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Abstract

Although the thrombogenic nature of the surfaces of cardiovascular devices is an important aspect
of blood biocompatibility, few studies have examined platelet deposition onto opaque materials
used for these devices in real time. This is particularly true for the metallic surfaces used in current
ventricular assist devices (VADSs). Using hemoglobin depleted red blood cells (RBC ghosts) and
long working distance optics to visualize platelet deposition, we sought to perform such an
evaluation. Fluorescently labeled platelets mixed with human RBC ghosts were perfused across 6
opaque materials (a titanium alloy (Ti6Al4V), silicon carbide (SiC), alumina (Al,03), 2-
methacryloyloxyethyl phosphorylcholine polymer coated Ti6AI4V (MPC-Ti6Al4V), yttria
partially stabilized zirconia (YZTP), and zirconia toughened alumina (ZTA)) for 5 min at wall
shear rates of 400 and 1000 sec™2. Ti6AI4V had significantly increased platelet deposition relative
to MPC-Ti6AIl4V, Al,O3, YZTP, and ZTA at both wall shear rates (P <0.01). For all test surfaces,
increasing the wall shear rate produced a trend of decreased platelet adhesion. The described
system can be a utilized as a tool for comparative analysis of candidate blood-contacting materials
with acute blood contact.
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Introduction

The implantation of several important cardiovascular devices, such as vascular grafts, stents,
and cardiac valves, is associated with a risk of device-initiated thrombosis and
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thromboembolic events [1,2]. A substantial portion of biomaterials research has been
devoted to developing methods to reduce the thrombogenicity of these devices through their
design and surface manipulation [1-5]. Numerous reports have focused on developing inert,
nonfouling materials to prevent platelet adhesion and subsequent thrombus formation. For
example, the anticoagulant heparin has been immobilized through covalent bonding, ionic
bonding, and physical adsorption [1-4]. To reduce platelet deposition onto common metallic
biomaterials, coatings such as diamond like carbon (DLC) and 2-methacryloyloxyethyl
phosphorylcholine (MPC) polymers have been investigated [2, 3, 5]. Although a wide array
of approaches have been investigated to reduce material thrombogenicity, thrombosis
complications remain of clinical significance for many devices. Thus surfaces with
improved biocompatibility, as well as methods to quantify such improvements, remain of
interest to the cardiovascular device community.

Amongst blood contacting devices, continuous flow ventricular assist devices (VADS)
present particular blood biocompatibility challenges due to their complex blood flow
pathways, supra-physiological shear rates, large blood contacting surface areas, and
extended implant periods in patients with advanced cardiovascular disease. Consequently,
the threat of thromboembolic events and pump thrombosis continues to be a major concern
among implanting centers [2, 6-8]. A recent multicenter study by Starling et al. found that
there has been an increase in device-related thrombosis in patients implanted with the
Heartmate 11 VAD (Thoratec, Pleasanton, CA), one of the most widely used VADs and
currently the only device of its kind to be FDA-approved for “destination therapy” (i.e.
permanent implantation) [6, 9]. This increase was associated with substantial morbidity and
mortality. The authors reported that the incidence of device-related thrombosis has increased
from 2.2% in 2011 to 8.4% in 2013 [9]. A contributing factor for this complication may be
recent trends of reducing the levels of anti-coagulation to decrease the incidences of gastro-
intestinal bleeding [10].

The manufacturers of the Heartmate-I1 and other continuous flow VADs currently use a
polished titanium alloy (Ti6AIl4V) as the blood contacting surface due to its desirable
mechanical properties, resistance to corrosion, and tolerable blood compatibility [11].
However, in vitro studies have shown that this alloy exhibited elevated acute
thrombogenicity compared to other coated surfaces (e.g. polyethylene glycol and diamond-
like coatings) or related alloys (Ti6AI7Nb) [2, 5, 12, 13]. This study was therefore
conducted to perform a systematic side-by-side comparison of six candidate biomaterials
currently being considered for application in continuous-flow blood pumps. However, since
these materials are opaque, traditional methods for real time visualization of platelet
deposition, such as fluorescent microscopy utilizing whole blood, are not readily applicable.
The present study demonstrates a method to overcome this limitation through the use of a
blood analogue containing transparent, hemoglobin depleted red blood cells (RBC ghosts)
combined with fluorescently-labeled platelets. The experimental preparation consisted of a
parallel plate flow chamber with epifluorescence microscopy having a long working-
distance objective. This preparation permitted real-time observation of deposition and
embolization to identify promising alternatives to Ti6Al4V to improve the overall blood
compatibility of the device, reducing reliance on anticoagulation and anti-platelet agents.
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Materials and Methods

Platelet Collection and Fluorescent Labeling

Fresh whole blood was collected after informed consent from 27 healthy donors (13 male,
14 female), who had refrained from taking any platelet altering medications 14 days prior to
collection, with a mean age of 35+12 years in accordance with Institutional Review Board
guidelines. Platelet-rich-plasma (PRP) was collected by centrifuging citrated blood (0.5 mL
Vacutainer tubes, [0.105M] citrate, BD, Franklin Lakes, NJ, USA) at 250xg for 15 min.
Platelets (2.7 + 0.30 x 108 per mL) were fluorescently labeled by the addition of quinacrine
dihydrochloride (0.5 uM final concentration, Sigma-Aldrich, St. Louis, MO, USA) to the
PRP. Quinacrine dihydrochloride was chosen because studies have shown that platelet
function is not affected when a final concentration < 20 uM is used [14, 15].

RBC Ghost Preparation and Characterization

Packed RBCs (type O-, Valley Biomedical Products & Services, Inc., Winchester, VA,
USA) were converted into RBC ghosts through the modification of established protocols
[16-19]. Briefly, the RBCs were rinsed and centrifuged (2000xg, 15 min) three times with
phosphate buffered saline without Ca2* or Mg2* (PBS, VWR International LLC., Radnor,
PA, USA) and then suspended in PBS at a 50% hematocrit. While incubated between 0-
6°C, 1 mL of RBC suspension was added to every 9 mL of a lysing solution composed of
4mM MgSQy, 5X concentrated PBS (25 mL per L distilled water), and acetic acid (Sigma-
Aldrich, 80uL per L of distilled water) in distilled water with a final osmolality of 40 mOsm
and pH of 5.0-5.2. After 5 min incubation, osmolality and pH were increased to physiologic
norms (300 mOsm and 7.8, respectively) by the addition of 0.3 mL of 5X concentrated PBS
and 2uL of 1M Tris buffer (Thermo Fisher Scientific Inc., Pittsburgh, PA, USA) per mL of
cell suspension and stored at 0-6 degrees C for 8 hrs. The cells were then resealed by
incubation at 37°C for 1 hr. The suspension was centrifuged at 25400xg for 30 min and the
supernatant was discarded. The cells were washed 3 times with PBS (25400xg for 30 min)
and stored in PBS with 100 mg/L gentamicin (Thermo Fisher Scientific). The resulting RBC
ghosts were observed to be translucent. The donor PRP was utilized within 6 hr after being
drawn to minimize platelet activation. Therefore RBC ghosts were prepared prior to the
blood draw and added to the donor PRP. Blood type O~ RBCs were used to create RBC
ghosts cells to allow mixing with any donor PRP blood type. The RBC ghosts were stored
up to 2 wk at 4-6°C and a final hematocrit of = 95%. These cells were utilized in the
perfusion experiments within this time.

Prior to RBC ghost creation, an aliquot of native RBCs was set aside for comparative
rheological testing. The viscosity of RBC ghosts in human plasma was measured using a
cone and plate viscometer (Brookfield Digital Rheometer, Model DV-III, Brookfield
Engineering Laboratories, Inc., Stoughton, MA, USA) and compared to native RBCs at the
same hematocrit. The elongation of RBC ghosts and native RBCs at various wall shear rates
was measured using an optical rheology system (CSS-450, Linkam Scientific Instruments
Ltd., Tadworth, Surrey, UK) and analyzed using ImageJ (NIH). The elongation index was
calculated as (L-W)/(L+W) where L and W are the major and minor axes of the ellipse
representing elongated RBC, respectively.

J Biomed Mater Res A. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jamiolkowski et al. Page 4

Test Materials

Ti6AIl4V and 5 alternative materials or coatings were analyzed: Ti6Al4V (Supra Alloys Inc.,
Camarillo, CA, USA), a madified 2-methacryloyloxyethyl phosphorylcholine polymer
coated Ti6Al4V (MPC-Ti6Al4V), silicon carbide (SiC; CoorsTek, Inc., Golden, CO, USA)
alumina (Al,O3; CoorsTek), yttria partially stabilized zirconia (YZTP; CoorsTek), and
Zirconia Toughened Alumina (ZTA; CoorsTek). All the materials had a mirror polish finish.
MPC-TI6AL4V was prepared in the authors’ laboratory using previously reported protocols
[4]. The materials evaluated were selected for their physical characteristics, which were
generally compatible with use as blood contacting materials in a continuous flow VAD. A
contact angle goniometer (VCA optima, AST Product Inc., Billerica, MA) was used to
measure the contact angle of 1 uL of distilled water at room temperature on each surface. All
samples were cleaned with Simple Green® (Thermo Fisher Scientific Inc.) and Tergazyme®
(Alconox, Inc., White Plains, NY, USA) and then sonicated three times with distilled water
prior to testing using a protocol based on the cleaning methods utilized for continuous flow
VADs undergoing preclinical testing [20].

Parallel Plate Flow Chamber

The parallel plate flow chamber design was similar to that described by Kent et al. [21]. The
top plate was clear acrylic with angled nylon inflow and outflow luer connectors, and the
bottom plate was the interchangeable test material. A simple clamping mechanism held the
plates together, with a silicone gasket outlining the channel width and length (5 x 8 mm).
Aluminum shim stock was placed between the plates to provide a precisely defined channel
height of 0.076 mm (Figure 1A-B). The flow within this chamber was assumed to be one-
dimensional laminar parallel plate flow (Reynolds numbers between 0.1 and 0.4) [5, 21].

Blood Analogue Perfusion and Image Acquisition

The experimental flow path is presented in Figure 1C. All non-test surfaces were passivated
by incubation with 1% bovine serum albumin (BSA, microbiological grade powder; MP
Biomedicals, LLC, Solon, OH, USA) in PBS for 20 min prior to perfusion. To verify
passivation, platelet deposition onto the acrylic top plate was qualitatively assessed after the
perfusion experiments. Few to no adherent platelets were found. Quinacrine dihydrochloride
- labeled PRP was mixed with RBC ghosts to produce an end hematocrit of 25% and a final
platelet concentration of 2.0 + 0.2 x 108 platelets/mL. This suspension was collected into a
20 mL polystyrene syringe (BD Biosciences) and pulled through the parallel plate flow
chamber by a syringe pump (Harvard Apparatus, Holliston, Massachusetts, USA) for 5 min
at flow rates of 0.118 and 0.295 mL/min (wall shear rates of 400 sec™! and 1000 sec, !
respectively). These wall shear rates were chosen to represent a low (400 sec™1) and high
(1000 sec™1) physiological rate. Continuous flow VADs produce a wide range of wall shear
rates within the pumps, including supra-physiological wall shear rates of >25000 sec™?
(shear stress > 100 N/m?2) [22—24]. However, the wall shear rates represented in this study
are characteristic of those produced within the inlet and outlet regions and along the outer
wall of centrifugal VADs (e.qg. the clinically utilized HeartWare) [22, 23] and near the inlet
in a region called the inducer in axial flow VADs (e.g. the clinically utilized HeartMate 1)
[24].

J Biomed Mater Res A. Author manuscript; available in PMC 2016 April 01.
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Platelet adhesion was visualized within a 200x200 micron region of interest, located 4 mm
downstream from the inlet connector, in real time, using an inverted epifluorescence
microscope (Olympus I1X FLA, Olympus Corporation, Shinjuku, Tokyo, Japan) with a 40x
super long working distance objective (PlanFL, phase contrast, working distance 6.5 mm —
8.3 mm, numerical aperture 0.55, and maximum acceptable coverslip thicknesses of 2.6 mm;
Olympus Corporation) and a 103W HBO short arc mercury lamp light source (OSRAM
GmbH, Munich, Germany). Images were acquired every 0.4 sec beginning at one min after
the start of perfusion using a CCD camera (PCO-TECH Inc., Romulus, Michigan, USA).

Images were analyzed by thresholding the intensity, subjectively to eliminate spurious
artifacts (See Figure 2A and 2B.). The surface coverage (in percent) of deposited platelets
was computed using a custom written program in MatLab (MathWorks, Inc., Natick, MA,
USA). To visually determine the accuracy of the analysis the outline of the original image
was overlaid onto the original image (Figure 2C).

Scanning Electron Microscopy

Following perfusion, samples were gently rinsed with PBS and incubated with
glutaraldehyde (2.5% in PBS; Sigma-Aldrich) for 10 min. Next, the materials were washed
3 times with PBS and dehydrated in consecutive stages of increasing ethanol (Sigma-
Aldrich) concentrations. The samples were then chemically dried with hexamethyldisilazane
(Thermo Fisher). Finally, the samples were coated with gold-palladium (Hummer VI
Sputtering System, TechnicsWest, Inc., San Jose, California, USA) and scanning electron
micrographs (SEMs) were obtained (images obtained using scanning electron microscope
model JSM6330F, JEOL, Tokyo, Japan).

Flow Cytometry

Bulk phase activation of the platelets was measured by flow cytometry using previously
described methods [25]. Briefly, blood was sampled from the exit port of the parallel plate
chamber at two points in time: immediately after the sample initially crossed the test surface
(determined visually) and also after 5 min perfusion. Aliquots of these samples were
incubated in buffer solution (Tyrode’s solution with 1% BSA, Electron Microscopy Science,
Hatfield, PA, USA) with fluorescein isothiocyanate — conjugated mouse anti-human CD42b
(CD42b, clone LG.3A10; AbDSerotec, Raleigh, NC, USA) and either recombinant
phycoerythrin—conjugated (RPE) mouse anti-human CD62P or RPE-conjugated isotype-
matched control antibody (CD62P and Mouse 1gG, clones Psel.KO.2.5 and W3/25,
respectively; both from AbDSerotec) in the dark for 20 min. The cells were washed with
Tyrode’s solution with 1% BSA and 0.106 M sodium citrate dehydrate (Thermo Fisher),
centrifuged, and the pellet isolated. The cells were re-suspended in 1% paraformaldehyde
(Sigma-Aldrich) and stored at 4° C (<24 hr) until analyzed. CD42b+ events (>5000) were
collected on a 3-color FACScan (BD Biosciences) and analyzed with WINList software
(Verity Software House, Topsham, ME).
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Statistical Analyses

All data are presented as mean + standard error of the mean. Data were analyzed by two-
way, repeated measures ANOVA with specific post- hoc testing using the Bonferroni
correction. SPSS v20 (IBM Corp, Armonk, NY) was used for all statistical analyses.

Results

RBC Ghost Rheology

To verify that flow behavior of RBC ghosts is similar to that of native RBCs, the rheological
properties of RBC ghost suspensions were examined by comparing their viscosity as a
function of shear rate to that of native RBCs used for the ghost preparation. Figure 3A
depicts the viscosity response of native and ghost RBCs in plasma over a range of shear
rates. No difference between the two curves was found (Figure 3A, P=0.61). Similarly, there
was no difference found in deformability of the original RBCs and their ghosts (Figure 3B)
and in their calculated elongation indices (Figure 3C; P = 0.41). Additionally, no significant
difference in bulk phase platelet activation was detected between PRP and PRP mixed with
RBC ghosts (8.7 £ 0.9% and 7.3 + 0.9%, respectively; P=0.13, N=5).

Acute Platelet Adhesion on Test Surfaces

Representative fluorescent images of platelet adhesion onto the 6 opaque test surfaces after 5
min of perfusion at wall shear rates of 400 and 1000 sec™! are shown in Figure 4. At the
lower wall shear rate of 400 sec™2, Ti6AI4V had 6.0% + 2.0% (n=7) platelet deposition after
60 sec of perfusion, which continued to increase throughout the test resulting in platelet
surface area coverage of 11.2 £ 1.6% (Figure 5). Similarly, SiC had 5.5% + 1.2% (n=7) at
60 sec of perfusion which increased to 15.6 + 2.2% in 5 min. Platelet adhesion onto
Ti6Al4V and SiC increased significantly with time and were not different from each other
(P<0.05). In contrast, Al,O3, YZTP, ZTA, and MPC-TI6AI4V all had significantly lower
platelet adhesion (P<0.005) than the previous two surfaces, with average end platelet surface
coverage of 3.3 £ 0.9%, 2.5 + 1.1%, 1.3 £ 0.3%, and 1.2 £ 0.5%, respectively (Figure 5).

At the higher wall shear rate of 1000 sec™2, all of the test materials had significantly less
platelet adhesion than Ti6Al4V (P<0.001) (Figure 6). After 5 min perfusion, Ti6Al4V had
platelet surface coverage of 4.8 £ 1.0%. In contrast, Al,O3, SiC, YZTP, ZTA, and MPC-
TI6AI4V had average end platelet surface coverage of 1.2 + 0.3%, 0.66 + 0.35%, 0.60 £
0.17%, 0.32 + 0.13%, and 0.63 * 0.23%, respectively.

Representative real-time perfusion videos of platelets adhering to all six surfaces, at wall
shear rates of 400 or 1000 sec™?, are available in the Supplemental Material (Figure S2-13).
Although all materials had visible platelet deposition present during the experiments, the
most pronounced thrombi formations were clearly observed with the Ti6AI4V samples at
high and low wall shear rates and SiC samples at low wall shear rates. The thrombi grew in
elliptical patterns, with the long axis aligned in the direction of flow. Embolization of
fragments and entire thrombi were observed sporadically with the Ti6Al4V, SiC, Al,O3, and
YZTP samples. Examination of the length of the flow path following perfusion indicated

J Biomed Mater Res A. Author manuscript; available in PMC 2016 April 01.
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that platelets reacted uniformly with the test materials and were not diffusion-limited by the
rapid depletion of platelets onto the surface at the inlet of the chamber [26].

Wall Shear Rate Effect on Platelet Adhesion

Curves comparing platelet adhesion to each of the six test surfaces at the two wall shear
rates are presented in the supplemental material (Figure S1). Increasing the wall shear rate
from 400 to 1000 sec™! produced a trend of decreased platelet adhesion to the test surfaces.
This trend was significant for all of the surfaces, except MPC-Ti6AIl4V (P<0.05). The
largest change in platelet adhesion between wall shear rates occurred with SiC, in which a
95 + 2% decrease in platelet surface coverage was observed at t = 5 min at the higher
perfusion rate.

Surface Contact Angles, Scanning Electron Microscopy and Flow Cytometry

Water contact angles of the materials measured prior to use were as follows; Ti6Al4V: 55.3
+3.1° SiC: 72.14 + 3.6°, Al203: 69.2 + 2.7°, YZTP: 31.3 £ 2.0°, ZTA: 42.0 £ 2.1°, and
MPC-Ti6AL4V: 20.6 + 2.1°.

Scanning electron micrographs of platelet deposition following blood analogue perfusion
revealed similar adhesion patterns on the material surfaces as shown in the fluorescent
images (Figure 7). Similar to the fluorescent images, the scanning electron micrographs
revealed oval thrombi aligned in the direction of flow on the Ti6Al4V at both wall shear
rates and on SiC at a wall shear rate of 400 sec™2. Also, these micrographs verify that there
is substantially less platelet deposition on the four other test surfaces. From the flow
cytometry data, there was no difference found between materials or over the course of the
perfusions in bulk phase platelet activation or circulating platelet-platelet microaggregate
formation (P > 0.25). The average percent of activated platelets and microaggregates across
all of the materials at both time points were 8.0 £ 2.1% and 1.2 + 0.3% respectively.

Discussion

Characterization of the in vitro thrombogenicity of surfaces is an important step in
developing and selecting new materials for use in blood-wetted devices. Previous methods
for examining acute platelet deposition have utilized end-point analysis [27, 28], required
that the material be transparent [29] or have used PRP instead of blood to perfuse over the
surfaces [30]. The use of RBC ghosts mixed with PRP allows for a more physiologically
relevant analysis of platelet deposition. Native RBCs have been shown to be involved in the
transport of platelets to the vessel wall [17]. When blood flows through the microvessels the
RBCs migrate towards the center of the vessels, crowding the platelets outward and
increasing their concentration at the vessel wall [17, 31]. This phenomenon has also been
observed with in vitro flow systems, where the increased platelet gradient near the test
surfaces enhances platelet-surface interactions and increases the likelihood of platelet
adhesion [31, 32]. A recent computational model of platelet adhesion in shear flow suggests
that platelet adhesion is dependent upon near-wall collisions with RBCs [33].

The axial migration of RBCs that promotes platelet transport away from the center of
vessels is also dependent on the unique abilities of RBCs to deform and aggregate [34, 35].

J Biomed Mater Res A. Author manuscript; available in PMC 2016 April 01.
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The combination of aggregation and the deformability of RBCs are also responsible for the
shear-thinning characteristics of whole blood [36]. Because the ghost RBCs produced in this
study had an identical viscosity curve and deformability as native red blood cells, they are
expected to produce the same transport phenomena. Therefore, optically clear RBC ghosts
were deemed acceptable substitutes for native RBCs in order to maintain the increased
platelet concentration near the chamber walls while producing a transparent test fluid.

A parallel plate microfluidic device was chosen for this study because it provided one-
dimensional, laminar flow and a defined wall shear rate [5, 21]. Szarvas et al. [37] found the
parallel plate flow chamber to be superior to the cone and plate viscometer as the latter
reduced surface-specific platelet deposition and experienced an increased reduction in single
platelets with time. Other studies have utilized commercially available rotating disk or
modified cone and plate viscometer systems to examine platelet adhesion to artificial
surfaces with a wall shear stress gradient along the diameter of the disk or plate [38—41].
However, real-time videos of platelet deposition on opaque surfaces using whole blood with
these systems have not yet been described. Uchida et al. [39] used a cone and plate
viscometer to show that time dependent platelet adhesion could be reduced by coating
commercially pure titanium with apatite, and apatite composites. However, images were
only acquired every 5 min for a total of 15 min and PRP was utilized instead of whole blood
[39]. Furukawa et al. [41] modified a cone and plate viscometer with transparent quartz
glass which allowed for real time imaging of epifluorescent platelet deposition onto clear
and opaque materials. However, PRP was still used as the perfusion fluid [41].

Schaub et al. previously presented a method for visualization of time-dependent platelet
deposition on opaque surfaces [5]. In that report platelet deposition was measured on opaque
metallic and polymeric materials at discrete time points by introducing into the fluid path a
fiber optic bundle coupled to an epifluorescent microscope. However, this technique allowed
for only brief periodic visualization of platelet adhesion with a limited field of view (100 um
diameter). Additionally, each time the fiber optic bundle was inserted into the chamber it
altered the fluid dynamics of the system, potentially influencing subsequent observations.
The methods described in this report avoid all these limitations by providing an increased
field of view, improved image quality, and no disturbance to the flow field.

Variations in the extent and nature of protein adsorption, particularly fibrinogen, would be
expected to be related to the variation in platelet adhesion observed between materials. Ye et
al. previously incubated Ti6Al4V and MPC-Ti6Al4V in buffer solution containing ovine
fibrinogen and quantified surface protein adsorption [4]. It was found that MPC-Ti6Al4V
had significantly less fibrinogen adsorption than the unmodified titanium alloy [4], which
could explain the marked reductions in platelet adhesion observed in this study. While it has
been demonstrated that fibrinogen from plasma dominates as the blood adsorbate driving
platelet adhesion on artificial surfaces [42], a key factor is the conformational state of the
adsorbed fibrinogen and not necessarily the total amount of adsorbed protein [43]. The
employment of monoclonal antibodies specific for platelet binding sites on fibrinogen would
be a means to investigate whether the trends in platelet adhesion observed in this study for
the various opaque surfaces could be directly related back to fibrinogen adsorption and
orientation on the surface [43].
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In this study, all materials exhibited an inverse relationship between wall shear rate and area
of platelet coverage. Previous studies that investigated the effect of shear rate on platelet
adhesion onto highly thrombogenic surfaces such as type | collagen or tissue factor showed
that platelet deposition increased directly with shear rate [44, 45]. This may simply be due to
higher shear rates being associated with greater platelet transport to these surfaces, which
are highly platelet reactive [26, 46]. For the surfaces used in this study, the reduced platelet
deposition at higher wall shear rates could be explained by shorter periods of interaction
between near-wall platelets and surface-bound ligands or greater drag forces on platelets
forming transient surface bonds [26, 46]. The results suggest that reducing device regions
under a low wall shear rate may aid in lowering device thrombogenicity. Of particular note
was the 23-fold drop in platelet coverage observed with the SiC samples at the end of the 5
min perfusion. While the results indicate less than 1% surface area coverage at the 1000
sec™! wall shear rate, the videos show transient thrombotic deposition that embolizes
quickly before larger thrombi can form. This is a qualitative observation that was unable to
be analyzed quantitatively. While the discrete time point results suggest that SiC is less
thrombogenic than Ti6AI4V at this wall shear rate, the accompanying real-time video
suggests that SiC has material properties that encourage embolization and may present a
clinical risk should the phenomenon occur in vivo and allow the shedding of emboli large
enough to trigger tissue ischemia. Hoffman et al. reported similar material properties with
hydrogel coatings where blood-contacting materials implanted in animals would lack
obvious deposition onto the test surfaces at the time of explant, but where the animals had
infarcts in tissue beds distal to the hydrogels [47].

Trial and error approaches to materials selection and flow path design may be used by
device manufacturers in an effort to reduce thrombogenicity complications. Such methods
are time-consuming and expensive, with often unpredictable outcomes. Computational
models have been developed to reduce the time and cost of designing and producing safe,
effective blood-wetted devices [48-52]. Flamm et al [52] performed a multiscale simulation
of platelet deposition onto collagen under flow. The images produced from this simulation
were visually similar to the real-time images of platelet deposition onto Ti6AI4V in the
current report, suggesting that this computational model might also be applicable to
synthetic biomaterials. The data collected form this study could be used to advance the
accuracy and utility of such predictive models of thrombosis in blood-wetted cardiovascular
devices.

An obvious limitation to this study is its acute, in vitro nature. Test materials were subjected
to blood analogue perfusion for five min, whereas the tested materials would be implanted
for much longer periods of time. However, when screening an array of alternative materials
for in vivo testing, those forming large thrombi or experiencing substantial embolization
acutely might be eliminated in favor of less reactive alternatives. A possible alternative to
using a single-pass experiment would be utilizing a recirculating flow loop. This would
allow for longer perfusion times and increase individual platelet interactions with the
material surface through multiple passes. However, the blood would also contact larger
areas of non-test surfaces, introducing artifact in the system.
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Another potential limitation in this study is the use of a dilute suspension of red blood cells
(25% hematocrit). Although this is lower than the average hematocrit for healthy
individuals, it is not atypical for patients implanted with VADs [53]. Sodium citrate was
used to limit the platelet activation caused by the blood draw. This may have reduced bulk
phase platelet activation and microaggregate formation during the experiment. Heparin
could have been used to mimic the anticoagulants given to VAD patients; however, studies
have shown that the in vitro use of heparin as an anticoagulant can result in a greater
incidence of spontaneous platelet aggregation and activation when compared to sodium
citrate [54, 55].

When RBC ghosts are prepared, the majority of their contents are released and replaced with
a saline solution. Thus RBC ghosts contain markedly less adenosine diphosphate (ADP)
when compared to native RBCs, raising concerns that they may not be a suitable model,
since this platelet agonist could not be released as in the native RBCs. However, because the
flow produced in the flow chamber is steady laminar flow and the wall shear rates to which
the RBCs are exposed are physiological, there should be limited hemolysis or shear-induced
ADP release.

A final limitation of note is that thrombus growth in the vertical direction and total platelet
deposition was not quantified in these experiments. While earlier work has shown that the
overall fluorescence intensity of the microscopic field of view might be used as a correlate
of platelet deposition, [56] this was not possible with the current system. High background
fluorescence from free quinacrine dihydrochloride in the clear perfusate was a confounding
factor here, as was the lack of opaque RBCs to quench this free fluorophore. The temporal
measurements of platelet adhesion should thus be considered in the context of the video
data, which demonstrate that the platelet adhesion was reflective of the formation of distinct
thrombi. The observation that the thrombi grow in elliptical patterns in the downstream
direction is in agreement with similar studies investigating mural thrombus formation [57].
These thrombi would presumably also grow in the vertical direction as later arriving
platelets preferred to join existing thrombi rather than adhere to patches of the surface where
platelets were not adhering.

Conclusion

Mixing of RBC ghosts with fluorescently-labeled platelets creates an effective blood
analogue with which the acute thrombogenicity of opaque blood-contacting materials can be
assessed. This method was used to evaluate several materials under consideration for
utilization in blood-contacting medical devices, such as VADs. The reduced platelet
deposition at elevated wall shear rate that was observed in this study suggests that the blood
biocompatibility of VADs might be improved by minimizing the areas of low shear blood
contact. Furthermore, this technique revealed that MPC-TI6AL4V and ZTA have improved
thromboresistance when compared to Ti6Al4V and, thus, may be alternatives for
consideration in future VAD designs.
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Figure 1.
Parallel plate flow chamber and experimental set up. A) The circular metallic piece and

rectangle were secured around the flow chamber with screws. B) The flow path was formed
from a silicon gasket. Thin aluminum shim stock can be seen along the length of either side
of the silicone gasket to ensure a precise chamber height. C)The blood analogue was
perfused through the chamber and across the sample for 5 min. Images were acquired, in
real time, 4mm from the inlet by a CCD camera. The transparent blood analogue and long
working distance objective allowed for real time visualization of adherent fluorescent
platelets through the flow path onto the opaque test surface.
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Figure 2.
Image analysis to quantify the percent platelet surface coverage. A) Original fluorescent

image of platelets adhered to SiC after 5 min of perfusion, B) binary image rendered by the
MatLab program, C) original fluorescent image overlaid with the outline of the binary
image. Scale bar =40 um
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Figure 3.

A) Comparing the viscosity of native and ghost RBCs in human plasma at a matched
hematocrit of 27%. B) Mixture of native and ghost RBCs subjected to a wall shear rate of

1100 sec™1. Red and blue arrows indicate a native and ghost RBC respectively. Scale bar =
40 um. C) Deformability of native and ghost RBCs.
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Figure4.
Representative fluorescent images of platelets adhered to A) Ti6Al4V, B) SiC, C) Al,O3, D)

YZTP, E) ZTA, and F) MPC-TI6AL4V after 5 min of perfusion. Scale bar = 40 pm.
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Figureb5.
Acute platelet adhesion on test materials perfused at a wall shear rate of 400 sec™L. Images

were acquired at 4mm distance from the inlet of the parallel plate flow chamber.
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Figure®6.
Acute platelet adhesion on test materials perfused at a wall shear rate of 1000 sec™L. Images

were acquired 4mm from the inlet of the parallel plate flow chamber.
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Figure7.

Representative scanning electron micrographs of platelets adhered to A) Ti6Al4V, B) SiC,
C) Al,03, D) YZTP, E) ZTA, and F) MPC-TI6AL4V after 5 min of perfusion. Scale bar =

40 pm.
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