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Abstract

From stents and large-diameter vascular grafts, to mechanical heart valves and blood pumps,

blood-contacting devices are enjoying significant clinical success owing to the application of

systemic antiplatelet and anticoagulation therapies. On the contrary, research into material and

device hemocompatibility aimed at alleviating the need for systemic therapies has suffered a

decline. This research area is undergoing a renaissance fueled by recent fundamental insights into

coagulation and inflammation that are offering new avenues of investigation, the growing



recognition of the limitations facing existing therapeutic approaches, and the severity of the
cardiovascular disorders epidemic. This Opinion article discusses clinical needs for
hemocompatible materials and the emerging research directions for fulfilling those needs. Based
on the 2017 BloodSurf conference that brought together clinicians, scientists, and engineers from
academia, industry, and regulatory bodies, its purpose is to draw the attention of the wider clinical

and scientific community to stimulate further growth.

Statement of Significance: The article highlights recent fundamental insights into coagulation,
inflammation, and blood-biomaterial interactions that are fueling a renaissance in the field of
material hemocompatibility. It will be useful for clinicians, scientists, engineers, representatives
of industry and regulatory bodies working on the problem of developing hemocompatible

materials and devices for treating cardiovascular disorders,
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1. Blood-Biomaterial Interactions: State of the Art and Clinical Needs

Existing biomaterials have failed to meet clinical needs in blood-contacting applications. After
over 70 years of research, there is no formula for material design to ensure blood compatibility
and many questions on how synthetic materials interact with blood remain unanswered. Although
functional mechanical heart valves, large- diameter vascular prostheses, vascular stents, blood
oxygenators, and blood pumps are now widely used clinically, the interactions between the
synthetic materials used in these devices and blood invariably result in adverse, and often

disastrous effects, including, perhaps most significantly, thrombotic and thrombo-embolic events.



Recently, it has become clear that elements of the inflammatory system are also involved, and that
they impact the thrombotic process that has been the main focus of blood compatibility research
for several decades. Research in the fields of biomaterials and surface science aimed at addressing
thrombosis, thrombo-embolization, and the impact of inflammation on these phenomena has
suffered a decline over the past several years and progress has slowed accordingly as discussed
recently’*. The perceived intractability of the blood compatibility problem may have contributed

to this decline, thus motivating investigators to shift their efforts to other areas of biomaterials.

Currently, thrombotic complications from the use of artificial cardiovascular implants are managed
pharmacologically using systemic antiplatelet and/or anticoagulation therapies (APT and ACT) >
8 The development of these therapies has allowed device-based cardiovascular interventions to
become common, relatively safe treatment that are saving and improving the quality of millions
of lives worldwide. Recent statistics on these medical successes were compiled in a previous

review®.

Systemic APT/ACT therapeutic approaches are widely used, and new opinions are continuously
being developed®®. They do, however, have well-recognized limitations such as risk of
hemorrhage, costly long-term patient management, contraindications for many patients, as well as
the persistence of thrombotic events in significant numbers of patients treated with ATP and/or
ACT?* 58 Furthermore, current pharmacological strategies have been ineffective in preventing
the thrombotic occlusion of synthetic vascular grafts with diameters smaller than 6 mm?!, and this
“barrier” remains to be broken. Despite recent developments with decellularized vascular
matrices!?!3, the lack of synthetic small-diameter grafts constitutes a serious limitation on the
treatment of small vessel occlusion, the current gold standard for the treatment of which remains

autologous vein grafting-not an option for many patients.



Clearly, then, there is an urgent clinical need for blood-contacting devices that do not provoke
thrombo-embolic events, and that function without the need for long-term systemic pharmacologic
intervention. It follows that the essential element required to fill this need is the availability of non-
thrombogenic biomaterials. Given the global prevalence of cardiovascular diseases, much of which
can be alleviated using blood contacting devices'4, the resolution of the material
hemoincompatibility problem should be seen as a high priority for the biomaterials research
community. The challenge is great and the stakes are high, and it seems opportune at this time to

call for a renaissance of research activity.

Recent years have witnessed significant advances in the understanding of hemostasis and
thrombosis, platelet physiology, and the interactions between thrombotic and inflammatory
responses, affording a fresh look at the problem of blood-biomaterial interactions. To catalyze
these efforts, and to facilitate the integration of the new knowledge into materials research and
development, a series of meetings, termed “BloodSurf,” were initiated that connected clinicians,
scientists, engineers, and representatives of industry and regulatory bodies—i.e. all of the partners
necessary for effectively tackling the multifaceted problem of hemocompatibility. The first of
these was held in Frejus, France in October of 2014, and the second took place at Clemson
University (Clemson, SC, USA) in September of 2017%°, with some 20 invited speakers addressing
the critical issues related to the design and testing of hemocompatible biomaterials (Figure 1). The

highlights of this meeting are presented herein.
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Figure 1: Key topics shaping blood-biomaterial interaction research, from recent advances to
outstanding issues centered on the clinical needs.

2. Recent Advances

2.1 Probing the fundamentals of hemocompatibility

A major impediment to designing bloos-contacting devices that meet clinical needs has been the
lack of a mechanistic understanding of blood-material interactions. Blood contains sensitive
defense systems—hemostatic and inflammatory cascades—that react readily, and often
catastrophically, to contact with “foreign” materials. A key recent realization is the significant

degree to which hemostatic and inflammatory cascades are interconnected® 16-21, Examples of their



interconnected nature include the contribution of surface-adhering leukocytes to material-induced
thrombosis, and surface-activated platelets—to the material-induced inflammatory response,??-2
as well as interactions between complement, platelets, and coagulation at the blood-biomaterial
surface'” 2730 Several studies furthermore point to the importance of platelet-monocyte
interactions in connecting the inflammatory and hemostatic pathways®® 31-%°  suggesting that the
role of these interactions in the response of blood to biomaterials should be examined in more
detail. Thus, while platelets do occupy a central position at the intersection between hemostatic
and inflammatory cascades, making them excellent targets for systemic therapies, materials or
devices with the sole property of avoiding platelet activation are not likely to be fully blood

compatible.

Another recent advance is the elucidation of the role of the contact (intrinsic) pathway of the
coagulation cascade in thrombosis. Here, factor XII (FXII, Hageman factor) is activated through
contact with surfaces, leading to thrombin generation, fibrin clot formation, and proinflammatory
signaling. Activation of the contact pathway by negatively charged surfaces is the basis for the
activated partial thromboplastin time (aPTT) test widely used in the clinic to evaluate
coagulation®. Yet, the role of the contact pathway in physiological hemostasis is not significant.
It turned out, however, to play a key role in pathological thrombosis®*®%’, making FXlla, as well as
another factor of the contact pathway, FXla, attractive targets for developing new
anticoagulants®, Indeed, there is evidence of reduced bleeding risk when using FXlla function-
neutralizing antibodies in rabbits on cardiopulmonary bypass*, and clinical trials are under way
evaluating several different FXI-targeting anticoagulants in humans®; some are showing
promising results (superior efficacy without increased bleeding risk), bit not yet in areas related to

cardiovascular implants.



In summary, understanding in greater detail how the various elements of the hemostatic and
inflammatory cascades fit together appears to be a major requirement for further progress in the

development of clinically relevant biomaterials.

Fresh insight into blood-biomaterial interaction mechanisms is also expected from recent studies
of the formation, organization, and dynamics of thrombi in-vivo using combined intravital
microscopy/computational fluid dynamics techniques and systems approaches41-47. Studies of
this kind highlight the crucial role of the damaged endothelium as the locus of thrombin generation,
and show that platelet aggregation in primary hemostasis results in clots with layered structures
consisting of a dense platelet "core" and a more loosely packed "shell". The higher platelet density
near the core functions to restrict platelet agonist diffusion to the bulk blood flow. In the design of
blood-contacting devices, the pertinent questions are not only why current biomaterial surfaces
activate these innate systems, but how the mechanisms of activation differ in the presence of

synthetic surfaces and what can be done to control or prevent these effects.

Also of fundamental importance in blood-biomaterial interactions are the flow conditions, and
particularly the shear stresses to which the system is exposed. Shear stresses in blood circulation
range from zero (stagnant blood) to low (venous flows) to high (arterials flows). There is evidence
that the intrinsic clotting system is activated at low shear stress conditions while platelets are
activated at high shear stress*. Thus the designation of a material as “blood compatible” should
specify flow conditions, with some materials being relatively compatible in venous flows and
others in arterial flows. These ideas fit with the recently articulated notion that biocompatibility is

a function of the device and its biological environment, rather than of the device alone*.



2.2 Assessing Material Hemocompatibility

Decades of research have failed to yield a specific, universally accepted, set of metrics for
quantifying the extent to which a material is prothrombotic or proinflammatory in the clinical
setting. The lack of such metrics severely limits design and development of new biomaterials.
Recent studies have, however, led to some progress in this regard. The emerging consensus is that
for material assessment, fresh whole human blood is preferable to platelet-rich plasma, other blood
fractions, or animal blood®’; that whole blood assays must be performed under flow (or at least
agitation) to limit RBC sedimentation and to take account of the augmentation effect of red cell
motions on platelet adhesion®!; that EDTA or citrate anticoagulation can substantially suppress
blood-material interactions due to their strong calcium chelating ability, and may not be suitable
for material assessment in many cases; and that both surface-and fluid-phase components of the
response need to be measured. Furthermore, using blood from apparently healthy subjects versus
donors with coronary artery disease, who more closely reflect the clinical situation, may lead to an
underestimation of material thrombogenicity>3*.

With the multitude of factors at play, there is an acute need for systematic inter-laboratory
comparisons aimed at standardizing experimental procedures for assessing material
hemocompatibility. In this context, a recent randomized, double-blind multicenter round-robin
study demonstrated that inter-laboratory consistency can be achieved in the in-vitro
thrombogenicity testing of biomaterials when critical steps of the test protocol are stringently
standardized, underscoring the need for more detailed characterization of blood before it is used
in biomaterial assessment®2. Harmonization of the donor group (apparently healthy adult human
donors), the test setup, pre-analytical characterization and handling of the blood, blood preparation

(e.g. centrifugation) and processing (e.g. storage time and total duration of the test), material



exposure time as well as selection of a specific anticoagulant and its dosage, are key protocol
parameters.

Another pressing issue is the lack of an agreed-upon standard negative (minimally thrombogenic)
control for assessing hemocompatibility. Currently, PTFE® is often used as a standard to compare
materials, but its use as a negative control is not without controversy, and both clinicians and
researchers agree that a better standard is needed for material comparison. Its design remains an
open challenge.

It is important to note that development and standardization of the material assessment assays are
relied upon by regulatory agencies, such as the Food and Drug Administration (FDA). Therefore,
challenges facing biomaterial and material device thrombogenicity evaluation translate into a
discord between the regulatory agencies and research. For example, 1SO-10993-4% contains a
wider selection of tests for blood-device interactions than are fully recognized by the FDA as of

2017.

2.3 Emerging Trends

Based on recent advances in the understanding of thrombosis, hemostasis, inflammation, and their
interactions as referred to above, several key research directions were identified by the BloodSurf
2017 meeting. The aim is to provide clinicians with blood-contacting materials that manage
material-induced adverse effects locally as they occur at/on the device instead of relying on
systemic APT/ACT. This approach implies that the materials should be intrinsically non-

thrombogenic and non-inflammatory.

First, investigations of blood-biomaterial interactions and the evaluation of material

hemocompatibility in-vitro and in-vivo should exploit multiparametric assay®’ and systems



approaches*’ that are uniquely suitable for grasping the interconnected nature of the coagulation

and inflammatory cascades.

In-vitro, there are examples of studies doing just that: Engberg et al. examined correlations
between adsorption of proteins from plasma on polymeric materials and proinflammatory cytokine
levels in whole blood exposed to the same materials. They found a correlation between the ratio
of C4 to C4BP (C4 binding protein) on material surfaces and levels of several proinflammatory
cytokines in whole blood exposed to these materials58; Donati et al., in the work presented at the
meeting, examined correlations between hemostatic and inflammatory activation markers in whole
human blood interacting with metallic biomaterials, and found a correlation between activation of
platelets and leukocytes (monocytes and neutrophils) in the platelet-leukocyte aggregates and

thrombin generation®®.

In-vivo, the development of assays targeting biomarkers for monitoring disease progression or
predicting device-associated adverse effects is an area of research that is beyond the scope of this
article. Some highlights include the early realization that in the case of bare metal stents, baseline
or post-implantation levels of an inflammatory marker, C-reactive protein (CRP), and post-
implantation levels of platelet activation, as measured by the expression of CD62P (P-selectin),
were predictive of restenosis and stent thrombosis, respectively60-62. More recently, it was shown
in heart failure patients on ventricular assist devices (VAD) that the assessment of inflammatory
biomarkers (CRP, cytokines, leukocytes, and their microparticles) could allow disease progression
and the effects of VAD therapy on the failing heart to be monitored, highlighting the need for
evaluating inflammatory markers during VAD design in vitro®. Blood cell microparticles were
reported as potentially relevant for predicting adverse events in VAD patients®, with the caution

that their analysis by flow cytometry presents certain challenges®®. Last but not least, analysis of
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microRNAs (miRNAs), which are emerging as a source of diagnostic and prognostic information
in cardiovascular disorders®, appears to also enable monitoring of the normalization of heart

function in left ventricular assist device patients®’.

Second, research on so-called protein resistant surfaces (also referred to as antifouling, barrier, or
passivating surfaces) suggests that protein-surface interactions are an inescapable reality, and
cannot be completely suppressed® %8 6. Adsorption of proteins is the first significant event that
occurs when blood contacts a foreign surface and the layer generally contains proteins which
initiate the coagulation and thrombotic responses. Therefore, surface design must include the
control of protein-surface interactions, with the aim of suppressing non-specific adsorption
(including that of prothrombotic proteins such as von Willebrand factor and fibrinogen) as much
as possible and promoting the adsorption of antithrombotic or “friendly” proteins such as aloumin,
antithrombin, plasminogen and tissue plasminogen activator. To this end, the interactions of the
blood proteins at and with surfaces should be understood in much more detail, and sophisticated
proteomics methods specific to this task should be developed. In this context, there is a need to
compile an extensive database on the composition of the protein layers absorbed from blood for a
broad range of materials and material types. It is also important to know how the identities and
relative quantities of the adsorbed proteins vary over time, how the various proteins compete for
different surface sites, whether proteins in the fluid phase can displace those on the surface, and
whether adsorbed proteins have altered bioactivity. Some of these questions are currently under
investigation in studies of nanoparticle-blood interactions, where a protein layer, called the
“protein corona” forms rapidly on the surface of the particle’® "2,

Third, in contrast to most previous designs based on emulating a single biological function multi-

functional surfaces, taking cues from the vascular endothelium, should be developed. It seems
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unlikely that surfaces having only one kind of function or activity will be sufficiently blood
compatible under all conditions and over long times as was already discussed above in the context
of platelet-, leukocyte-, and complement-surface interactions. Vascular endothelium relies on
multiple mechanisms to maintain blood fluidity: antifouling, anticoagulant, antiplatelet (nitric-
oxide releasing), and pro-fibrinolytic (clot-destroying). Several such biomimetic strategies are
under development, including super-slippery liquid perfluorocarbons™, thrombin-responsive
fibrinolytic hydrogels™, and nitric-oxide-releasing coatings’. The challenge is to combine these
and other functions in a single material. Much work remains to be done before these ideas can be

translated into a successful clinical device.

2.4 New Tools for Studying Blood and Blood-biomaterial Interactions

Part of the BloodSurf 2017 meeting was dedicated to new and emerging methods for studying
blood in the context of blood-biomaterial interactions and the interactions themselves. Highlights
include in vitro analysis of coagulation at surfaces by videoimaging’®’’ and by fluorescence
microscopy and image analysis in cuvettes and flow chambers’®. The latter technique provides
extremely detailed quantitative information on platelet localization and movement, clot
contractility, and density within the thrombus in real time’. The adoption of this technique more
broadly is likely to give new insights and to have a strong impact on our understanding of blood-
biomaterial interactions. Another highlight is Time-of-Flight Secondary lon Mass Spectrometry
(ToF-SIMS). An ultra-high vacuum surface analytical technique, ToF-SIMS has been used in the
past to study blood proteins adsorbed on biomaterial surfaces®® 8. More recent biomedical
application include analysis of biopsies and cancer cells®> &, Finally, emerging microfluidics
testing platforms to study blood-biomaterial interactions allow the exposure of blood to complex

flow geometries, controlled shear stresses, different surface chemistries, and different

12



anticoagulation conditions, providing new opportunities for multiplexed analysis of the intricate

interactions between blood and materials®®.

3. Summary and Outlook

Blood-contacting materials and devices currently used in patients with cardiovascular disorders
rely on systemic anticoagulation and antiplatelet therapy to function and avoid thromboembolic
problems. However, there is a recognized clinical need for materials and devices that manage
adverse thrombotic and inflammatory effects locally at the device/blood interface, thereby
minimizing the need for systemic therapy. Recent progress in the understanding of coagulation
and thrombosis, and of the cross-talk between the hemostatic and inflammatory cascades, opens
new avenues of investigation for studying blood-biomaterial interactions to address this challenge.
The BloodSurf meetings were organized to catalyze interactions and collaborations among
clinicians, scientists, and engineers from academia, industry, and regulatory agencies working
towards this goal. In this contribution, we reflect on the state-of-the-art of the field and offer
suggestions for future directions that emerged from the discussions. We invite the wider clinical
and scientific community, industrial partners, and regulatory and funding agencies to join these
efforts to solve the blood compatibility problem. The stakes in terms of human health, healthcare,
and quality of life are too high for this problem to be ignored, as has largely been the case in recent
years. A renewed assault armed with new knowledge and tools, some presently available, some

yet to be discovered, is overdue.
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