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Abstract

Over the years, several polymers have been developed for use in prosthetic heart valves as 

alternatives to xenografts. However, most of these materials are beset with a variety of issues, 

including low material strength, biodegradation, high dynamic creep, calcification, and poor 

hemocompatibility. We studied the mechanical, surface, and flow-mediated thrombogenic 

response of poly(Styrene-coblock-4-vinylbenzocyclobutene)-polyIsoButylene-poly(Styrene-

coblock-4-vinylbenzocylcobutene) (xSIBS), a thermoset version of the thermoplastic elastomeric 

polyolefin poly(Styrene-block-IsoButylene-block-Styrene) (SIBS), which has been shown to be 

resistant to in vivo hydrolysis, oxidation, and enzymolysis. Uniaxial tensile testing yielded an 

ultimate tensile strength of 35 MPa, 24.5 times greater than for SIBS. Surface analysis yielded a 

mean contact angle of 82.05° and surface roughness of 144 nm, which was greater than for poly(ε-

caprolactone) (PCL) and poly(methyl methacrylate) (PMMA). However, the change in platelet 

activation state, a predictor of thrombogenicity, was not significantly different from PCL and 

PMMA after fluid exposure to 1 dyne/cm2 and 20 dyne/cm2. In addition, the number of adherent 
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platelets after 10 dyne/cm2 flow exposure was on the same order of magnitude as PCL and 

PMMA. The mechanical strength and low thrombogenicity of xSIBS therefore suggest it as a 

viable polymeric substrate for fabrication of prosthetic heart valves, and other cardiovascular 

devices.

Keywords

parallel plate flow chamber; hemodynamic shearing device; thrombin; SIBS; polymers

1. Introduction

The thermoplastic elastomer polyolefin poly(Styrene-block-IsoButylene-block-Styrene) 

(“SIBS”) has been thoroughly described and successfully utilized in commercial medical 

applications.1 SIBS has been shown to be “super-biostable,” i.e., without evidence of in vivo 

hydrolysis, oxidation, or enzymolysis.1 However, as a thermoplastic, SIBS has limited 

utility due to its high dynamic creep, especially in applications subject to dynamic loading.2 

It was tested for use as a biomaterial in the development of novel trileaflet polymeric 

prosthetic heart valves (PPHV), in which SIBS was used as a coating for an underlying and 

reinforcing polyester mesh (SIBS-Composite), but to no avail.3–6 However, 

hemocompatibility tests confirmed the low thrombogenic potential of SIBS in that 

application, especially in the presence of human platelets under shear flows.3, 7–9 In order to 

overcome the mechanical limitations of SIBS, a novel thermoset formulation was developed. 

Copolymerization of 4-vinylbenzocyclobutene (4-VBCB) comonomer units into the 

polystyrene-based hard segments of SIBS yielded poly(Styrene-coblock-4-

vinylbenzocyclobutene)-polyIsoButylene-poly(Styrene-coblock-4-vinylbenzocylcobutene) 

triblock copolymer, which is capable of post-polymerization, thermal crosslinking via a 

Diels-Alder-like reaction involving the benzocyclobutene moieties (Figure 1). This cross-

linked version of SIBS (“xSIBS”, U.S. Patent No. 8,765,89510) may be a viable biomaterial 

in applications where chronic cyclic loading of the material is expected, such as in PPHVs. 

As such, xSIBS promises to be a useful fabrication material for development of an effective 

alternative to xenograft-based valves, which are prone to calcification and degradation.11–12 

The modulation of the ratio of styrene-to-isobutylene and 4-VBCB-to-isobutylene produces 

harder (more styrene and/or 4-VBCB) or softer (less styrene and/or 4-VBCB) materials, 

with an optimum ratio for different applications. In this paper, we present our experience 

with xSIBS in PPHV development. Further, our findings emphasize the potential utility of 

xSIBS for other clinical applications.

We have developed a functionally and hemodynamically optimized PPHV using 

xSIBS.13–14 The advantage of the use of xSIBS in PPHVs is that it can be thermo-

compression molded to form the valve structure and is cross-linked in the mold. This has 

allowed for design modifications that were not previously achievable by casting or dip-

coating,6 leading to an optimized stress distribution within the leaflet under physiologic 

cardiac loading.13 This design novelty has predicted higher durability for an xSIBS PPHV 

compared to SIBS-Composite and near equivalence to xenograft material.13 To date, no one 

has been successful in developing a clinically viable PPHV, mainly due to a persistent use of 
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polyurethanes and designs15–16 that have proven to be unsuitable for use in PHVs.17 While 

there are some promising nano-composite polyurethanes being tested,18 long-term data are 

currently not available. Alternatively, xSIBS, with its SIBS-like enhanced biostability, 

coupled with significantly strengthened mechanical properties, may be a successful PPHV 

biomaterial. Furthermore, with the advent of transcatheter aortic valve replacement 

(TAVR),19 a transcatheter PPHV made from xSIBS may better withstand the procedural 

stresses that damage xenograft leaflets.20–24 Taking advantage of the moldability of xSIBS 

enables optimized transcatheter PPHV designs that may translate to better clinical outcomes 

than those achievable with current xenograft-based devices.17 The success of a PPHV will 

be a significant synthetic biomaterial milestone and another step forward from the use of 

present xenografts with their inherent limitations.

Here we present results and analysis of the physical characterization and platelet interactions 

of molded xSIBS sheets subjected to shear flows. We performed several measurements to 

characterize the physical properties of xSIBS and examined the biomaterial effects on 

human platelets under two different in vitro experimental shear flow conditions: parallel 

plate flow and in a cone-plate-Couette viscometer. Shear stress-induced platelet activation 

and adhesion are major contributors to thrombosis in cardiovascular biomaterials and are 

functions of shear stress magnitude and exposure time.25–29 The mechanical, surface, and 

flow-mediated platelet response examinations conducted in this study significantly add to 

our understanding of the hemocompatibility of xSIBS as a viable PPHV polymeric material 

susbstrate.

2. Materials and Methods

2.1 Preparation of material specimens

Sheets of xSIBS, approximately 100 μm thick, were compression-molded from raw 25% 

styrene-content xSIBS with 2% by weight benzocyclobutene (BCB) as the cross-linker 

(Innovia LLC, Miami, FL) and thermally cross-linked via a Diels-Alder-like reaction10 at 

240°C for 30 min, as previously described.13–14 For structural, platelet activation, and 

platelet adhesion comparison, we also prepared poly(ε-caprolactone) (PCL) and poly(methyl 

methacrylate) (PMMA) samples. PCL has been examined as a potential scaffold material for 

tissue-engineered aortic valves,30 with low platelet adhesion after 2 h on an orbital shaker.31 

Compared to other polymers used in cardiovascular applications, PMMA has yielded higher 

P-selectin,32 thrombin generation,33 and platelet adhesion.32–34 PCL (MW = 80,000, 

PURAC Biomaterials, Lincolnshire, IL) was prepared 20% (w/v) in dichloromethane, and 

was spin-coated onto 2.25 inch diameter glass discs (McMaster-Carr, Robbinsville, NJ) and 

regular microscope slides at 400 rpm for 8 s, followed by 1000 rpm for 45 s. Coated glass 

discs and slides were then hot baked for 1 min at 95°C to evaporate the solvent. Glass discs 

and slides were spin-coated with PMMA in solution phase (MW = 950,000, Microchem 

Corp., Newton, MA) at 400 rpm for 45 s, followed by 1000 rpm for 15 s, and hot baked at 

180°C for 1 min to evaporate the thinner solvent. All materials were rinsed several times 

with double-distilled H2O and once with phosphate-buffered saline (PBS) prior to in vitro 

experiments.
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2.2 Material characterization

2.2.1 ATR-FTIR and tensile testing measurements—As-cast and platelet-exposed 

xSIBS were characterized using Attenuated Total Reflectance – Fourier Transform Infra-

Red (ATR-FTIR) spectroscopy (Nicolet 370, Thermo Fisher Scientific Inc., Waltham, MA) 

for polymer degradation or deterioration. Samples were pressed onto a Zinc Selenide crystal 

at 12 psi. Each spectrum was the average of 32 scans collected over the spectral range of 

500 to 4000 wavenumbers (cm−1). Raw data was exported for further comparison analysis. 

Uniaxial tensile testing was performed on xSIBS samples according to ASTM D882-12/

D638-10 standard at a 5 mm/min pull rate, as previously described.13

2.2.2 Water contact angle measurements—The hydrophobicity or wettability of as-

cast and platelet-exposed xSIBS was analyzed in comparison to PCL and PMMA by using 

an optical contact angle meter (CAM 100, KSV Instruments LTD, Helsinki, Finland). A 

drop of water, approximately 25 μl, was dispensed on the flat platform using a 3 ml syringe 

with 18G Luer Stub Adapter (Becton Dickinson, Franklin Lakes, NJ). Once the droplet was 

stabilized, 6 images were taken for curve fitting using the Young-Laplace equation. Left and 

right contact angles were analyzed. The analysis was repeated three times and an average 

contact angle, with standard deviation (S.D.), was reported.

2.2.3 AFM measurements—Surface topography of as-cast and platelet-exposed xSIBS 

was also analyzed and compared to PCL and PMMA. The 3D topographical images were 

taken with an atomic force microscope (AFM, Dimension 3100, Bruker Biosciences Corp., 

Billerica, MA) in tapping mode with silicon probes (ACTA, Applied Nanostructures, Inc. 

Mountain View, CA). The images were then analyzed using the Bruker Nanoscope Analysis 

software (v1.40). The images were corrected using the 3rd order flattening tool to remove 

tilts and bows from the image. Roughness (Ra) values were obtained using the roughness 

tool included in the software.

2.3 Platelet preparation

Whole blood, 30 ml, was drawn from consenting healthy adult human subjects of both 

genders and anticoagulated with 10% acid citrate dextrose, solution A (ACD-A). The 

protocol for the study, 2012-4427-FAR-3, was approved April 12, 2013 by the Stony Brook 

University IRB Committee on Research Involving Human Subjects. Platelet-rich plasma 

(PRP) was obtained by centrifugation at 650g for 4.5 min. Platelet-poor plasma was 

prepared from a small volume of PRP by centrifuging at 10,000 rpm for 30 s and discarding 

the platelet pellet. For platelet adhesion experiments, PRP was diluted to a platelet count of 

450,000/μl in platelet-poor plasma. Gel-filtered platelets (GFP) were collected after passing 

PRP through a column of Sepharose 2B beads (Sigma-Aldrich, St. Louis, MO).35 For 

platelet activation experiments, GFP were diluted to a count of 20,000/μl in Hepes-buffered 

modified Tyrode’s solution with Mg2+ and K+ added (“platelet buffer”). The platelet 

solution was mixed with 3 mM Ca2+ 10 min prior to experiments.26, 35

2.4 Fluid shear-induced platelet activation

Gel-filtered platelets were exposed to the materials under fluid shear stress in the 

Hemodynamic Shearing Device (HSD, Figure 2), a computer-programmable cone-plate-
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Couette viscometer that can uniformly apply both constant and dynamic fluid shear stresses 

and allows for real-time platelet sampling.25, 36 Use of GFP in the absence of plasma 

proteins allows observation of the direct relationship between fluid shear and thrombin 

generation without platelet aggregation and adhesion. The platelet-contacting parts of the 

HSD are constructed of ultra-high molecular weight polyethylene (UHMWPE) and were 

coated with Sigmacote (Sigma-Aldrich, St. Louis, MO) 5 min prior to experiments. xSIBS 

sheets were cut and adhered onto a 2.25 inch diameter glass disc (McMaster-Carr, 

Robbinsville, NJ). PCL and PMMA were coated onto the glass discs as described earlier. 

The discs were placed on the plate of the HSD and secured with a static ring. A small 

volume, 2 ml, of the platelet mixture was added to the material. The movable cone was 

adjusted to a height of approximately 20 μm above the material using a micrometer. The 

platelet mixture was exposed to 1 dyne/cm2 or 20 dyne/cm2 for 12 min, with 25 μl samples 

withdrawn every 4 min for a chemically modified prothrombinase-based platelet activation 

state (PAS) assay.35, 37 The PAS assay measures the generation of modified thrombin that 

does not participate in the positive platelet activation feedback loop and therefore acts as 

global marker of platelet activation. The PAS assay has been shown to correlate well with P-

selection expression as measured by flow cytometry.3 PAS values were normalized by those 

obtained after sonication at 10 W for 10 s (Branson Sonifier 150, Branson, MO). Thus, PAS 

values are reported as a fraction of the maximum thrombin-generating potential of the 

platelet mixture. In addition, experiments were not performed if the baseline PAS, prior to 

shear and material exposure, exceeded 1% of the sonicated PAS value. The change in PAS, 

ΔPAS, was calculated over the 12 min experimental duration and compared for the 3 

materials using one-way ANOVA with Tukey’s post hoc comparison. Significance was 

achieved for p < 0.05. In addition, platelet count was measured before and after shear 

exposure to ensure no reduction due to lysis or adhesion.

2.5 Fluid shear-induced platelet adhesion

We designed an acrylic parallel plate flow chamber with a 0.25 × 25 × 75 mm flow region 

(Figure 3A). The inflow and outflow conduits start at 1.5 mm and flare out to 9.9 mm. 

Polypropylene elbow connectors and silicone tubing attach the chamber to a syringe pump 

(NE-1010, New Era Pump Systems Inc., Farmingdale, NY) and a reservoir (Figure 3B). The 

material (xSIBS sheet or PCL/PMMA coated on a standard microscope slide) was 

sandwiched between the upper plate, containing the flow region and microscope viewing 

window, and a solid lower acrylic plate. The 2 plates were secured using nylon screws, and 

the set-up was mounted on a Nikon Eclipse upright phase contrast microscope with a 40X 

plan fluor objective lens (NA = 0.60, Nikon Inc., Melville, NY). The material and chamber 

were gently pre-washed with HEPES-buffered saline (HBS), and air bubbles were removed 

from the system via a syringe connected to a 3-way stopcock between the pump and 

chamber. PRP was drawn into a 10 ml disposable polypropylene syringe (Franklin Lakes, 

NJ). PRP was perfused into the chamber at a flow rate of 1.125 ml/min, corresponding to a 

wall shear stress of 10 dyne/cm2, for 5 min. Flowing platelets were visualized at 100 fps 

using a sCMOS camera (Zyla 5.5, Andor Technology, Belfast, UK) connected to the NIS-

Elements imaging software (Nikon Inc., Melville, NY). At the conclusion of the experiment, 

the chamber was gently flushed with HBS at 0.56 ml/min until no floating cells were visible. 

This was followed by 4% glutaraldehyde in H2O for 1 min. The pump was then stopped, and 
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the glutaraldehyde was allowed to settle for a total duration of 30 min. Following the fixing 

process, the set-up was disassembled, the material was removed, and excess glutaraldehyde 

was gently drained. The material was gently washed with double-distilled H2O and passed 

through an ethanol dehydration series (EtOH percentages of 0, 25, 50, 75, and 100%), with 5 

min at each stage. At the conclusion of the dehydration series, material samples were 

prepared for scanning electron microscopy (SEM). The material sheets and slides were 

mounted on an aluminum stub and sputter-coated with 6 nm islanded gold particles in an 

argon chamber. Then, the samples were imaged at an extra high tension (EHT) voltage of 2 

kV and 5,000X zoom. Adhered platelets were then counted using the Cell Counter plug-in in 

ImageJ (U.S. National Institutes of Health, Bethesda, MD). The number of adhered platelets 

was compared between the three materials using one-way ANOVA with Tukey’s post hoc 

test, where p < 0.05 was considered significant.

3. Results

3.1 Characterization of xSIBS

For both platelet-exposed and as-cast samples, ATR-FTIR identifies C-H and C-C bonds 

that are hallmarks of the styrene and isobutylene structures of xSIBS (Figure 4A). A sharp 

peak is observed at 1160 cm−1 for the platelet-exposed xSIBS but not for the as-cast sample. 

This identifies C-O bonds, which may originate from cellular material. Uniaxial tensile 

testing achieved an ultimate tensile strength (UTS) of 35 MPa (n = 6), with the xSIBS 

sample displaying nonlinear hyperelastic stress-strain behavior up to the breaking point 

(Figure 4B).

Contact angles of 82.05° ± 0.015° and 88.27° ± 0.04° were measured for the as-cast and 

platelet-exposed xSIBS samples, respectively, indicating hydrophobicity. Greater wettability 

was observed for PCL and PMMA, with contact angles of 75.68° ± 0.3° and 70.13° ± 0.04°, 

respectively (n = 6). Significance, as calculated using Kruskal-Wallis ANOVA, was 

observed for (i) PMMA versus as-cast xSIBS (p < 0.05), (ii) PMMA versus platelet- and 

flow-exposed xSIBS (p < 0.001), and PCL versus platelet- and flow-exposed xSIBS (p < 

0.05). AFM images of 20 μm × 20 μm sampled regions show that as-cast xSIBS (Figure 5A) 

and platelet-exposed xSIBS (Figure 5B) are characterized by large peaks and valleys that are 

not as evident on PCL (Figure 5C), and not present on PMMA (Figure 5D). Segmentation is 

observed on both xSIBS and PCL, whereas PMMA shows a single phase amorphous form. 

Further analysis of these images yield Ra values of 144 nm for as-cast xSIBS, 102 nm for 

platelet-exposed xSIBs, 19 nm for PCL, and 0.3 nm for PMMA.

3.2 Shear-induced platelet activation

Gel-filtered platelets were exposed to xSIBS, PCL, or PMMA at 1 dyne/cm2 or 20 dyne/cm2 

for 12 min in the HSD, with platelet samples drawn every 4 min for the PAS assay. PAS 

increased with exposure time for all materials at both shear stress levels (Figure 6A). The 

change in PAS over the 12 min experimental duration, ΔPAS, was largest for xSIBS at 1 

dyne/cm2, while increasing the shear stress to 20 dyne/cm2 yielded the largest ΔPAS for 

PCL, followed closely by xSIBS (Figure 6B). However, there was no difference between 

ΔPAS for the three materials for both shear stress levels (n = 7, p > 0.05).

Sheriff et al. Page 6

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We analyzed these results further in the context of shear-induced platelet sensitization, 

where platelets continue to activate in low shear regions after initial high shear insult.26 We 

selected a previously observed threshold PAS of 0.017, beyond which platelets were 

significantly activated.26 Both xSIBS and PCL at 20 dyne/cm2 yielded ΔPAS that was 

beyond this threshold, though this difference was minor.

3.3 Shear-induced platelet adhesion

Platelet-rich plasma with a platelet count of 450,000/μl was perfused over xSIBS, PCL, or 

PMMA in an acrylic parallel-plate flow chamber at a wall shear stress equivalent to 10 

dyne/cm2 for 5 min, after which the materials were fixed with glutaraldehyde and prepared 

for SEM imaging. Adhesion, calculated as adherent platelets per mm2, was observed for all 

materials (n =10 images per experiment, 4 total experiments). PCL (Figure 7A) yielded 

significantly lower adhesion than both PMMA (Figure 7B) and xSIBS (Figure 7C) (p < 

0.05). While xSIBS showed the most number of adherent platelets, no significant difference 

was observed in the adhesion level between PMMA and xSIBS (Figure 7D, p > 0.05). In 

general, most platelets were singly adhered to PCL and xSIBS, whereas clustering of 

platelets was largely observed on PMMA. Qualitatively, the phenotype of the adhered 

platelets ranged from ellipsoid to dendritic to fully spread for all materials. However, the 

resolution of the SEM images prohibited quantification of these different activation states as 

performed in prior studies.38 In addition, the SEM images clarify the topology of the 

materials as observed with AFM, with PCL displaying polygonal segmentation, PMMA 

showing a smooth amorphous surface, and xSIBS showing some sharp peaks separated by 

larger plateau regions.

4. Discussion

The use of polymeric materials as fabrication substrates for prosthetic heart valves, as 

alternatives to xenografts, offers the promise of low thrombogenicity and high durability in a 

single device. Polymers may also be more suitable for development of a TAVR system, in 

terms of better withstanding crimping and deployment forces and offering 

hemodynamically-optimized design configurations, which may in turn translate into 

expanded clinical indications for TAVR. The success of current polymers as suitable 

materials for PPHVs is not only dependent on their adaptation and durability in response to 

the dynamic flow conditions present in the native valvular region, but also their long-term 

biostability, hemocompatibility, and anti-thrombogenic response.39 Major advances have 

been made in developing degradation-resistant polymers that have lower thrombogenic and 

calcification response, but these materials continue to lag in their hemodynamic response 

and long-term durability.39–40 In this study, we introduce a cross-linked version of SIBS 

(xSIBS) that potentially offers both the mechanical strength and low thrombogenic response 

required to be a viable PPHV material.

The UTS identifies the breaking strength of the polymer under uniaxial tensile conditions. 

The 35 MPa endpoint observed for xSIBS in this study is 24.5 times greater than the 1.43 

MPa observed for the original SIBS Quatromer.6 The previously observed UTS for SIBS 

ranges from 10 to 30 MPa,1 with a UTS of 20.7 MPa observed for SIBS with 24 mole % 

styrene content.41 The majority of polymer development for prosthetic heart valves focuses 
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on polyurethanes (PU), with tensile strengths ranging from 20 to 90 MPa.42 However, due to 

biostability issues, chemically-susceptible regions of PU have been modified, yielding 

poly(carbonate urethane) (PCU) and poly(ether urethane) (PEU), with UTS values of 48 

MPa and 82 MPa, respectively.43 However, both undergo in vivo biodegradation, especially 

under flexion.43 More recent modifications to PU include polyhedral oligomeric 

silsesquioxanes (POSS)-PCU, with mean UTS ranging from 31.0 to 55.9 MPa.18 

Comparatively, the mean UTS of native aortic valve tissue is 2.6 MPa.44 Thus, xSIBS has 

evolved into a stronger polymer via cross-linking, while still maintaining its biostability.

The AFM images of xSIBS (Figure 5A–B) appear to show amorphous glassy cylindrical 

segments, which represent polystyrene, interspersed with amorphous rubbery segments, 

representing isobutylene.1 These features have been observed at the micro- and nanoscales 

in SIBS45–49 and other polyisobutylene-based polymers used in coronary stents.41, 50–51 The 

heterogeneous microstructure may however contribute to increased surface roughness 

causing enhanced platelet adhesion in some circumstances as discussed below.

Surface contact angle is used as a measure of surface wettability and may indicate the 

propensity of cells to adhere to the surface. Mean contact angles of 82.05° and 88.27° for as-

cast and platelet-exposed xSIBS, respectively, are higher than the 72.34° observed for 

SIBS.8 The platelet-exposed xSIBS appears to be slightly more hydrophobic than the as-cast 

xSIBS, even though surface analysis by AFM yields lower roughness (Table 1). Contact 

angles for PEU, PCU, and POSS-PCU were observed to be 70°, 69°, and 82.6°, 

respectively.52 Both as-cast and platelet-exposed xSIBS have lower wettability than PCL 

and PMMA tested in this study, as well as the SIBS studied earlier; thus, their surfaces are 

considered hydrophobic. This may account for greater fibrinogen or von Willebrand factor 

adsorption, which may in turn account for increased platelet adhesion, as observed under 

flow conditions (Figure 7C). For example, the shear stress level used in the adhesion study is 

similar to the level, 0.8 Pa, at which greatest adhesion is observed for hydrophobic 

materials.53–54 The level of platelet adhesion may also be accounted for by the coupling of 

the material hydrophobicity with the relatively rougher surface of xSIBS, when compared 

with PCL and PMMA.55 Prior platelet adhesion studies under flow conditions have shown 

that increased roughness on hydrophobic surfaces causes an increase in adhesion, whereas 

the opposite is true for hydrophilic materials.53, 55 However, the increased thrombin 

generation, as defined by the ΔPAS, for xSIBS during exposure to 1 dyne/cm2 is likely an 

effect of the chemical structure of xSIBS and not the surface roughness,53 as both PCL and 

PMMA yield non-significantly lower ΔPAS at this shear stress level (Figure 6B). This effect 

is magnified as the shear stress is increased to 20 dyne/cm2. Several studies have examined 

platelet adhesion on SIBS under flow at wall shear stresses equivalent to 3.5 and 35 dyne/

cm2.6, 8 However, direct comparison with our results are not possible since these studies use 

an adhered platelet density based on the intensity of radioactively-labeled platelets 

normalized against those adhered to PDMS6 or compared with SIBS whose surface had been 

modified with phospholipids.8 We compared the resulting ΔPAS to the level required for 

shear-induced platelet sensitization, whereupon platelets continue to activate at a greater rate 

as compared to platelets only exposed to low shear stress, even though the platelets are 

returned to “gentle” flow conditions.26 Mean ΔPAS for platelets exposed to xSIBS at 1 
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dyne/cm2 and 20 dyne/cm2 is at or below this sensitization threshold for the 12 min 

exposure, indicating an acceptable level of thrombin generation (Figure 6B). However, 

platelets exposed to PCL at 20 dyne/cm2 exceed this threshold, indicating sensitized 

platelets that are susceptible to further activation even at low shear stresses. It is important to 

note that the overall ΔPAS observed for all materials and shear conditions is approximately 

1% or less of the maximum thrombin-generating potential of the shear-exposed platelets, 

and no significance in ΔPAS values were observed for either the materials or shear stress 

levels, indicating low thrombogenicity. Furthermore, normal thrombin (4 ng/ml) has a half-

life of 56.4 s, which can be extended to 168.2 s for anti-thrombin deficient plasma.56 

However, the PAS assay utilizes acetylated prothrombin, which generates defective 

thrombin that is incapable of further activating platelets or participation in the generation of 

insoluble fibrin, and may have an extended half-life. In addition, the assay provides 10 μm 

acetylated prothrombin to ensure sufficient substrate for thrombin generation.35

PCL has been examined as a potential scaffold material for tissue-engineered aortic valves30 

and for cell delivery during cardiovascular tissue engineering applications due to its cell 

seeding efficiency and slow in vivo biodegradability.57–58 PCL has low roughness and is 

hydrophobic,59 with higher protein adsorption and platelet adhesion under static incubation 

when compared to glass,59 composites with other biomaterials,59–60 and materials with 

surface modifications.61–62 Exposure to PCL on an orbital shaker at 100 rpm for 2 h yielded 

approximately 6,000 adhered platelets per cm2, with the majority of platelets exhibiting 

partial activation, short dendrites, and no clustering.31 The fluid shear-exposed platelets in 

our study exhibited both partially activated and spread platelets, but with a 66-fold increase 

in the number of adherent platelets. Furthermore, PCL yielded low platelet activity under 1 

dyne/cm2 shear stress exposure, but the ΔPAS over the 12 min experimental duration 

increased 8-fold after exposure to 20 dyne/cm2, potentially a result of disturbed flow due to 

the fragmented PCL surface.

PMMA (brand named as Plexiglas) has been used for a variety of biomedical applications 

due to its chemical stability and inertness.34 Such applications included the housing and 

cage for the Hufnagel and original Starr-Edwards valves, respectively.63 However, PMMA 

is also hydrophobic, with a high water contact angle. Consequently, PMMA has yielded 

higher P-selectin,32 thrombin generation,33 and platelet adhesion32–34 under static 

conditions when compared to materials such as PU, low density polyethylene (LDPE), and 

nanostructured PMMA. Adhered platelets on PMMA films yielded an irregular spread 

phenotype with clustering.32 In this study, PMMA-exposed platelets exhibited a similar 

spread and clustering behavior as previously observed, and with significantly greater platelet 

adhesion than PCL. However, under 1 dyne/cm2 and 20 dyne/cm2 shear stress, PMMA 

yielded lower ΔPAS than both PCL and xSIBS, indicating that PMMA is not highly platelet-

activating under flow conditions. This may be partially explained by the lowest roughness 

observed for PMMA when compared to the other materials tested.

The use of isolated platelets in our studies, i.e. free of plasma protein constituents, ensured 

that the measured platelet activation was only a function of the fluid shear stress, exposure 

time, and material contact. However, further experiments may be conducted using 

reconstituted whole blood (without plasma proteins) and measuring the PAS,64 or whole 
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blood and measuring P-selectin expression.65 We exposed isolated platelets to 1 dyne/cm2 

and 20 dyne/cm2 in activation experiments, and PRP to 10 dyne/cm2 in adhesion 

experiments to emulate the shear stress conditions found in a variety of blood vessels and 

vascular prostheses.66 While platelets encounter fluid shear stresses on the order of 1 × 103 

dyne/cm2 in prosthetic heart valves,40 we chose to use low constant shear stress conditions 

in order to examine the synergistic response to both shear stress and material contact that 

may be obfuscated by device-related flow conditions.66 Shear-induced platelet activation, 

particularly at levels above 60–80 dyne/cm2, has been observed to stimulate increased 

platelet deposition, stable aggregation, and thrombosis onto biomaterials.66 Prior studies 

have mitigated the hydrophobicity of SIBS and reduced platelet adhesion by sulfonation9, 67 

and coating with 1,2-Dimyristoyl-rac-glycero-3-phosphocholine (DMPC).8 Furthermore, the 

roughness of the xSIBS sheets may also play a role in platelet adhesion. The surface 

roughness reported here may be mitigated by refining the manufacturing process.68 Platelet 

adhesion on other valve polymer candidates (such as thermoplastic polyurethane, PCU, and 

silicone) has been reduced by surface smoothing of thermoplastic polyurethane with Argon 

plasma treatment,69 transfer of a wave-like groove pattern to PCU tubes from a centrifugal 

casting mold,70 and magnetic abrasive finishing of silicone rubber.71 Optimization of xSIBS 

roughness using similar techniques will be explored in the future. The role of 

microstructured surfaces in mitigation of platelet adhesion has been demonstrated on 

poly(lactic-co-glycolic-acid) (PLGA) films,72 and the generation of microstructures has 

been implemented via slow injection molding for poly(styrene-block-isoprene-block-

styrene) (SIS30), which is structurally similar to SIBS.73 In addition to these modification, 

the biocompatibility of xSIBS will be further analyzed for endotoxin load using a limulus 

amebocyte lysate (LAL) test, as well as cytotoxicity, as per ISO 10993-5 standards. Future 

studies examining platelet adhesion under flow conditions will statistically analyze the 

activation state phenotype, as performed by prior studies.38

While our primary objective is to develop a durable and hemocompatible polymer for heart 

valve prostheses, the mechanical and hemocompatibility characteristics of xSIBS may make 

it suitable for cardiovascular applications with similar requirements.1 Furthermore, the 

mechanical and thrombogenicity tests and relevant tools, such as the Hemodynamic 

Shearing Device and parallel platelet flow chamber, may be used in future approaches to 

optimize the mechanical function and properties of xSIBS and other valve polymer 

candidates while minimizing their thrombogenic response. These approaches for measuring 

flow-induced platelet response may be a better representation of “in-use” behavior of 

biomaterials compared to the commonly used static platelet exposure tests.74

5. Conclusions

We prepared and examined the mechanical, surface, and hemocompatibility properties of 

xSIBS, a thermally cross-linked version of SIBS, which has previously been shown to be 

“super biostable”. This novel thermoset formulation, which involved the addition of 4-

VBCB to induce cross-linking, generated xSIBS with ultimate tensile strength that was 

superior to prior versions of SIBS and comparable to other classes of polymers, such as PU, 

developed for PPHVs. While the xSIBS utilized in this study exhibited a hydrophobic 

nature, as indicated by large contact angles and significant roughness, its flow-mediated 

Sheriff et al. Page 10

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



platelet activation and adhesion response was similar to PCL and PMMA, which have a 

history of successful use for blood-contacting applications. The strong mechanical and low 

thrombogenic properties of xSIBS, coupled with its superior biostability, therefore make it a 

viable candidate for use in PPHVs.
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Figure 1. 
Schematic of poly(Styrene-coblock-4-vinylbenzocyclobutene)-polyIsoButylene-

poly(Styrene-coblock-4-vinylbenzocylcobutene) (“xSIBS”).
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Figure 2. 
Shear exposure in the Hemodynamic Shearing Device (HSD). GFP suspended over the 

biomaterials were exposed to 1 dyne/cm2 and 20 dyne/cm2 for 12 min in the HSD, a 

computer-programmable cone-plate-Couette viscometer that exposes platelets to uniform 

shear stress and allows for real-time sampling.
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Figure 3. 
Parallel plate flow chamber system for platelet adhesion studies. (A) PRP was exposed to 10 

dyne/cm2 for 5 min in a custom parallel plate flow chamber, with channel dimensions of 75 

× 25 × 0.1 mm. (B) The flow was controlled by a syringe pump with a 10 ml syringe that 

perfused PRP at 1.125 ml/min through the flow chamber into a reservoir. The flow was 

monitored via a 420 fps sCMOS camera mounted on a Nikon Eclipse ME600 microscope 

with 40X lens.
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Figure 4. 
Material and mechanical characterization of xSIBS. (A) ATR-FTIR spectroscopy was 

performed on samples of xSIBS with 25% styrene content that were either unused or had 

been exposed to GFP and fluid shear stress of 20 dyne/cm2 for 12 min in the HSD. A 

divergence region at 1160 cm−1 indicates C-O bonds on the used xSIBS sample. (B) Tensile 

testing results for 6 xSIBS specimens indicate nonlinear hyperelastic behavior, with ultimate 

tensile strength at approximately 35 MPa.
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Figure 5. 
Surface analysis of xSIBS, PCL, and PMMA. AFM images taken of 20 μm × 20 μm sections 

of (A) as-cast 25%-styrene xSIBs, (B) platelet-exposed 25%-styrene xSIBs, (C) PCL, and 

(D) PMMA (5 μm lateral scale bar). Ordered styrene cylinder peaks with globular 

isobutylene valleys were observed on xSIBS. PMMA exhibited the lowest roughness.
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Figure 6. 
Shear-induced platelet activation in the HSD. GFP were exposed to 1 dyne/cm2 or 20 

dyne/cm2 for 12 min in the HSD, with samples drawn every 4 min for the PAS assay. (A) 

PAS was observed to increase over the duration of the experiment, with the change in PAS 

(ΔPAS) over 12 min largest in the high flow rate regimes. (B) While the largest changes in 

PAS (ΔPAS) were measured for PCL and xSIBS at 20 dyne/cm2, no significant difference 

was observed (p > 0.05). The mean ΔPAS for xSIBS was slightly above the threshold 

observed for shear-induced platelet sensitization (dashed black line26).
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Figure 7. 
SEM images of adhered platelets after 5 min exposure of PRP to 10 dyne/cm2 in a parallel 

plate flow chamber. The materials tested included (A) PCL, (B) PMMA, and (C) xSIBS. (D) 

xSIBS and PMMA yielded significantly higher platelet adhesion as compared to PCL (*p < 

0.05).
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Table 1

Surface roughness and contact angles of tested biomaterials

Material As-cast xSIBS Platelet- exposed xSIBS PCL PMMA

Roughness (nm) 144 102 19 0.3

Contact angle (°) 82.05 ± 0.02 88.27 ± 0.04 75.68 ± 0.30 70.13 ± 0.04

Surface roughness measurements were obtained using AFM. Contact angles were obtained using an optical contact angle meter and are represented 
as the mean and S.D. of 6 measurements. Shear and platelet exposure appeared to decrease the roughness and increase the contact angle of xSIBS.
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