology approaches.174, 175 In this context, we see the objective of the
modelling studies not in identifying any one particular factor responsible for adverse reactions
to biomaterials, but in revealing hidden interactions and degrees of freedom at the bloodbiomaterial interfaces by examining them under (apparently) unusual sets of conditions.
These degrees of freedom may be hidden because they occur on inaccessible timescales under
physiological conditions, or because we do not yet know what their physiological roles are.
Dismissing these degrees of freedom as artifacts limits our ability to discover new
physiological and pathophysiological phenomena and understand their mechanisms. This
serves no-one—not the scientist and not the patient.
One example of such model systems is “purified” platelets. Separated from the protein-rich
matrix of the blood plasma, purified platelets are clearly as far as one can get from a
physiological situation of whole blood while retaining the basic structure of the platelets
themselves. As such, observations with purified platelets tend to be viewed with suspicion.
One should recall, however, that several important signaling cascades in the platelets
incorporate plasmatic components that mediate platelet-platelet interactions. The most
common example is that of ADP-stimulated platelets: stimulation leads to aggregation that
leads to thromboxane production. Thromboxane triggers other platelet responses typically
associated with platelet activation, such as dense granule secretion, irreversible aggregation,
etc.176-178 Purified platelets therefore allow platelet signaling pathways to be investigated
independently of the plasmatic feedback loops, revealing sets of responses that are controlled
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independently. In the same vein, adsorbing purified platelets on glass immediately reveals the
existence of subpopulations with respect to the expression of phosphatidyl serine and the
activated form of GPIIb/IIIa.179 These subpopulations appear similar to the ones identified in
vivo by intravital microscopy and in vitro by flow cytometry,180 offering a way to study platelets
in these subpopulations separately. Moreover, experiments with purified platelets reveal
differences in the way surfaces activate platelets,181, 182 as do experiment with platelet-rich
plasma,183, 184 and whole blood86—once again showing that claims of the “non-physiological”
nature of static experiments with purified platelets do not stand up to scrutiny.
Another example where models offer a unique insight into the mechanism underlying complex
biointerfacial phenomena concerns the effect of adsorbed protein conformation on surfaceplatelet interactions. It has been known for some time that adsorbed protein conformations
depend on protein concentration in solution during adsorption.185 Specific deviations in the
secondary structure of, e.g., fibrinogen upon adsorption have been revealed by circular
dichroism relatively recently: the structure of the adsorbed protein is near-native (mostly αhelical) when it is allowed to adsorb at a high protein concentration but deviates significantly
(becoming predominantly β-sheet) when it is allowed to adsorb at a low protein concentration;
the degree of adsorption-induced unfolding (as measured by % loss in α-helicity) was found to
correlate with increased platelet adhesion.186 It would be very interesting to examine how these
changes in protein conformation are related to platelet activation profiles, which are now
known to be different on different surfaces and under different conditions, and to examine the
nature of the structural elements responsible for the observed effects. Without a doubt this
will offer new ways of regulating platelet-surface interactions, possibly even leading to the
identification of new drug targets on the platelet surface. In the context of the earlier
discussion on timescales, there is evidence that these short time (minutes) experiments offer
a glimpse of what will happen with proteins and platelets at material surfaces over months,
with the potential occurrence of aging-induced conformational changes of the adsorbed
proteins leading to a time-dependent platelet response.187

24
Although these insights into adsorbed protein conformational changes and their effects are
relatively recent, it has been widely observed and is well established that the composition of
the protein layers adsorbed from blood directs subsequent cellular reactions to foreign
materials.16, 42, 188-191 A protein layer covers the surface of a blood-contacting material within
seconds, unless the surface is purposely designed to prevent protein adsorption. Resistance to
protein adsorption is imparted on surfaces by modifying them with hydrophilic species such
as poly(ethylene glycol),192 zwitterionic species such as phosphorylcholine193 or sulfobetaine,194
or, more recently, omniphobic tethered liquid perfluorocarbon coatings.195 Long-standing
efforts in this direction have yielded approaches for knowledge-based design of interfaces with
specifically engineered properties196-198—a feat impossible without reducing non-specific
adsorption. These efforts have also greatly benefited other fields.199, 200 Perhaps the recently
introduced materials could aid in the design of short-term devices (catheters and CPB circuit
components) by alleviating the limitations of the previous approaches to achieve protein
resistance.201,

202

However, it should be recalled that vessel endothelium has multiple

mechanisms for keeping coagulation and inflammation in check. Attempts to design interfaces
mimicking these multiple mechanisms have appeared in the literature.42, 196, 198 Indeed, given
past experience, the non-specific barrier approach that favors lack of interaction at the
blood/biomaterial interface over active integration or participation in the inhibitory pathways,
may not be the right direction for improving the hemocompatibility of long-term implants.87,
88, 203

An equally well-established notion is the dynamic nature of adsorbed protein layers.204, 205 On
the other hand, the effect of surface chemistry on the composition adsorbed protein layers
remains obscure, and this is another area where model studies can yield essential insights.206,
207

Given that certain proteins are believed to be desirable (e.g. albumin as a passivating

element) and others undesirable (e.g. fibrinogen as a platelet-reactive element),100 interface
design based on knowledge of adsorbed protein layer properties and how they influence
biological functions may be a fruitful approach. However, the efficient exploration of this
approach depends on having much deeper knowledge of the relationship between surface
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properties, adsorbed protein layer properties, and subsequent adverse events than is currently
available. Here, studies of nanoparticles in contact with blood or plasma, where a so-called
“protein corona” is formed, are beginning to generate extensive detailed data on the
composition of the corona.208-210 In this context Chan et al. have called for the development of
a database “…for nanoparticle-serum protein interactions” to allow correlations between
material properties and biological response, remarking that “A concerted global effort is
required to build this database.”211 This would be an equally laudable goal for the blood
compatibility community.
The above examples illustrate how model studies can reveal phenomena hidden by the
complexities of the real systems. This aspect is out of the reach of attempts to emulate the
complexities of the pathological or physiological situations in the most exact way without
considering the underlying mechanisms. While in vivo studies are essential for evaluating the
performance of specific design concepts, in vivo conditions are so complex that it may be
impossible to ascertain the cause of an observed response or to identify directions to be taken
for improving a system. In contrast, controlled in vitro studies, by virtue of the simplified
conditions, allow specific cause-and-effect relationships to be elucidated and the underlying
mechanisms unraveled. Both approaches have their value and their place.
4.3 Hacking
The above discussion of hidden degrees of freedom brings us to the last of the three strategies
proposed as the way out of the blood compatibility catastrophe. Its essence is that cells “talk”,
and we should learn to “listen”. Hemostasis and inflammation are defense systems that
evolved to maintain the integrity and functionality of the organism. Under normal
physiological conditions, initial hemostatic and inflammatory responses are taken over by
regenerative mechanisms orchestrated and carried out by the same players: platelets,
leukocytes, and their regulatory mediators. The ultimate goal of blood compatibility studies
should then be to harness these innate regenerative mechanisms and integrate the implants
into their regulatory circuits. Here, the regenerative functions of platelets come to mind,91, 212-
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215

as well as the broader context of the fibrinolytic system, leukocytes, fibroblasts, and

endothelial (progenitor) cells. Moreover, while the idea itself is not altogether new—it has been
known for a very long time that humans have a limited ability to endothelialize implants83, 216,
217—recent

advances in understanding cell signaling, the knowledge that cell fate can be

controlled by surface geometry148, 218 and other material factors,219 may allow a fresh look at
this old problem. It is becoming more and more clear that successful implant surfaces will be
dynamic, capable of reorganizing or regenerating on some timescale—at a minimum, the
timescale sufficient for endothelialisation. On medium time scales (hours to days), an
appropriate response can be engineered into an interface by combining resistance to nonspecific protein adsorption with specific desirable reactions.196-198 The notion that the next
breakthrough is likely to come from the understanding of the molecular repair mechanisms,
and how they are affected by an implant, has been recognized by scientists working at the
bio/non-bio interface.189, 220 This territory continues to remain largely uncharted and presents
ample opportunities for innovation.

5. Conclusions
The take-home message from this discussion is that we need to take a step back in order to
move forward; to shift the focus from chasing the holy grail of finding a perfectly
hemocompatible biomaterial to the basic biological questions surrounding blood-biomaterial
interactions that remained unanswered for many years. It is suggested here that this could be
achieved through a combination of the existing testing approaches with appropriately
designed reductionist models, provided these are conscious of the relevant biological
(signaling) context. The focus on these questions will lead to the generation of falsifiable or
verifiable hypotheses concerning factors that make surfaces hemocompatible. There are past
examples of systematic studies doing exactly that in the literature. This approach has a chance
of leading to successful bioengineering solutions, while the usefulness of indiscriminant
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testing of materials against poorly defined metrics is limited. In the meantime, researchers
should aim to provide to clinicians tangible results in terms of the mechanisms that are at work
at the implant surface. This will aid in the improvement of the existing and the design of new
therapeutic regimens.

Conflict of interest statement
None.

Acknowledgements
This article stems from the discussions that took place at the 2014 74th IUVSTA workshop
Surface Analysis Meets Blood Compatibility (BloodSurf). The authors wish to thank other
conference participants and sponsors (the complete list appears on the conference website102),
as well as prof. Michael Grunze (University of Heidelberg, Germany) and Dr. Andreas Straub
(University of Tübingen, Germany) for insightful discussions. IR would like to thank Marta
Gallego, M.Sc. (CIC biomaGUNE, San Sebastian, Spain) for critically reading the manuscript
and the Biointerfaces in Technology and Medicine (BIF-TM) program of the Helmholtz
Association for financial support. JLB thanks the Natural Sciences and Engineering Research
Council of Canada (NSERC) for financial support.

28

References
1. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ, et al. Heart disease and
stroke statistics--2014 update: a report from the American Heart Association. Circulation.
2014;129:e28-e292.
2. Cook S, Walker A, Hugli O, Togni M, Meier B. Percutaneous coronary interventions in
Europe: prevalence, numerical estimates, and projections based on data up to 2004. Clin REs
Cardiol. 2007;96:375-82.
3. Ludman PF, O’Neill D, Whittaker T, Donald A. British Cardiovascular Intervention Society
National Audit of Percutaneous Coronary Interventional Procedures. The British
Cardiovascular Intervention Society; 2014.
4. Rogers L. Overuse of stents in cardiology Stents are life-savers in critical patients but are
they used excessively in other situations. Eur Heart J. 2012;33:552-3.
5. Pibarot P, Dumesnil JG. Prosthetic heart valves: selection of the optimal prosthesis and
long-term management. Circulation. 2009;119:1034-48.
6. INTERMACS Quarterly Report - 2015 Q1; www.uab.edu/medicine/intermacs/. 2015.
7. Lampropulos JF, Kim N, Wang Y, Desai MM, Barreto-Filho JAS, Dodson JA, et al. Trends
in left ventricular assist device use and outcomes among Medicare beneficiaries, 2004–2011.
Open Heart. 2014;1.
8. Mancini D, Colombo PC. Left Ventricular Assist Devices: A Rapidly Evolving Alternative to
Transplant. J Am Coll Cardiol. 2015;65:2542-55.
9. Pozzi M, Giraud R, Tozzi P, Bendjelid K, Robin J, Meyer P, et al. Long-term continuous-flow
left ventricular assist devices (LVAD) as bridge to heart transplantation. J Thorac Dis.
2015;7:532-42.
10. Krabatsch T, Knosalla C, Potapov E, Hetzer R. Should LVAD Implantation Be the New Gold
Standard for Terminal Heart Disease? ISHLT links. 2013;4.
11. Punjabi PP, Taylor KM. The science and practice of cardiopulmonary bypass: From cross
circulation to ECMO and SIRS. Glob Cardiol Sci Pract. 2013;2013:249-60.
12. Edmunds LH. The evolution of cardiopulmonary bypass: lessons to be learned. Perfusion.
2002;17:243-51.
13.
ECLS
Registry
Report
International
Summary.
https://www.elso.org/Registry/Statistics/InternationalSummary.aspx. Extracorporeal Life
Support Organization; 2016.
14.
National
Kidney
Foundation
Fast
Facts.
https://www.kidney.org/news/newsroom/factsheets/FastFacts#Ref. Accessed July 2016.
2016.
15. Ratner BD. The catastrophe revisited: Blood compatibility in the 21st century.
Biomaterials. 2007;28:5144-7.
16. Gorbet MB, Sefton MV. Biomaterial-associated thrombosis: roles of coagulation factors,
complement, platelets and leukocytes. Biomaterials. 2004;25:5681-703.

29
17. Stoney WS. Evolution of Cardiopulmonary Bypass. Circulation. 2009;119:2844-53.
18. Bembea MM, Annich G, Rycus P, Oldenburg G, Berkowitz I, Pronovost P. Variability in
anticoagulation management of patients on extracorporeal membrane oxygenation: an
international survey. Pediatr Crit Care Med. 2013;14:e77-e.
19. Fischer K-G. Essentials of anticoagulation in hemodialysis. Hemodialysis Int. 2007;11:17889.
20. Gu YL, Fokkema ML, Kampinga MA, de Smet BJ, Tan ES, van den Heuvel AF, et al.
Intracoronary versus intravenous abciximab in ST-segment elevation myocardial infarction:
rationale and design of the CICERO trial in patients undergoing primary percutaneous
coronary intervention with thrombus aspiration. Trials. 2009;10:90.
21. Holmes DR, Jr., Kereiakes DJ, Kleiman NS, Moliterno DJ, Patti G, Grines CL. Combining
antiplatelet and anticoagulant therapies. J Am Coll Cardiol. 2009;54:95-109.
22. Susen S, Rauch A, Van Belle E, Vincentelli A, Lenting PJ. Circulatory support devices:
fundamental aspects and clinical management of bleeding and thrombosis. J Thromb
Haemost. 2015;13:1757-67.
23. Schomig A, Sarafoff N, Seyfarth M. Triple antithrombotic management after stent
implantation: when and how? Heart. 2009;95:1280-5.
24. Paikin JS, Wright DS, Eikelboom JW. Effectiveness and safety of combined antiplatelet
and anticoagulant therapy: A critical review of the evidence from randomized controlled trials.
Blood Rev. 2011;25:123-9.
25. Rossi M, Serraino GF, Jiritano F, Renzulli A. What is the optimal anticoagulation in
patients with a left ventricular assist device? Interact Cardiovas Thorac Surg. 2012;15:733-40.
26. Greinacher A, Warkentin TE, Chong BH. Heparin-Induced Thrombocytopenia. In:
Michelson AD, editor. Platelets. London: Academic Press; 2013.
27. Apsner R, Buchmayer H, Lang T, Unver B, Speiser W, Sunder-Plassmann G, et al.
Simplified citrate anticoagulation for high-flux hemodialysis. Am J Kidney Dis. 2001;38.
28. Kenna E, Renne T. Factor XII: a drug target for safe interference with thrombosis and
inflammation. Drug Discov Today. 2014;19:1459-64.
29. Bane CE, Jr., Gailani D. Factor XI as a target for antithrombotic therapy. Drug Discov
Today. 2014;19:1454-8.
30. Colombo A, Hall P, Nakamura S, Almagor Y, Maiello L, Martini G, et al. Intracoronary
Stenting Without Anticoagulation Accomplished With Intravascular Ultrasound Guidance.
Circulation. 1995;91:1676-88.
31. Vanbelle E, McFadden EP, Lablanche JM, Bauters C, Hamon M, Bertrand ME. 2-pronged
antiplatelet therapy with aspirin and ticlopidine without systemic anticoagulation - an
alternative therapeutic strategy after bailout stent implantation. Coron Artery Dis. 1995;6:3415.
32. Schomig A, Neumann FJ, Kastrati A, Schuhlen H, Blasini R, Hadamitzky M, et al. A
randomized comparison of antiplatelet and anticoagulant therapy after the placement of
coronary-artery stents. N Engl J Med. 1996;334:1084-9.

30
33. Barragan P, Sainsous J, Silvestri M, Bouvier JL, Comet B, Siméoni JB, et al. Ticlopidine
and subcutaneous heparin as an alternative regimen following coronary stenting. Catether
Cardiovasc Interv. 1994;32:133-8.
34. Jackson SP, Schoenwaelder SM. Antiplatelet therapy: in search of the 'magic bullet'. Nat
Rev Drug Discov. 2003;2:775-89.
35. Serruys PW, Kutryk MJ, Ong AT. Coronary-artery stents. N Engl J Med. 2006;354:48395.
36. Motovska Z, Ondrakova M, Bednar F, Knot J, Ulman J, Maly M. Selection of P2Y(12)
antagonist, treatment initiation, and predictors of high on-treatment platelet reactivity in a
"Real World" registry. Thromb Res. 2015;135:1093-9.
37. Moschonas IC, Goudevenos JA, Tselepis AD. Protease-activated receptor-1 antagonists in
long-term antiplatelet therapy. Current state of evidence and future perspectives. Int J
Cardiol. 2015;185:9-18.
38. Laine M, Paganelli F, Bonello L. P2Y12-ADP receptor antagonists: Days of future and past.
World J Cardiol. 2016;8:327-32.
39. Maurel B, Chai F, Maton M, Blanchemain N, Haulon S. In stent restenosis and thrombosis
assessment after EP224283 injection in a rat model. Atherosclerosis. 2013;229:462-8.
40. Edmunds LH. Blood-Surface Interactions During Cardiopulmonary Bypass. J Card Surg.
1993;8:404-10.
41. Hsu L-C. Principles of heparin-coating techniques. Perfusion. 1991;6:209-19.
42. Liu X, Yuan L, Li D, Tang Z, Wang Y, Chen G, et al. Blood compatible materials: state of
the art. J Mater Chem B. 2014;2:5718-38.
43. Gott VL, Alejo DE, Cameron DE. Mechanical heart valves: 50 years of evolution. Ann
Thorac Surg. 2003;76:S2230-9.
44. Webb JG, Wood DA. Current Status of Transcatheter Aortic Valve Replacement. J Am Coll
Cardiol. 2012;60:483-92.
45. Petronio AS, Capranzano P, Barbato E, Piazza N, Baumbach A, Haude M, et al. Current
status of transcatheter valve therapy in Europe: results from an EAPCI survey.
EuroIntervention. 2016;12:Ahead of print.
46. Givertz MM. Ventricular Assist Devices: Important Information for Patients and Families.
Circulation. 2011;124:e305-e11.
47. Dasi LP, Simon HA, Sucosky P, Yoganathan AP. Fluid mechanics of artificial heart valves.
Clin Exp Pharmacol Physiol. 2009;36:225-37.
48. Bluestein D. Research approaches for studying flow-induced thromboembolic
complications in blood recirculating devices. Expert Rev Med Devices. 2004;1:65-80.
49. Alemu Y, Bluestein D. Flow-induced platelet activation and damage accumulation in a
mechanical heart valve: numerical studies. Artif Organs. 2007;31:677-88.
50. Sigwart U, Puel J, Mirkovitch V, Joffre F, Kappenberger L. Intravascular stents to prevent
occlusion and restenosis after transluminal angioplasty. N Engl J Med. 1987;316:701-6.

31
51. Sousa JE, Costa MA, Abizaid A, Abizaid AS, Feres F, Pinto IMF, et al. Lack of Neointimal
Proliferation After Implantation of Sirolimus-Coated Stents in Human Coronary Arteries: A
Quantitative Coronary Angiography and Three-Dimensional Intravascular Ultrasound Study.
Circulation. 2001;103:192-5.
52. Honda Y, Grube E, de la Fuente LM, Yock PG, Stertzer SH, Fitzgerald PJ. Novel DrugDelivery Stent: Intravascular Ultrasound Observations From the First Human Experience
With the QP2-Eluting Polymer Stent System. Circulation. 2001;104:380-3.
53. Rensing BJ, Vos J, Smits PC, Foley DP, van den Brand MJBM, van der Giessen WJ, et al.
Coronary restenosis elimination with a sirolimus eluting stent; First European human
experience with 6-month angiographic and intravascular ultrasonic follow-up. Eur Heart J.
2001;22:2125-30.
54. de la Fuente LM, Miano J, Mrad J, Penaloza E, Yeung AC, Eury R, et al. Initial results of
the quanam drug eluting stent (QuaDS-QP-2) registry (BARDDS) in human subjects. Catheter
Cardiovasc Interv. 2001;53:480-8.
55. Byrne RA, Serruys PW, Baumbach A, Escaned J, Fajadet J, James S, et al. Report of a
European Society of Cardiology-European Association of Percutaneous Cardiovascular
Interventions task force on the evaluation of coronary stents in Europe: executive summary.
Eur Heart J. 2015;36:2608-20.
56. Windecker S, Kolh P, Alfonso F, Collet J-P, Cremer J, Falk V, et al. 2014 ESC/EACTS
Guidelines on myocardial revascularization. The Task Force on Myocardial Revascularization
of the European Society of Cardiology (ESC) and the European Association for CardioThoracic Surgery (EACTS). 2014.
57. Luscher TF, Steffel J, Eberli FR, Joner M, Nakazawa G, Tanner FC, et al. Drug-eluting stent
and coronary thrombosis - Biological mechanisms and clinical implications. Circulation.
2007;115:1051-8.
58. Nakazawa G, Finn AV, Vorpahl M, Ladich ER, Kolodgie FD, Virmani R. Coronary
Responses and Differential Mechanisms of Late Stent Thrombosis Attributed to FirstGeneration Sirolimus- and Paclitaxel-Eluting Stents. J Am Coll Cardiol. 2011;57:390-8.
59. Garratt KN. Duration of Dual Anti-Platelet Therapy Post-Percutaneous Intervention: Is
There A Correct Amount of Time? Prog Cardiovasc Dis. 2015;58:285-98.
60. Helft G. The saga of the duration of dual antiplatelet therapy after drug-eluting stent
placement. Arch Cardiovasc Dis. 2015;108:469-71.
61. Giustino G, Baber U, Sartori S, Mehran R, Mastoris I, Kini AS, et al. Duration of Dual
Antiplatelet Therapy After Drug-Eluting Stent Implantation A Systematic Review and MetaAnalysis of Randomized Controlled Trials. J Am Coll Cardiol. 2015;65:1298-310.
62. Palmerini T, Stone GW. Optimal duration of dual antiplatelet therapy after drug-eluting
stent implantation: conceptual evolution based on emerging evidence. Eur Heart J.
2016;37:353-64.
63. Byrne RA, Kastrati A, Tiroch K, Schulz S, Pache J, Pinieck S, et al. 2-Year Clinical and
Angiographic Outcomes From a Randomized Trial of Polymer-Free Dual Drug-Eluting Stents
Versus Polymer-Based Cypher and Endeavor, Drug-Eluting Stents. J Am Coll Cardiol.
2010;55:2536-43.

32
64. Mukherjee D, Moliterno DJ. Second-Generation Drug-Eluting Stents and the Continuous
Need for Rapidly Available Real-World Data . JACC: Cardiovascular Interventions.
2009;2:1236-9.
65. Montalescot G, Brieger D, Dalby AJ, Park SJ, Mehran R. Duration of Dual Antiplatelet
Therapy After Coronary Stenting: A Review of the Evidence. J Am Coll Cardiol. 2015;66:83247.
66. Mauri L, Kereiakes DJ, Yeh RW, Driscoll-Shempp P, Cutlip DE, Steg PG, et al. Twelve or
30 Months of Dual Antiplatelet Therapy after Drug-Eluting Stents. New Engl J Med.
2014;371:2155-66.
67. Finn AV, Nakazawa G, Joner M, Kolodgie FD, Mont EK, Gold HK, et al. Vascular responses
to drug eluting stents: importance of delayed healing. Arterioscler Thromb Vasc Biol.
2007;27:1500-10.
68. Navarese EP, Kowalewski M, Kandzari D, Lansky A, Górny B, Kołtowski Ł, et al. Firstgeneration versus second-generation drug-eluting stents in current clinical practice: updated
evidence from a comprehensive meta-analysis of randomised clinical trials comprising 31 379
patients. Open Heart. 2014;1.
69. Mehran R, Giustino G. “Capturing” the Benefits of Dual-Therapy Stent Technology: Is This
a Promise or Reality?. JACC: Cardiovascular Interventions. 2016;9:1135-7.
70. Kutryk MJB, Kuliszewski MA. In vivo endothelial progenitor cell seeding for the
accelerated endothelialization of endovascular devices. Am J Cardiol. 2003;92:94L-5L.
71. Aoki J, Serruys PW, van Beusekom H, Ong ATL, McFadden EP, Sianos G, et al. Endothelial
Progenitor Cell Capture by Stents Coated With Antibody Against CD34: The HEALING-FIM
(Healthy Endothelial Accelerated Lining Inhibits Neointimal Growth-First In Man) Registry.
J Am Coll Cardiol. 2005;45:1574-9.
72. Leopold JA. Prohealing Endothelial Progenitor Cell Capture Stents: Do the Cells Captured
Explain the Clinical Outcomes? Cir Cardiovasc Interv. 2013;6:494-5.
73. Woudstra P, Kalkman DN, den Heijer P, Menown IBA, Erglis A, Suryapranata H, et al. 1Year Results of the REMEDEE Registry: Clinical Outcomes After Deployment of the
Abluminal Sirolimus-Coated Bioengineered (Combo) Stent in a Multicenter, Prospective AllComers Registry. JACC: Cardiovascular Interv. 2016;9:1127-34.
74. Lindholm D, James S. Bioresorbable Stents in PCI. Curr Cardiol Rep. 2016;18:74.
75. Ratner BD. The Blood Compatibility Catastrophe. J Biomed Mater Res. 1993;27:283-7.
76. Spaet TH. Blood in contact with artificial surfaces: where have we been and where are we
going? A modest proposal. Ann N Y Acad Sci. 1987;516:1-4.
77. Freund E. Über die Ursahe der Blutgerrinnung. Med Jahrb Wien. 1985;3:259.
78. Bordet J, Gengou O. Recherches sur la coagulation du sang. Ann Inst Pasteur. 1903;17:882.
79. Hastings FW. Criteria for financial support of studies evaluating blood compatibility. Bull
N Y Acad Med. 1972;48:326-30.
80. Jung F, Braune S, Lendlein A. Haemocompatibility testing of biomaterials using human
platelets. Clin Hemorheol Microcirc. 2013;53:97-115.

33
81. Braune S, Grunze M, Straub A, Jung F. Are there sufficient standards for the in vitro
hemocompatibility testing of biomaterials? Biointerphases. 2013;8:33.
82. van Oeveren W. Obstacles in Haemocompatibility Testing. Scientifica. 2013;2013:392584.
83. Stoffey DG, Lee H, Stone W. Nonthrombogenic Surfacing of Biological Membranes - a
Review. J Macromol Sci Chem. 1969;A 3:119-&.
84. Kusserow BK. The use of pathologic techniques in the evaluation of emboli from prosthetic
devices. Bull N Y Acad Med. 1972;48:468-81.
85. Ratner BD, Hoffman AS, Hanson SR, Harker LA, Whiffen JD. Blood-compatibility-watercontent relationships for radiation-grafted hydrogels. J Polym Sci Polym Symp. 1979;66:36375.
86. Haycox CL, Ratner BD. In-Vitro Platelet Interactions in Whole Human Blood Exposed to
Biomaterial Surfaces - Insights on Blood Compatibility. J Biomed Mater Res. 1993;27:118193.
87. Ip WF, Sefton MV. Platelet consumption by polyvinyl alcohol coated tubing in canines. J
Biomed Mater Res. 1991;25:875-87.
88. Llanos GR, Sefton MV. Immobilization of poly(ethylene glycol) onto a poly(vinyl alcohol)
hydrogel: 2. Evaluation of thrombogenicity. J Biomed Mater Res. 1993;27:1383-91.
89. Godo MN, Sefton MV. Characterization of transient platelet contacts on a polyvinyl alcohol
hydrogel by video microscopy. Biomaterials. 1999;20:1117-26.
90. Leslie M. Beyond Clotting: The Powers of Platelets. Science. 2010;328:562-4.
91. Nurden AT. Platelets, inflammation and tissue regeneration. Thromb Haemost. 2011;105
Suppl 1:S13-33.
92. Reviakine I. New horizons in platelet research: Understanding and harnessing platelet
functional diversity. Clin Hemorheol Microcirc. 2015;60:133-52.
93. Golebiewska EM, Poole AW. Platelet secretion: From haemostasis to wound healing and
beyond. Blood Rev. 2015;29:153-62.
94. Szott LM, Irvin CA, Trollsas M, Hossainy S, Ratner BD. Blood compatibility assessment of
polymers used in drug eluting stent coatings. Biointerphases. 2016;11:029806.
95. Mrowietz C, Franke RP, Seyfert UT, Park JW, Jung F. Haemocompatibility of polymercoated stainless steel stents as compared to uncoated stents. Clin Hemorheol Microcirc.
2005;32:89-103.
96. Satzl S, Henn C, Christoph P, Kurz P, Stampfl U, Stampfl S, et al. The efficacy of nanoscale
poly[bis(trifluoroethoxy) phosphazene] (PTFEP) coatings in reducing thrombogenicity and
late in-stent stenosis in a porcine coronary artery model. Invest Radiol. 2007;42:303-11.
97. Richter GM, Stampfl U, Stampfl S, Rehnitz C, Holler S, Schnabel P, et al. A new polymer
concept for coating of vascular stents using PTFEP (poly(bis(trifluoroethoxy)phosphazene) to
reduce thrombogenicity and late in-stent stenosis. Invest Radiol. 2005;40:210-8.
98. Tamburino C, La Manna A, Di Salvo ME, Sacchetta G, Capodanno D, Mehran R, et al.
First-in-Man 18-Month Clinical Outcomes of the CATANIA (TM) Coronary STent System With

34
NanoThin Polyzene-F in De Novo Native Coronary Artery Lesions: Assessment of The LAtest
Non-Thrombogenic ANgioplasty Stent (ATLANTA) Trial. J Am Coll Cardiol. 2009;53:A371-A.
99. Tamburino C, La Manna A, Di Salvo ME, Sacchetta G, Capodanno D, Mehran R, et al. Firstin-Man 1-Year Clinical Outcomes of the Catania Coronary Stent System With Nanothin
Polyzene-F in De Novo Native Coronary Artery Lesions The ATLANTA (Assessment of The
Latest Non-Thrombogenic Angioplasty stent) Trial. JACC Cardiovas Interv. 2009;2:197-204.
100. Lyman DJ, Metcalf LC, Albo D, Richards KF, Lamb J. Effect of chemical-structure and
surface properties of synthetic-polymers on coagulation of blood .3. In vivo adsorption of
proteins on polymer surfaces. Trans Am Soc Artif Intern Organs. 1974;B 20:474-8.
101. Braune S, Gross M, Walter M, Zhou S, Dietze S, Rutschow S, et al. Adhesion and activation
of platelets from subjects with coronary artery disease and apparently healthy individuals on
biomaterials. J Biomed Mater Res B Appl Biomater. 2016;104:210-7.
102. Reviakine I, Galtayries A, Ceccone G, Manso M, Alexander M. 74th International IUVSTA
Workshop on Blood-Biomaterial Interactions: Surface Analysis meets Blood Compatibility.
http://www.vide.org/bloodsurf/. Fréjus 2014.
103. Reviakine I, Braune S, editors. In-Focus: Blood Biomaterial Interactions. [Special issue]
Biointerphases, 11(2), 2016.
104. Patni R, Nawaz MA, Macys A, Chan KM, Punjabi P. Assessment of platelet function in
patients on antiplatelet therapy undergoing cardiac surgery: a review. Heart Lung Circ.
2012;21:455-62.
105. Carr ME. Diabetes mellitus: a hypercoagulable state. J Diabetes Complications.
2001;15:44-54.
106. Lip GYH, Blann AD. Does Hypertension Confer a Prothrombotic State?: Virchow’s Triad
Revisited. Circulation. 2000;101:218-20.
107. Nielsen VG, Hafner DT, Steinbrenner EB. Tobacco smoke-induced hypercoagulation in
human plasma: role of carbon monoxide. Blood Coagul Fibrinolysis. 2013;24:405 - 10.
108. Biondi-Zoccai G, Frati G, Abbate A. Noncompliance and Cessation of Dual Antiplatelet
Therapy After Coronary Stenting: Looking at the Speck Rather Than Noticing the Log?∗. JACC
Cardiovas Interv. 2015;8:411-3.
109. Frelinger AL, Bhatt DL, Lee RD, Mulford DJ, Wu JT, Nudurupati S, et al. Clopidogrel
Pharmacokinetics and Pharmacodynamics Vary Widely Despite Exclusion or Control of
Polymorphisms (CYP2C19, ABCB1, PON1), Non-Compliance, Diet, Smoking, Co-Medications
(including Proton Pump Inhibitors), and Pre-Existent Variability in Platelet Function. Blood.
2012;120:872-9.
110. Gurbel PA, Tantry US. Drug insight: Clopidogrel nonresponsiveness. Nat Clin Pract
Cardiovas Med. 2006;3:387-95.
111. Gurbel PA, Bliden KP, Hiatt BL, O'Connor CM. Clopidogrel for coronary stenting:
response variability, drug resistance, and the effect of pretreatment platelet reactivity.
Circulation. 2003;107:2908-13.
112. Godschalk TC, Hackeng CM, Ten Berg JM. Towards personalized medicine based on
platelet function testing for stent thrombosis patients. Thrombosis. 2012;2012:617098.

35
113. Singer RF, Williams O, Mercado C, Chen B, Talaulikar G, Walters G, et al. Regional citrate
anticoagulation in hemodialysis: an observational study of safety, efficacy, and effect on
calcium balance during routine care. Can J Kidney Health Dis. 2016;3:1-10.
114. Smith BR, Rinder HM. Cariopulmanory Bypass. In: Michelson AD, editor. Platelets. Third
ed. London: Academic Press; 2012. p. 1075-96.
115. Peek GJ, Firmin RK. The inflammatory and coagulative response to prolonged
extracorporeal membrane oxygenation. ASAIO J. 1999;45:250-63.
116. Walpoth BH, Bowlin GL. The daunting quest for a small diameter vascular graft. Expert
Rev Med Devices. 2005;2:647-51.
117. Williams DF. There is no such thing as a biocompatible material. Biomaterials.
2014;35:10009-14.
118. Peerschke EI, Yin W, Ghebrehiwet B. Complement activation on platelets: implications
for vascular inflammation and thrombosis. Mol Immunol. 2010;47:2170-5.
119. Markiewski MM, Nilsson B, Ekdahl KN, Mollnes TE, Lambris JD. Complement and
coagulation: strangers or partners in crime? Trends Immunol. 2007;28:184-92.
120. Semple JW, Italiano JE, Jr., Freedman J. Platelets and the immune continuum. Nat Rev
Immunol. 2011;11:264-74.
121. ISO 10993-4 DIS, future replacement for ISO 10993-4 (2002; Amended 2006), Biological
evaluation of medical devices - Part 4: Selection of tests for interactions with blood.
Association for the Advancement of Medical Instrumentation. 2015.
122. Wolf MF, Anderson JM. Blood Compatibility Assessment in Medical Devices:
Considerations and Standards. In: Boutrand J-P, editor. Biocompatibility and Performance in
Medical Devices: Woodhead Publishing Inc.; 2012. p. 159-200.
123. Chandler WL, Roshal M. Optimization of Plasma Fluorogenic Thrombin-Generation
Assays. Am J Clin Pathol. 2009;132:169-79.
124. van Velzen JF, Laros-van Gorkom BA, Pop GA, van Heerde WL. Multicolor flow cytometry
for evaluation of platelet surface antigens and activation markers. Thromb Res. 2012;130:928.
125. Michelson AD, Barnard MR, Krueger LA, Frelinger AL, 3rd, Furman MI. Evaluation of
platelet function by flow cytometry. Methods. 2000;21:259-70.
126. Hagberg IA, Lyberg T. Blood platelet activation evaluated by flow cytometry: optimised
methods for clinical studies. Platelets. 2000;11:137-50.
127. Tarnok A, Mahnke A, Muller M, Zotz RJ. Rapid in vitro biocompatibility assay of
endovascular stents by flow cytometry using platelet activation and platelet-leukocyte
aggregation. Cytometry. 1999;38:30-9.
128. Krishhan VV, Khan IH, Luciw PA. Multiplexed microbead immunoassays by flow
cytometry for molecular profiling: Basic concepts and proteomics applications. Crit Rev
Biotechnol. 2009;29:29-43.

36
129. Vieira-de-Abreu A, Campbell RA, Weyrich AS, Zimmerman GA. Platelets: versatile
effector cells in hemostasis, inflammation, and the immune continuum. Semin
Immunopathol. 2012;34:5-30.
130. Furman MI, Benoit SE, Barnard MR, Valeri CR, Borbone ML, Becker RC, et al. Increased
platelet reactivity and circulating monocyte-platelet aggregates in patients with stable
coronary artery disease. J Am Coll Cardiol. 1998;31:352-8.
131. Michelson AD, Barnard MR, Krueger LA, Valeri CR, Furman MI. Circulating monocyteplatelet aggregates are a more sensitive marker of in vivo platelet activation than platelet
surface P-selectin: studies in baboons, human coronary intervention, and human acute
myocardial infarction. Circulation. 2001;104:1533-7.
132. Freedman JE, Loscalzo J. Platelet–Monocyte Aggregates: Bridging Thrombosis and
Inflammation. Circulation. 2002;105:2130-2.
133. Sarma J, Laan CA, Alam S, Jha A, Fox KA, Dransfield I. Increased platelet binding to
circulating monocytes in acute coronary syndromes. Circulation. 2002;105:2166-71.
134. Arraud N, Linares R, Tan S, Gounou C, Pasquet JM, Mornet S, et al. Extracellular vesicles
from blood plasma: determination of their morphology, size, phenotype and concentration. J
Thromb Haemost. 2014;12:614-27.
135. Chandler WL, Yeung W, Tait JF. A new microparticle size calibration standard for use in
measuring smaller microparticles using a new flow cytometer. J Thromb Haemost.
2011;9:1216-24.
136. Shantsila E, Montoro-Garcia S, Gallego P, Lip GY. Circulating microparticles: challenges
and perspectives of flow cytometric assessment. Thromb Haemost. 2014;111:1009-14.
137. van Oeveren W, Tielliu IF, de Hart J. Comparison of modified chandler, roller pump, and
ball valve circulation models for in vitro testing in high blood flow conditions: application in
thrombogenicity testing of different materials for vascular applications. Int J Biomater.
2012;2012:673163.
138. Aarts PA, van den Broek SA, Prins GW, Kuiken GD, Sixma JJ, Heethaar RM. Blood
platelets are concentrated near the wall and red blood cells, in the center in flowing blood.
Arteriosclerosis. 1988;8:819-24.
139. Fitzgibbon S, Cowman J, Ricco AJ, Kenny D, Shaqfeh ES. Examining platelet adhesion
via Stokes flow simulations and microfluidic experiments. Soft Matter. 2015;11:355-67.
140. Kroll MH, Hellums JD, McIntire LV, Schafer AI, Moake JL. Platelets and shear stress.
Blood. 1996;88:1525-41.
141. Branchford BR, Ng CJ, Neeves KB, Di Paola J. Microfluidic technology as an emerging
clinical tool to evaluate thrombosis and hemostasis. Thromb Res. 2015;136:13-9.
142. Westein E, de Witt S, Lamers M, Cosemans J, Heemskerk JWM. Monitoring in vitro
thrombus formation with novel microfluidic devices. Platelets. 2012;23:501-9.
143. Gutierrez E, Petrich BG, Shattil SJ, Ginsberg MH, Groisman A, Kasirer-Friede A.
Microfluidic devices for studies of shear-dependent platelet adhesion. Lab Chip. 2008;8:148695.

37
144. Westein E, van der Meer AD, Kuijpers MJE, Frimat JP, van den Berg A, Heemskerk JWM.
Atherosclerotic geometries exacerbate pathological thrombus formation poststenosis in a von
Willebrand factor-dependent manner. Proc Natl Acad Sci U S A. 2013;110:1357-62.
145. Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W, Chen CS. Control of Stem Cell Fate
by Physical Interactions with the Extracellular Matrix. Cell Stem Cell. 2009;5:17-26.
146. von der Mark K, Park J, Bauer S, Schmuki P. Nanoscale engineering of biomimetic
surfaces: cues from the extracellular matrix. Cell Tissue Res. 2010;339:131-53.
147. Chen L, Han D, Jiang L. On improving blood compatibility: From bioinspired to synthetic
design and fabrication of biointerfacial topography at micro/nano scales. Colloids Surf B
Biointerfaces. 2011;85:2-7.
148. Sussman EM, Halpin MC, Muster J, Moon RT, Ratner BD. Porous Implants Modulate
Healing and Induce Shifts in Local Macrophage Polarization in the Foreign Body Reaction.
Ann Biomed Eng. 2014;42:1508-16.
149. Lutter C, Nothhaft M, Rzany A, Garlichs CD, Cicha I. Effect of specific surface
microstructures on substrate endothelialisation and thrombogenicity: Importance for stent
design. Clin Hemorheol Microcirc. 2015;59:219-33.
150. Wieland M, Textor M, Spencer ND, Brunette DM. Wavelength-dependent roughness: A
quantitative approach to characterizing the topography of rough titanium surfaces. Int J Oral
Maxillofac Implants. 2001;16:163-81.
151. Branch DW, Wheeler BC, Brewer GJ, Leckband DE. Long-term stability of grafted
polyethylene glycol surfaces for use with microstamped substrates in neuronal cell culture.
Biomaterials. 2001;22:1035-47.
152. Stang K, Krajewski S, Neumann B, Kurz J, Post M, Stoppelkamp S, et al.
Hemocompatibility testing according to ISO 10993-4: Discrimination between pyrogen- and
device-induced hemostatic activation. Mater Sci Eng C-Mater Biol Appl. 2014;42:422-8.
153. Brubert J, Krajewski S, Wendel HP, Nair S, Stasiak J, Moggridge GD. Hemocompatibility
of styrenic block copolymers for use in prosthetic heart valves. J Mater Sci Mater Med.
2016;27:32.
154. Hanson SR, Harker LA, Ratner BD, Hoffman AS. Factors influencing platelet
consumption by polyacrylamide hydrogels. Ann Biomed Eng. 1979;7:357-67.
155. Grabowski EF, Herther KK, Didisheim P. Human vs. dog platelet adhesion to Cuprophane
under controlled conditions of whole blood flow. J Lab Clin Med. 1976;88:368-74.
156. Pelagalli A, Belisario MA, Tafuri S, Lombardi P, d'Angelo D, Avallone L, et al. Adhesive
properties of platelets from different animal species. J Comp Pathol. 2003;128:127-31.
157. Goodman SL. Sheep, pig, and human platelet-material interactions with model
cardiovascular biomaterials. J Biomed Mater Res. 1999;45:240-50.
158. Boudreaux MK, Ebbe S. Comparison of platelet number, mean platelet volume and
platelet mass in five mammalian species. Comp Haematol Int. 1998;8:16-20.
159. Jirouskova M, Shet AS, Johnson GJ. A guide to murine platelet structure, function, assays,
and genetic alterations. J Thromb Haemost. 2007;5:661-9.

38
160. Schuurman HJ, Smith HT, Cozzi E. Reference values for clinical chemistry and clinical
hematology parameters in baboons. Xenotransplantation. 2004;11:511-6.
161. National Heart Lung and Blood Institute Working Group on Blood-Material Interactions.
Guidelines for blood-material interactions: report of the National Heart, Lung, and Blood
Institute working group. Rev. Sept. 1985 ed: [Bethesda, Md.] : U.S. Dept. of Health and Human
Services, Public Health Service, National Institutes of Health; 1985.
162. Virmani R, Kolodgie FD, Farb A, Lafont A. Drug eluting stents: are human and animal
studies comparable? Heart. 2003;89:133-8.
163. de Prado AP, Perez-Martinez C, Cuellas C, Gonzalo-Orden JM, Diego A, Regueiro M, et
al. Preclinical Evaluation of Coronary Stents: Focus on Safety Issues. Curr Vasc Pharmacol.
2013;11:74-99.
164. Carney E, Natl Heart L, Blood Inst P. Animal Models for Pediatric Circulatory Support
Device Pre-Clinical Testing. ASAIO J. 2009;55:6-9.
165. Al-Saady NM, Obel OA, Camm AJ. Left atrial appendage: structure, function, and role in
thromboembolism. Heart. 1999;82:547-54.
166. Braune S, Walter M, Schulze F, Lendlein A, Jung F. Changes in platelet morphology and
function during 24 hours of storage. Clin Hemorheol Microcirc. 2014;58:159-70.
167. Hu H, Forslund M, Li N. Influence of extracellular calcium on single platelet activation as
measured by whole blood flow cytometry. Thromb Res. 2005;116:241-7.
168. Golanski J, Pietrucha T, Baj Z, Greger J, Watala C. Molecular insights into the
anticoagulant-induced spontaneous activation of platelets in whole blood-various
anticoagulants are not equal. Thromb Res. 1996;83:199-216.
169. Schneider DJ, Tracy PB, Mann KG, Sobel BE. Differential effects of anticoagulants on the
activation of platelets ex vivo. Circulation. 1997;96:2877-83.
170. Hartley PS. Platelet senescence and death. Clin Lab. 2007;53:157-66.
171. McGuigan AP, Sefton MV. The influence of biomaterials on endothelial cell
thrombogenicity. Biomaterials. 2007;28:2547-71.
172. Morante S, Rossi G. The Notion of Scientific Knowledge in Biology. Sci Educ. 2016;25:16597.
173. Regenmortel MHVV. Reductionism and complexity in molecular biology. EMBO Reports.
2004;5:1016-20.
174. Zak DE, Aderem A. Systems biology of innate immunity. Immunol Rev. 2009;227:26482.
175. Diamond SL. Systems biology of coagulation. J Thromb Haemost. 2013;11:224-32.
176. Packham MA, Rand ML. Historical perspective on ADP-induced platelet activation.
Purinergic signalling. 2011;7:283-92.
177. Rink TJ, Hallam TJ. What turns platelets on. Trends Biochem Sci. 1984;9:215-9.

39
178. Cattaneo M, Gachet C, Cazenave JP, Packham MA. Adenosine diphosphate(ADP) does
not induce thromboxane A2 generation in human platelets. Blood. 2002;99:3868-9; author
reply 9-70.
179. Donati A, Gupta S, Reviakine I. Subpopulations in purified platelets adhering on glass.
Biointerphases. 2016;11:029811.
180. Heemskerk JWM, Mattheij NJA, Cosemans JMEM. Platelet-based coagulation: different
populations, different functions. J Thromb Haemost. 2013;11:2-16.
181. Gupta S, Reviakine I. Platelet activation profiles on TiO2: effect of Ca2+ binding to the
surface. Biointerphases. 2012;7:28.
182. Gupta S, Donati A, Reviakine I. Differences in intracellular calcium dynamics cause
differences in α-granule secretion and phosphatidylserine expression in platelets adhering on
glass and TiO2. Biointerphases. 2016;11:029807.
183. Broberg M, Nygren H. Platelet interactions with surface-adsorbed plasma proteins:
exposure of CD62P induced by von Willebrand factor. Colloids Surf B Biointerfaces.
1998;11:67-77.
184. Kang IK, Ito Y, Sisido M, Imanishi Y. Serotonin and beta-thromboglobulin release
reaction from platelet as triggered by interaction with polypeptide derivatives. J Biomed Mater
Res. 1988;22:595-611.
185. Siegel RR, Harder P, Dahint R, Grunze M, Josse F, Mrksich M, et al. On-line detection of
nonspecific protein adsorption at artificial surfaces. Anal Chem. 1997;69:3321-8.
186. Sivaraman B, Latour RA. The relationship between platelet adhesion on surfaces and the
structure versus the amount of adsorbed fibrinogen. Biomaterials. 2012;31:832-9.
187. Sivaraman B, Latour RA. Time-dependent conformational changes in adsorbed albumin
and its effect on platelet adhesion. Langmuir. 2012;28:2745-52.
188. Horbett TA. Principles Underlying the Role of Adsorbed Plasma Proteins in Blood
Interactions With Foreign Materials. Cardiovasc Pathol. 1993;2:137 - 48.
189. Kasemo B. Biological surface science. Surf Sci. 2002;500:656-77.
190. Tsai WB, Grunkemeier JM, McFarland CD, Horbett TA. Platelet adhesion to polystyrenebased surfaces preadsorbed with plasmas selectively depleted in fibrinogen, fibronectin,
vitronectin, or von Willebrand's factor. J Biomed Mater Res. 2002;60:348-59.
191. Grunkemeier JM, Tsai WB, Horbett TA. Hemocompatibility of treated polystyrene
substrates: contact activation, platelet adhesion, and procoagulant activity of adherent
platelets. J Biomed Mater Res. 1998;41:657-70.
192. Leckband D, Sheth S, Halperin A. Grafted poly(ethylene oxide) brushes as nonfouling
surface coatings. J Biomater Sci, Polym Ed. 1999;10:1125-47.
193. De Somer F, Francois K, van Oeveren W, Poelaert J, De Wolf D, Ebels T, et al.
Phosphorylcholine coating of extracorporeal circuits provides natural protection against blood
activation by the material surface. Eur J Cardiothorac Surg. 2000;18:602-6.

40
194. Smith RS, Zhang Z, Bouchard M, Li J, Lapp HS, Brotske GR, et al. Vascular Catheters
with a Nonleaching Poly-Sulfobetaine Surface Modification Reduce Thrombus Formation and
Microbial Attachment. Sci Transl Med. 2012;4:153ra32-ra32.
195. Leslie DC, Waterhouse A, Berthet JB, Valentin TM, Watters AL, Jain A, et al. A bioinspired
omniphobic surface coating on medical devices prevents thrombosis and biofouling. Nat
Biotech. 2014;32:1134-40.
196. Brash JL. Exploiting the current paradigm of blood-material interactions for the rational
design of blood-compatible materials. J Biomater Sci Polym Ed. 2000;11:1135-46.
197. Alibeik S, Zhu S, Brash JL. Surface modification with PEG and hirudin for protein
resistance and thrombin neutralization in blood contact. Colloids Surf B Biointerfaces.
2010;81:389-96.
198. Zhan WJ, Shi XJ, Yu Q, Lyu ZL, Cao LM, Du H, et al. Bioinspired Blood Compatible
Surface Having Combined Fibrinolytic and Vascular Endothelium-Like Properties via a
Sequential Coimmobilization Strategy. Adv Funct Mater. 2015;25:5206-13.
199. Banerjee I, Pangule RC, Kane RS. Antifouling Coatings: Recent Developments in the
Design of Surfaces That Prevent Fouling by Proteins, Bacteria, and Marine Organisms. Adv
Mater. 2011;23:690-718.
200. Rosenhahn A, Schilp S, Kreuzer HJ, Grunze M. The role of "inert'' surface chemistry in
marine biofouling prevention. Phys Chem Chem Phys. 2010;12:4275-86.
201. Gunkel G, Huck WT. Cooperative adsorption of lipoprotein phospholipids, triglycerides,
and cholesteryl esters are a key factor in nonspecific adsorption from blood plasma to
antifouling polymer surfaces. J Am Chem Soc. 2013;135:7047-52.
202. Riedel T, Riedelova-Reicheltova Z, Majek P, Rodriguez-Emmenegger C, Houska M, Dyr
JE, et al. Complete identification of proteins responsible for human blood plasma fouling on
poly(ethylene glycol)-based surfaces. Langmuir. 2013;29:3388-97.
203. Hansson KM, Tosatti S, Isaksson J, Wettero J, Textor M, Lindahl TL, et al. Whole blood
coagulation on protein adsorption-resistant PEG and peptide functionalised PEG-coated
titanium surfaces. Biomaterials. 2005;26:861-72.
204. Vroman L, Adams AL, Fischer GC, Munoz PC. Interaction of high molecular weight
kininogen, factor XII, and fibrinogen in plasma at interfaces. Blood. 1980;55:156-9.
205. Vroman L, Adams AL. Identification of rapid changes at plasma-solid interfaces. J
Biomed Mater Res. 1969;3:43-67.
206. Kirschhofer F, Rieder A, Prechtl C, Kuhl B, Sabljo K, Woll C, et al. Quartz crystal
microbalance with dissipation coupled to on-chip MALDI-ToF mass spectrometry as a tool for
characterising proteinaceous conditioning films on functionalised surfaces. Anal Chim Acta.
2013;802:95-102.
207. Silva-Bermudez P, Rodil SE. An overview of protein adsorption on metal oxide coatings
for biomedical implants. Surf Coat Technol. 2013;233:147-58.
208. Cedervall T, Lynch I, Foy M, Berggard T, Donnelly SC, Cagney G, et al. Detailed
identification of plasma proteins adsorbed on copolymer nanoparticles. Angew Chem.
2007;46:5754-6.

41
209. Tenzer S, Docter D, Kuharev J, Musyanovych A, Fetz V, Hecht R, et al. Rapid formation
of plasma protein corona critically affects nanoparticle pathophysiology. Nat nanotechnol.
2013;8:772-81.
210. Capriotti AL, Caracciolo G, Cavaliere C, Foglia P, Pozzi D, Samperi R, et al. Do plasma
proteins distinguish between liposomes of varying charge density? J Proteomics.
2012;75:1924-32.
211. Lazarovits J, Chen YY, Sykes EA, Chan WC. Nanoparticle-blood interactions: the
implications on solid tumour targeting. Chem Commun. 2015;51:2756-67.
212. Mishra A, Tummala P, King A, Lee B, Kraus M, Tse V, et al. Buffered platelet-rich plasma
enhances mesenchymal stem cell proliferation and chondrogenic differentiation. Tissue Eng
Part C Methods. 2009;15:431-5.
213. Weibrich G, Kleis WK, Hitzler WE, Hafner G. Comparison of the platelet concentrate
collection system with the plasma-rich-in-growth-factors kit to produce platelet-rich plasma:
a technical report. Int J Oral Maxillofac Implants. 2005;20:118-23.
214. Eppley BL, Pietrzak WS, Blanton M. Platelet-Rich Plasma: A Review of Biology and
Applications in Plastic Surgery. Plast Reconstr Surg. 2006;118:147E-59E.
215. Bieback K. Platelet lysate as replacement for fetal bovine serum in mesenchymal stromal
cell cultures. Transfus Medicine Hemother. 2013;40:326-35.
216. Berger K, Wood SJ, Sauvage LR, Rao AM. Healing of arterial prostheses in man - its
incompleteness. Ann Surg. 1972;175:118-&.
217. Park JW, Gerk U, Franke RP, Jung F. Post-mortem analysis of a left atrial appendage
occlusion device (PLAATO) in a patient with permanent atrial fibrillation. Cardiology.
2009;112:205-8.
218. Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE. Geometric control of cell life
and death. Science. 1997;276:1425-8.
219. Marklein RA, Burdick JA. Controlling Stem Cell Fate with Material Design. Adv Mater.
2012;22:175-89.
220. Reviakine I. New Faces of Biointerfaces? Biointerphases. 2013;8:26.

