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Thrombus formation in blood-contacting medical devices is a major concern in
the medical device industry, limiting the clinical efficacy of these devices. Further,
a locally formed clot within the device has the potential to detach from the
surface, posing a risk of embolization. Clot embolization from blood-contacting
cardiovascular devices can result in serious complications like acute ischemic
stroke and myocardial infarction. Therefore, clot embolization associated with
device-induced thrombosis can be life-threatening and requires an enhanced
fundamental understanding of embolization characteristics to come up with
advanced intervention strategies. Therefore, this work aims to investigate the
adhesive characteristics of blood clots on common biocompatible materials used
in various cardiovascular devices. This study focuses on characterizing the
adhesion strength of blood clots on materials such as polytetrafluoroethylene
(PTFE), polyurethane (PU), polyether ether ketone (PEEK), nitinol, and titanium,
frequently used in medical devices. In addition, the effect of incubation time on
clot adhesion is explored. Results from this work demonstrated strongest clot
adhesion to titanium with 3 h of incubation resulting in 1.06 + 0.20 kPa
detachment stresses. The clot adhesion strength on titanium was 51.5% higher
than PEEK, 35.9% higher than PTFE, 63.1% higher than PU, and 35.4% higher than
nitinol. Further, adhesion strength increases with incubation time for all materials.
The percentage increase in detachment stress over incubation time (ranging from
30 min to 3 h) for polymers ranged from at least 108.75% (PEEK), 140.74% (PU), to
151.61% (PTFE). Whereas, for metallic surfaces, the percentage rise ranged from
70.21% (nitinol) to 89.28% (titanium). Confocal fluorescence imaging of clot
remnants on the material surfaces revealed a well-bounded platelet-fibrin
network at the residual region, representing a comparatively higher adhesive
region than the non-residual zone of the surface.

KEYWORDS

cardiovascular medical devices, blood clot, adhesion, embolization, polymers, nitinol,
titanium, stress

1 Introduction

Blood-contacting medical devices like catheters, vascular grafts, heart valves, stents,
extracorporeal membrane oxygenation, and mechanical circulatory support (MCS) devices
are widely used to treat cardiovascular pathologies (Jaffer et al., 2015a). These devices are an
integral part of advanced medical treatment and can be used in an acute setting or as
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destination therapy. There is an array of biomaterials used with these
devices, including metals, ceramics, polymers, and composites
(Ahmed et al, 2020). Materials like polytetrafluoroethylene
(PTFE), polyurethane (PU), polyether ether ketone (PEEK),
nitinol, and titanium are most common for these devices (Festas
et al,, 2020). For instance, titanium and its alloys are used in MCS
devices, nitinol in stents, PEEK in heart valves, PTFE in heart valve
rings, and PU in heart valves and catheters (Sin et al, 2009;
Jaganathan et al., 2014; Tateishi et al., 2014; Alipour et al., 2022;
Crago et al, 2022). These materials are selected based on their
biocompatibility, mechanical properties, durability, toxicity, surface
characteristics, and cost (Bullock and Bussy, 2019; Alipour et al.,
2022).
biocompatible. As a result, thrombus formation can occur on the
surface of blood-contacting devices, limiting their clinical success
(Sarkar et al., 2007; Dangas et al., 2016; Wall et al.,, 2016).
Regardless of device type and duration of use, the contact of a

However, none of these materials are completely

foreign surface with blood can trigger primary and secondary
hemostasis, resulting in clot formation (Jaffer et al, 2015a).
Research on the improvement of biocompatibility of blood-
contacting materials has advanced significantly over time. The
progress includes the development of novel coatings, alloys, and
surface engineering (Manivasagam et al., 2021; Eren et al., 2022).
Despite biocompatibility advancement, thrombus formation
continues to occur on cardiovascular devices (Jaffer et al., 2015b;
Kreuziger et al., 2015; Taylor et al., 2016; Kreuziger et al., 2017). For
instance, MCS has frequent events of thrombus formation with a
reported incidence of 5.5%-12.2% (Kirklin et al., 2014; Najjar et al.,
2014; Starling et al., 2014). Thrombus events are also evident in
clinical valves following the transcatheter aortic valve implantation
(TAVI) procedure with an approximate incidence of 7.2% (Abdel-
Wahab et al, 2018). Clotting is amongst the most feared
complications in stents due to its higher associated mortality rate
which ranges from 11% to 42% (Kumar et al., 2022). Furthermore,
the problem of thrombus formation is also common in catheters
(incidence: 14%-30%) (Lee and Kamphuisen, 2012; Hrdy et al,
2017; Ostlund et al.,, 2019). Rare events of device thrombosis also
have been noticed for defibrillators and pacemakers (Adar et al.,
2019; Sulemane et al., 2020). A locally formed clot in, or on, the
device poses the risk of embolization, which may get lodged
downstream in a smaller vessel. Due to arterial blockage, the
possibility of acute ischemic stroke (AIS) and myocardial
infarction may increase. In this regard, Cho et al.,, 2019 observed
that thrombosis in a MCS device could result in higher stroke events
(Cho et al., 2019) noting that device thrombosis accounts for 31% of
the total stroke patients treated with MCS. Similarly, reports show
higher myocardial infarction events due to coronary stent
thrombosis (D’Ascenzo et al., 2013). Therefore, clot embolization
associated with device-induced thrombosis can be life-threatening
and requires an enhanced fundamental understanding of
embolization characteristics to come up with advanced surface
modification and intervention strategies targeting improved
hemocompatible surfaces.

As per Virchow’s triad, device-induced thrombosis is often
attributed to interactions between blood, flow, and surfaces
(Manning et al., 2021). Blood state, which involves factors such
as activated platelets, patient-specific pathophysiology, and active
coagulation due to vessel injury has a substantial impact on medical
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device clotting (Deutsch et al., 2006). Researchers have shown that
flow-related features like recirculation, low and high shear stress,
and shear rate can influence device-induced thrombosis
(Balasubramanian and Slack, 2001; Navitsky et al, 2013).
Similarly, the interaction of blood and foreign surfaces play a
significant role in medical device clotting. Blood and foreign
surface interaction vary from surface to surface (Xu et al., 2019;
Vlcek et al., 2021) and may form clots of different characteristics. In
particular, the adhesion between the blood clot and the biomaterial
surface may vary. Accordingly, a different embolization behavior of
the blood clot may be observed in such devices, which may be a
material-dependent behavior of clot adhesion. Studies have
described the micromechanical interaction and adhesion of blood
cells and platelets on different materials (Pierrat et al., 2004; Koh
et al, 2010; Cai et al, 2020). However, the understanding of
adhesion strength of macroscopic blood clots is lacking.
Therefore, this study aims to characterize the adhesive strength
of blood clots formed on common cardiovascular biomaterials to aid
in understanding the device-associated embolic complications like
AIS and myocardial infarction.

2 Materials and methods
2.1 Material characterization

Among commonly used materials in cardiovascular medical
devices, the following five materials were used in this study:
polytetrafluoroethylene (PTFE), polyurethane (PU), polyether
ether ketone (PEEK), Nitinol, and Titanium (Ti-6Al-4V). All
these materials were commercially available (McMaster Carr,
United States Research Lab,
United States of America), and samples were cut into 25 mm

of America and Kellog’s
square pieces. All samples were cleaned with ethanol to remove
any residue from the material cutting, and subsequently, dried
before testing. Six samples from each material were tested using
blood from six individual donors at three distinct incubation
periods. Optical profilometry (Zeiss LSM880, Zeiss, United States
of America) was also used to characterize the surface. The average
roughness (Sq) values of different materials were summarized in
Table 1. The roughness data show the surface was reasonably flat,
further the roughness of these materials was consistent with
previous descriptions (Clarke et al., 2007; Linneweber et al., 2007;
Mi et al, 2018; Segan et al., 2020; Chen et al., 2023; Jayaraman
et al.,, 2023).

2.2 Blood clot preparation

To study the effect of adhesion, clots were created using human
blood, following an approved IRB protocol. Briefly, human whole
blood was anticoagulated with 0.32% wt. sodium citrate
(ThermoFisher, Waltham, MA, United States of America). Blood
was separated into red blood cells, platelet-rich plasma (PRP), and
(PPP) via then
reconstituted to 214 x 10° platelets per mL, and hematocrit was
controlled by the addition of 40% vol. red blood cells. To counter the
effects of the anticoagulant, blood was recalcified with 20 mM

platelet-poor  plasma centrifugation and
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TABLE 1 Average roughness value of biocompatible materials at x50 confocal objective and x2 field of view.

Nitinol Polyurethane Titanium
Sq (um) 0.48 + 0.04 0.01 = 0.00 0.25 + 0.03 0.20 + 0.04 0.51 £ 0.13
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FIGURE 1

Adhesion test rig with (A) syringe applying suction through (B) a custom suction chamber fixed to (C) the top grip. (D). The cylindrical clot specimen
was fixed to a bottom fixture, (E). (F). Shows an isometric projection of the clot attached to the biomaterial, and (G). shows a zoomed-in view of the
suction mechanism. After testing, the clot samples were fixed in 4% paraformaldehyde (PFA) for histological analysis and biocompatible material samples

were stained for fluorescent confocal microscopy.

calcium chloride (CaCl, Millipore Sigma, Burlington, MA,
United States of America) and 0.25 NIH Unit/mL thrombin from
human plasma (BioPharm, Bluffdale, UT, United States of America)
to initiate coagulation. The blood was then immediately injected into
resin-based (Clear V4, Formlabs, Somerville, MA, United States of
America) cylindrical molds (14 mm in diameter and 10 mm high)
attached to the different materials. The injected blood was incubated
to allow clot formation over durations of 30 min, 1 h,and 3 h at 37°C,
prior to testing.

2.3 Mechanical testing

Clot adhesion strength was characterized using a uniaxial
load frame (Instron, Norwood, MA, United States of America)
with a 50 N load cell. Clots adhered to the material surface were
placed on the bottom platform of a custom detachment rig. The
custom rig held the surface samples intact throughout the
detachment experiments, as shown in Figure 1E. A suction
fixture (Figure 1B) was attached to the load frame to grip the
clot. The suction fixture moves in tandem with the load frame,
applying a negative (suction) pressure of 200 mmHg to the top
surface of the clot. This pressure was used to grip the clot with the
assistance of a custom syringe fixture calibrated with a vacuum
pump (Figure 1C). Once the suction was applied, the specimen
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was loaded at a rate of 10% strain per second until complete
detachment from the bottom platform. From these data, a linear
polynomial was fit to the nominal stress-strain curve prior to
fracture to compute the modulus. The nominal peak stress and
strain were recorded.

2.4 Fluorescence staining for clot
components on the material surface

Referring to Figure 1, after mechanical testing, biocompatible

material samples were stained for fluorescent confocal
microscopy. Initially, the samples were rinsed with 1x PBS
and then fixed with 1% PFA for 1 h at 4°C in the dark.
Following this, the samples were rinsed again with PBS and
permeabilized with 0.5% Triton X-100 (Sigma, St. Louis, MO,
United States of America) in 1 mL of blocking agent (goat serum,
Sigma, #G9023) in the dark for 1 h at room temperature. After
another PBS rinse, the samples were incubated overnight at 4°C
with 3 pL of platelet antibody (monoclonal anti-CD41, Sigma,
Invitrogen Catalog #14-0419-82) in 1 mL of 5% goat serum. The
samples were then rinsed with PBS and treated with 1.5 uL of
secondary antibody (goat anti-mouse IgG, Alexa Fluor 488,
Invitrogen Catalog #A-11001, ThermoFisher, Waltham, MA,

United States of America) in 1 mL of goat serum in the dark
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FIGURE 2

Methodology for sample preparation for histological analysis, (A) Cutting plane illustrating clot sectioning, (B) Positioning of clot samples to examine
structural details at different regions, and (C) Clot samples embedded in paraffin for analysis.

at room temperature. Similarly, for fibrin detection, the samples
were stained using 5 pL of primary fibrinogen antibody (anti-
fibrinogen, gamma antibody, Invitrogen, Catalog #MA5-34761,
ThermoFisher) and 2 uL of secondary fibrinogen antibody (Alexa
Fluor™ 647, Catalog #F35200, ThermoFisher). Finally, the
samples were rinsed with PBS and mounted with coverslips
using ProLong™ Diamond Antifade Mountant with DAPI
(Catalog #P36962, ThermoFisher). After staining, the samples
were imaged using an Olympus IX71 inverted fluorescent
microscope (Leica Microsystems, Germany). The raw images
were then processed in Fiji (NIH, United States of America).
A custom script was used to quantify the percentage of the image
area covered by platelets and fibrin for each sample from the six
donated blood samples. The mean and standard deviation of the
data were calculated using Microsoft Excel (Redmond, WA,
United States of America).

2.5 Histology

Referring to Figure 1, after mechanical testing, clot samples
were immediately fixed in 4% paraformaldehyde (PFA) for 48 h at
4°C for histological analysis. Clots were then cut into two halves by
a vertical slicing plane (Figure 2A). The samples were then placed
in the tissue cassettes such that the first half (labeled as @, in
Figure 2B) represents the cross-section of the clot, whereas the
internal region of the clot is represented by the other half (labeled
as @). The top and bottom edges of the second half of the clot
(rectangular part) also represent the edges of the top and bottom
face (clot-material interface) of the clot, respectively (Figure 2B).
All specimens were dehydrated in ethanol, followed by embedding
in paraffin wax and sectioning into 6 um slices for subsequent
staining. A Carstairs protocol was used to stain the samples,
facilitating visualization of the clot composition in terms of
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fibrin, platelets, and red blood cells. After staining, the samples
were imaged using a fluorescent microscope (Olympus, Tokyo,
Japan). The composition of platelet, fibrin, and red blood cells in
terms of percentage was quantified for each clot sample by
processing the histological images using a custom MATLAB
script (v.2022b, MathWorks, Natick, MA, United States of
America), wherein hue-saturation-value (HSV) threshold values
were set to distinguish fibrin [red, hue = (0-10, 235-255)], platelets
[navy blue, hue = (128-230)], and red blood cells [yellow, hue =
(12-50)]. Subsequently, the mean and standard deviation of these
percentage compositions were calculated to evaluate the average
composition and variability within each blood sample. The
variation in mean composition values across donors was
characterized as the distribution.

2.6 Statistics

Blood samples from six individual donors (n = 6) were collected
to form the clots. These clots were incubated for different times to
study the effect of incubation time on adhesion strength. Three
incubation times were used: 30 min, 1 h, and 3 h. For each
incubation time, six clot replicates (n = 6) were formed from
each donor’s blood. In total, 540 clot samples were formed and
used in this study. Mean values, with corresponding standard
deviation, were computed for each donor and across the donors.
A two-way analysis of variance (ANOVA) was employed to compare
the means across different material interfaces and incubation
periods. All statistical analysis was completed using Microsoft
Excel (Redmond, WA, United States of America). The statistical
differences were indicated using asterisks (*) based on the p-values,
where a single asterisk (*) represents a p-value of less than 0.05, two
asterisks (**) represent a p-value of less than 0.01, and three asterisks
(***) represent a p-value of less than 0.001 (Chad et al., 2018).
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FIGURE 3
Nominal stress and strain relationships for clot during

detachment from different surfaces. The results shown are for the
samples incubated for 3 h. For each biomaterial, the solid line
represents the nominal stress-strain response averaged over six
repetitions of the test, with each test consisting of six replicate
measurements. The shaded region represents the standard error.

3 Results

Blood samples were incubated to form clots on various material
surfaces at 30-min, 1-h, and 3-h intervals to investigate adhesion
between blood Multiple
experiments were conducted to gather data on clot detachment
from the surface, and the subsequent sections provide a

clots and biocompatible surfaces.

comprehensive overview of the findings.

3.1 Detachment stress

The clot adhesion strength was quantified by measuring the
nominal stress required to detach the clot from the material
surface. Figure 3 depicted the variation of the nominal stress and
strain in clots during the detachment from different surfaces. As
the stress on the clot increases, the clot begins to deform until it
reaches its peak stress, at which time the clot detaches from the
surface (thus termed ‘detachment stress’), leading to a significant
reduction in stress on the clot. Figure 3 represents the average
detachment behavior of clots on each material, while Table 2
summarizes the actual mean nominal detachment (peak) stress
values for different materials.

A higher detachment stress represents the stronger adhesion
between the clot and the surface. Figure 4 depicted the
detachment stress magnitude for clots incubated for 30 min,
1 h, and 3 h. The data showed that the detachment stress
increases with incubation time, signifying that adhesion of
blood clots had a time-dependent response on all surfaces.
Overall, a positive correlation between incubation time and
detachment stress was observed for all materials. Furthermore,
a significant difference in clot adhesion strength was observed
across different biomaterials at a given incubation time
(Figure 5). Amongst all materials, clots on titanium showed
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the highest adhesion strength. On average, clots incubated on
titanium surfaces for 3 h require 1.06 £ 0.20 kPa stress to be
detached. The adhesion strength of clots on the titanium surface
was approximately 35.89% higher than PTFE, 37.66% higher than
nitinol, 51.48% higher than PEEK, and 63.06% higher than PU
surface. The percentage increase of the detachment stress with
time was observed to be higher in polymers than in metals
(Table 2), suggesting greater influence of incubation time on
clot adhesion for these polymer surfaces.

3.2 Clot remnants

In the process of clot detachment, parts of the adhered clot
exhibited prolonged adherence to biomaterials compared to other
regions at the clot-biomaterial interface (representative images
shown in Figure 6A). This irregular detachment represents
nonhomogeneous attachment at the interface and some residual
clot remnants remained on the surface post-detachment. Illustrative
depictions of these remnants on different surfaces are shown in
Figure 6B. A quantitative assessment of the remnants, based on
surface area, was conducted using Image] software (National
Institute of Health, Bethesda, MD, United States of America).
The distribution of remnants in terms of percentage of clot
surface area (area before the detachment) is presented in
Figure 6C. The regions of clot remnants increased with
incubation time on all surfaces. The remnant area represented
the region of higher adhesive bonding of clot on the surface,
which showed higher resistance the detachment. This illustrated
that the greater adhesive regions also increased with the incubation
time, with, more such regions observed on metallic surfaces
(titanium and nitinol) compared to polymers.

Confocal microscopy analysis was performed for all the
materials to gain more insight into clot adhesion. Figure 7
illustrates the confocal image acquired from a nitinol surface
at two distinct locations. An unbounded fibrin-platelet structure
was observed on the surface where no clot residual was present,
fewer platelets were seen in this region. However, in the region
where clot residual remnants were present, a denser platelet
region was observed. A well-bounded platelet-fibrin mesh
could be observed in this region on all the materials,
contributing to higher adhesion strength between clot and
material. Due to the non-homogeneous distribution of the
fibrin-platelet network, a non-uniform attachment of clots was
seen at the interface of all the materials (Figure 6A). Figure 8
shows representative confocal images on the remnant region of
different surfaces incubated for 30 min and 3 h. A denser fibrin
mesh was observed at a higher incubation period on all materials
(Supplementary Figure S2; Supplementary Material). Further, the
region of well-connected platelet-fibrin mesh varies with the
material type and increases further with time. This variation
suggested that surfaces interact differently with platelets and
fibrin, impacting the adhesion strength of the clots.

The platelet and fibrin distribution on the surfaces was
quantified by taking an average of five images captured at fixed
distinct locations within the clot region (top-left, top-right, bottom-
left, bottom-right, and center) on the surface, excluding the remnant
regions, on different surfaces at 30 min and 3 h of incubation. A
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TABLE 2 Mean nominal detachment stress for different clot incubation times.

Material Detachment stress (kPa) Increase in adhesion strength
1h From 30 min to 3 h of incubation (%)
PTFE 031 + 0.05 0.50 + 0.10 0.78 + 0.20 151.61
Nitinol 047 £ 0.11 0.65 = 0.19 0.77 £ 0.24 64.85
PU 027 + 0.09 0.44 + 0.06 0.65 + 0.25 140.74
Titanium 0.56 + 0.16 0.46 * 0.06 1.06 + 0.20 89.28
PEEK 0.32 £ 0.06 047 0.8 0.70 £ 0.14 108.75
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FIGURE 4

Data showing the distribution of detachment stress for clots attached to different surfaces at different incubation times. A time-dependent variation

in clot adhesion strength was observed. The statistical difference is measured in terms of p-value; a lower p-value signifies higher significance. The level of
significance difference is represented by an asterisk (*) on the plot, where p < 0.05 = *, p < 0.01 = **, and p < 0.001 = ***
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FIGURE 5

Distribution of clot detachment stress across different surface types during varied incubation periods. The adhesion strength of the clots showed
variability based on the material type. That statistical difference is measured in terms of p-value; a lower p-value signifies higher significance. The level of
significance difference is represented by an asterisk (*) on the plot, where p < 0.05 = *, and p < 0.001 = ***,
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remnants on materials at different incubation times. The level of significance difference is represented by an asterisk (*) on the plot, where p < 0.05 =*,p <

0.01 = ** and p < 0.001 = ***

considerable rise in platelet and fibrin distribution can be observed
with time on each surface, Figures 9, 10. This indicates the temporal
characteristics of surface-blood interactions, which exert a
substantial influence on the adhesive behavior of blood clots. The
temporal influence of blood-surface interactions was more evident
on titanium and nitinol surfaces than on other materials. The
percentage increase of platelet and fibrin with incubation time on
the titanium surface was 95.42% and 173.66%, respectively.
Whereas, the increment for the nitinol surface was about 53.77%
and 210.55%, for the platelets and fibrin, respectively. The
quantification of the platelet and fibrin over the remnant region
is provided in (Supplementary Figures S1, S2).

Frontiers in Bioengineering and Biotechnology

3.3 Clot histological analysis

A histological analysis was performed to examine the clot’s
structural characteristics at different incubation times. Figure 11
shows a representative image of the clot structure incubated for 3 h
on polyurethane. A higher fibrin concentration occurred on a small
section of the interface side (clot-material interface) of the clot. This
specific region aligned with the clot’s residual portion on the surface.

The clot composition was analyzed by quantifying fibrin, red
blood cells, and platelets in terms of the percentage area covered in
the image. Images of clot’s cross-section (Figure 2B) were considered
for quantification purposes. The distribution of clot components at

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1438359

Kannojiya et al.

FIGURE 7

10.3389/fbioe.2024.1438359

— Clot Remnant

Confocal imaging of nitinol surface showing (A) Dispersed fibrin-platelet structure and (B) Bounded fibrin-platelet structure. Red and green colors
represent fibrin and platelets, respectively. An Dispersed fibrin-platelet structure was noted in areas lacking residual clots. In contrast, regions containing

residual clot remnants showed well-bounded platelet-fibrin distribution

Titanium Nitinol

FIGURE 8

Confocal imaging at the residual region of different surfaces at (A) 30 min of incubation and (B) 3 h of incubation. Red and green colors represent
fibrin and platelets, respectively. Images were captured at regions of the surface where clot remnants were present.

different incubation times is shown in Figure 12. Statistically, a
significant difference was observed for clots formed on titanium
surfaces. The percentage changes in fibrin, platelets, and red blood
cells in clots on the titanium surface from 30 min to 3 h of incubation
were as follows: —44.31%, —42.31% (statistically, insignificant), and
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9.52%, respectively. The quantified mean values of clot composition
are provided in (Supplementary Table SI).

To analyze the change in clot composition at the interface, images at
the interface were quantified to obtain the percentage of fibrin, platelets,
and RBCs. Images showing the internal region, top, and interface side
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Quantification of platelets coverage on the biomaterial surfaces at different incubation times. After testing, the material samples were stained for
fluorescent microscopy analysis and imaged using an Olympus IX71 inverted fluorescent microscope (Leica Microsystems, Germany). The raw images
were then processed in Fiji (NIH, United States of America) to quantify the percentage of the image area covered by platelets using a custom script.
Asterisks denote statistical significance between two-time intervals (p < 0.01 = **).
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Quantification of fibrin coverage on the biomaterial surfaces at different incubation times obtained after quantifying the fluorescent microscopic
images in Fiji. Asterisks denote statistical significance between two-time intervals (p < 0.05 = *, and p < 0.01 = **).

were quantified (Figure 2B). The quantification of clot structure at its
interface was performed by taking an average of five smaller images
covering the entire interface region. A comparison of the distribution of
clot composition at the interface side and clot cross-section is presented
in Figure 13 for clots formed on different surfaces. A significant
difference was noticed in the fibrin and RBC distribution at the
overall cross-section when compared to the interface side of clots on
the polyurethane surface. This signifies that the clot composition can
vary with the incubation time at the interface region. Moreover, across all
materials, there was an observed increase in RBC concentration at the
attachment region, which further increases over time.

3.4 Clot deformation

In this study, clot deformation was characterized in terms of
moduli and Poisson’s ratio. From the nominal stress-strain
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curve, moduli were calculated for clots on the biomaterials
for the ranging incubation times (Figure 14). The data
illustrate that shorter incubation periods yield lower clot
moduli. Here, a low modulus value signifies higher axial
Further,
significant changes in moduli were noticed across the

stretch in the clot at the same level of stress.

materials in relation to their incubation times. For instance,
at 30 min of clot incubation, titanium had the highest modulus,
followed by nitinol. The mean moduli for the clots formed on the
titanium surface were calculated as 5.94 + 1.73 kPa, 33.18%
higher than nitinol and at least 100.63% higher than polymers.
On the other hand, clots on polymeric surfaces have lower and
almost comparable moduli. A detailed insight into the impact of
incubation time on the moduli is depicted in
(Supplementary Figure S3).

Poisson’s ratio for the clots was estimated using image analysis of

detachment videos taken during the experiments. The clot’s initial and
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Material
Interface side

FIGURE 11

1000 um

Missing piece (residual on surface)

Representative image of a clot incubated for 3 h on a polyurethane surface. The image shows the distribution of fibrin, platelets, and red blood cells
on the top, internal region, and interface side of the clot. Color scheme: blue (platelets), red/pink (fibrin), and yellow (red blood cells).
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Box charts showing the percentage of (A) fibrin, (B) platelets, and (C) RBCs in clots incubated on different surfaces at different incubation times. After
testing, the clots were fixed in 4% PFA for the histology analysis following the Carstairs protocol and imaged using a fluorescent microscope (Olympus,
Tokyo, Japan. The figure shows the distribution of clot components obtained after processing the raw images using a custom MATLAB script. Asterisks

denote statistical significance (p < 0.05 and p < 0.01 = **).

final lateral and longitudinal dimensions were measured to approximate
the Poisson’s ratio for clots on different surfaces. The measurement was
taken by considering the attachment on the material. The variation of
Poisson’s ratio with materials and incubation time is presented in
Figure 15. From the data, Poisson’s ratio was inversely related to
incubation time. For 3 h incubated clots, the mean Poisson’s ratio
ranged between 0.3 and 0.32 for most materials. However, slightly stiffer
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clots are observed on PEEK surfaces (mean Poisson’s ratio: 0.28). At
higher incubation, the increased cross-linking of fibrin strands and
platelet-mediated contraction resulted in lower lateral movement in
clots. The clots became more resistant to deformation in both lateral
and longitudinal directions. The variability of the Poisson ratio with
incubation time is shown in Supplementary Figure S4 in the
supplementary document.
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Comparison of clot composition at the cross-section and the interface (clot-material interface) for different materials. The clot samples were
imaged after Carstairs staining at the cross-section and clot-material interface (representing the attachment side) and quantified to determine the
percentage composition of fibrin, platelets, and red blood cells (RBCs). The interface attachment side is represented by a shaded region on the graph.

Asterisks denote statistical significance (p < 0.05).

4 Discussion
4.1 Clot adhesion on biomaterials

For the first time, the adhesive characteristics of whole blood
clots on different materials (PEEK, PTFE, PU, nitinol, titanium)
were assessed. The clot adhesion strength showed a reliance on
the material type, exhibiting variability across different materials
due to differences in blood-material interaction, similar to
Hanson et al., 2020 (Hanson et al., 2020). Further, a temporal
variation of adhesion was observed whereby the adhesion
strength increased with the incubation time. The higher
percentage rise in nominal detachment stress on polymeric
surfaces indicated that the temporal influence was more
profound on polymers than on metals. However, the highest
adhesion strength was observed on titanium surfaces, surpassing
other materials by at least 35%. Stronger adhesion on titanium
indicates lower embolization potential than the other materials
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tested but remains possible. The variation in clot adhesion on
polymers and metals can be due to various material properties,
including surface energy, biological response, texture, and
roughness (Sarkar et al, 2007; Bullock and Bussy, 2019;
Manivasagam et al., 2021; Alipour et al., 2022). The titanium
samples used in this study had comparatively higher surface
roughness (Sq = 0.51 + 0.13 mm, Table 1) than other materials. A
rough surface can promote higher platelet adhesion (Linneweber
et al., 2007) than a smooth surface and may result in higher
adhesion. In this regard, the quantification of the clot’s adhesion
strength on different materials can help to improve the
of strategies
cardiovascular devices like coatings, polishing, texturing, etc.,

understanding surface modification for
particularly in applications where minimizing clot embolization
is desirable (Parada et al., 2020). The adhesion strength of a clot
to a biomaterial in vivo also depends on dynamic conditions like
variable flow rates, which were explored previously by our group

(Tobin et al., 2023).
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4.2 Temporal dynamics of clot and its
interaction with biomaterials

Clot deformation characterization revealed a direct relationship
between the clot’s moduli and incubation time, as shown in Figure 14,
where moduli were observed to increase with incubation time. This
relationship indicated the temporal nature of the clot’s elastic
behavior. As the clot matured with the incubation time, it
underwent various biochemical and biomechanical events that
influenced its mechanical properties. Initially, the clot’s structure is
characterized by a loosely connected fibrin network with a relatively
low modulus and higher Poisson’s ratio (Chandrashekar et al., 2018;
Dwivedi et al., 2021; Tutwiler et al.,, 2021). As the clot matures, the
initial fibrin matrix undergoes cross-linking yielding a denser and
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stiffer network that enhances the clot’s resistance to deformation.
Simultaneously, with time platelet contraction within the fibrin
network reduces the pore size and compacts the structure
(Supplementary Figure S5), further increasing the modulus
(Pathare et al, 2021). Similar changes in the clot’s mechanical
properties have been reported under shear flow conditions, where
the clots exhibit an increase in stiffness as they mature (Chen et al,
2019). The shear forces facilitate fibrin network alignment and platelet
integration, resulting in a more mechanically stiffer clot with time
(Chen et al, 2019). These findings are consistent with our
observations in a biomaterials system, where similar maturation
effects were noted, although in a static environment.

Clots incubated for longer times were stiffer prior to detachment,
leading to a higher detachment stress (see Figure 4). In a clinical context,
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such clots are less likely to break apart, reducing the risk of distal
embolization. Incubation time is particularly crucial in thrombectomy
procedures. The general therapeutic window for stroke interventions is
approximately 6 h (Saver et al., 2016). Longer incubation periods may
lead to less favorable outcomes (Saver et al., 2016) due to the changes in
thrombus composition over time (Abbasi et al, 2022). Notable
differences in clot’s structure in terms of percentage change in fibrin
and red blood cells are also observed on titanium in this study as the
incubation time varied from 30 min to 3 h (see Figure 12;
Supplementary Table SI). For instance, at 30 min incubation, clots
adhered to titanium showed the highest modulus, with mean moduli
calculated as 7.32 + 1.73 kPa (remarkably 73% higher than other
materials, Figure 14), followed by nitinol. This observation emphasizes
the time dependent influence of clot-material interaction on the clot’s
mechanical properties and suggests lower deformability for clot adhered
to titanium surfaces (Figures 14, 15). The quantitative analysis of clot
remnants post-detachment revealed a larger remnant region with
longer incubation time on all surfaces, as shown in Figure 5. A
larger remnant area signifies a comparatively higher adhesive region
on the surface, resisting the detachment. This trend is more evident on
metallic surfaces than polymers. These potential embolization sites with
remnants may serve as locations for clot regrowth and increase stroke
and myocardial infarction risk, where it may be possible that subsequent
growth could be less adhesive with higher embolization risk. Further,
confocal microscopy analysis revealed temporal variations in the fibrin-
platelet network distribution of the clot remnant across the biomaterial
surfaces (see Figures 8-10). Higher fibrin-platelet density was noted at
longer incubation times, which was consistent with platelet distribution
over time (Takahashi et al.,, 2019). Imaging on the remnant sites showed
a well-connected platelet-fibrin region that yields a stronger clot-surface
attachment than the remnant-free areas. Among the polymers, PTFE
exhibited the highest adhesion strength, possibly due to more
significant, well-connected platelet-fibrin regions on its surface (see
Supplementary Figure S6; Supplementary Material). This highlights the
time-dependent nature of clot’s adhesive behavior, which is further
influenced by the choice of material substrate.

4.3 Importance of material-dependent
coagulation in cardiovascular devices

The current study demonstrated that a clot adheres non-
to the non-uniform
the
with time due to a

homogenously to a material surface due
and fibrin
Furthermore, the clot adhesion increases

distribution of platelets over surface.
well-connected platelet-fibrin mesh that is influenced by material
dependent, initial coagulation. The array of materials used in this
study generally have excellent biocompatibility but still have
thrombogenic potential. For instance, rapid platelet adhesion
has been reported on rough titanium surfaces (Nakamura et al.,
2020), while significant platelet adhesion has also been observed
on untreated nitinol surfaces (Gegenschatz-Schmid et al., 2022).
Among polymers, PTFE is generally a smooth hydrophobic
surface that helps minimize protein adsorption and platelet
(Liu 2022). Whereas PEEK

thrombogenic potential due to higher platelet adhesion in

adhesion et al, showed
both bench testing and a short-term animal model (Tateishi

et al., 2014; Kambe et al,, 2019). A moderate thrombogenicity
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potential was also reported for polyurethane (Medical Device
Material Performance Study, 2024). This showed that material
surfaces, whether treated or untreated, possess an inherent
thrombogenic potential that varies among materials. This
thrombogenic tendency of the material plays a significant role
in influencing the clot adhesive characteristics.

The histological analysis revealed differences in the distribution
of fibrin, red blood cells, and platelets between the clot’s interface
and its cross-section. For all materials, the histological data revealed
a higher RBC concentration at the clot’s interface region than its
cross-section (Figure 13). Furthermore, for polyurethane, a
significant difference in the distribution of fibrin and RBC was
noticed. Whether the time scales for attachment and coagulation are
on the same order is not yet fully understood, yet it is well known
that coagulation is highly dependent on the substrate material
properties, as shown by Xu et al., 2014 (Xu et al,, 2014), and we
now show that this material-dependent coagulation drives
attachment strength.

This study presents the first quantification of the time-
dependent, adhesive behavior of blood clots on medical device-
related biomaterials. the
characterization, previous studies have focused on the internal

In context of clot mechanical
fracture of blood clots, rather than a detachment/embolization
stress. Tutwiler et al, 2020 (Tutwiler et al., 2020) reported
uniaxial fracture propagation stresses of roughly 2 kPa without a
defect present, and 1.3 kPa with a relatively large defect present
(notched sample). Sugerman et al., 2020 (Sugerman et al., 2020)
demonstrated clot deformations up to 40% strain, with peak stresses
of 3 kPa for bovine clots, prior to fracture. Our findings indicate that
aggregate clot detachment occurs from 0.3 kPa to 1.06 kPa overall
within 3 h of incubation time, correlating to clot fracture with a
prescribed tear (‘notch’).

Statically formed clots, as used in this study, may not replicate
the dynamic blood condition that occurs in vivo. In comparison to a
static environment, clot formation in a dynamic system can also be
influenced by shear forces and the continuous replenishment of
blood factors. In vivo, the dynamic environment contributes to the
layered structure of clots, where fibrin and platelets are distributed
differently compared to static clots (Xu et al, 2012). The
replenishment of clotting factors and fibrin may result in
different mechanical properties of the clot than the static system
(Link et al., 2020). Although clot formation in static and dynamic
environments may differ, the adhesion characteristics of clots may
remain relatively consistent. For instance, in a dynamic flow
condition, a clot adhered to an implantable medical device or a
blood vessel, the clot-material interface may behave similarly to an
area of flow stasis. Further, previous studies showed similarities in
platelet aggregate formation under laminar flow and static
conditions (O’Brien, 1990; Jackson et al., 2009; Nesbitt et al.,
2009). However, the adhesion strength may vary due to the
presence of shear flow conditions. In this regard, the detachment
stress calculated in this study was of the same order as the shear
detachment stress reported by Tobin et al. for flow -induced
embolization (Tobin 2023),
embolization from a surface behaves similarly to a uniaxial

et al, suggesting that clot
detachment. Further, the detachment forces observed in this
study were comparable to the thrombectomy forces reported by

Romero et al., 2010 (Romero et al., 2010) and Shi et al., 2017 (Shi

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1438359

Kannojiya et al.

et al,, 2017). This observation indicated potential similarities in the
mechanisms of clot interfacial failure demonstrated in this study and
those associated with flow and shear-induced embolization (Romero
et al,, 2010; Shi et al., 2017; Tobin et al., 2023). Currently, there is a
lack of studies specifically investigating detachment stress in similar
experimental settings for further validation. Translating the findings
of this study to a real-world physiological dynamic system will
require additional studies.

The results of the current study suggest a higher variation of
clot composition on the titanium surface than on other materials.
The higher variability of clot structure may be due to the early cell
recruitment characteristics of the titanium surface (Yang et al.,
2016). This variability can be attributed to the surface properties
influencing the adhesion and activation of blood cells, leading to
differences in clot formation and organization (Jaffer et al.,
2015a). This highlights the importance of carefully considering
materials for cardiovascular devices, as the risk of embolization
depends on the material used. The material-dependent
coagulation, which simultaneously influences clot internal and
interfacial properties can be beneficial in understanding and
improving blood-contacting surfaces in future studies to
ensure the optimal performance and longevity of implantable
cardiovascular devices. The findings of this work are also relevant
to clinical therapies such as dual antiplatelet therapy (DAPT) and
anticoagulant therapies aimed at reducing thrombus formation
in implantable medical devices and vascular surfaces. Despite
DAPT and anticoagulant therapies, device thrombus persists
(Plicht et al., 2013; den Exter et al., 2020), emphasizing the
critical role of material selection in minimizing embolization
risk. This study provides insights into how surface properties
influence clot adhesion characteristics. Future studies should
explore the specific impacts of anticoagulation on clot
adhesion using the methodology demonstrated in this study,
anticipating variations in adhesion strength under these
conditions.

4.4 Limitations

The blood clots used in this study were formed statically. The
properties of statically formed clots can differ from those of
dynamically formed clots (Preut et al,, 2018). Furthermore, the
incubation time in this study was limited to 3 h as opposed to
the 6-h stroke therapeutic window (Saver et al., 2016). Platelet-rich
clots can also form on implanted cardiovascular devices (Jessen
et al.,, 2021), but these types of clots were not tested in this study. In
this work, bare materials were used without additional surface
treatments, such as polishing or smoothing. Surface roughness is
recognized as a critical parameter in determining adhesion strength,
and standardizing roughness levels with appropriate surface
treatment could influence the clot-material interaction outcomes
observed in this study. This is a first approximation study, primarily
focused on developing a new experimental method and examining
the effects of incubation time and general material differences.
Future research will address this limitation by incorporating
surface treatments to equalize roughness levels across different
materials and investigating the effects of varying roughness levels.
This study serves as a foundational step, with plans to build on these
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findings by systematically exploring the role of surface treatments
and roughness in subsequent studies. Nevertheless, this work
provides an understanding of the adhesion of blood clots on
different biomaterials. This work has shown that clot adhesive
behavior exists, which has not been explored in previous studies.
The temporal adhesive characteristics of clots can influence device-
induced embolization, which may also impact the efficacy of clot
extraction in embolectomy surgeries.

5 Summary

This study investigated clot adhesion on cardiovascular device
materials, such as PTFE, PU, PEEK, nitinol, and titanium. Clot
detachment demonstrated that clots on titanium surfaces exhibited
the highest adhesion strength. Clot adhesion varied across
materials, with polymers showing a more pronounced time-
dependent behavior. Post-detachment analysis revealed non-
uniform cellular distribution on surfaces, with metallic surfaces
having larger remnants, indicating stronger adhesion regions.
Confocal analysis revealed differences in platelet-fibrin network
intensity across materials and incubation times. Further, changes
in clot structure were also noticed amongst the cross-section and
interface side of the clot. Incubation time can also impact clot
deformability, which further varies with materials. Overall, this
study demonstrated temporal variations in clot adhesion and
material-dependent clot mechanical properties. These findings
could inform strategies to enhance mechanical thrombectomy
outcomes by reducing embolic complications caused by blood-
contacting cardiovascular devices.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Penn State
Institutional Review Board. The studies were conducted in
with  the

requirements. The participants provided their written informed

accordance local legislation and institutional

consent to participate in this study.

Author contributions

VK: Data curation, Formal Investigation,
Methodology, draft,

Writing-review and editing. SA: Investigation, Writing-review

Analysis,
Visualization, Writing-original
and editing. JM: Investigation, Methodology, Writing-review and
editing. JC: Methodology, Writing-review and editing. FC:
Methodology, KM:
Conceptualization, Data curation, Formal Analysis, Funding

Writing-review and editing.

acquisition, Methodology, Project administration, Supervision,
Writing-original draft, Writing-review and editing.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1438359

Kannojiya et al.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This material
is based upon work supported by the U.S. National Science
Foundation under award No. CMMI-2017805 and U.S. National
Institutes of Health Grant HL146921.

Acknowledgments

The authors would like to thank the Penn State Clinical Research
Center nurses for assisting with blood draws and the individual
donors and the Penn State Huck Institutes’ Microscopy Core Facility
(RRID: SCR_024457).

Conflict of interest

KM has a financial interest in Cranial Devices, Inc., a
company which could potentially benefit from the results of
the presented research. The interest has been reviewed and is
being managed by The Pennsylvania State University in

References

Abbasi, M., Arturo, L. J., Mereuta, M. O., Liu, Y., Fitzgerald, S., Dai, D., et al.
(2022). Diverse thrombus composition in thrombectomy stroke patients with
longer time to recanalization. Thromb. Res. 209, 99-104. doi:10.1016/j.
thromres.2021.11.018

Abdel-Wahab, M., Simonato, M., Latib, A., Goleski, P., Allali, A., Kaur, J., et al. (2018).
Clinical valve thrombosis after transcatheter aortic valve-in-valve implantation.
Circulation: cardiovascular interventions. Circ. Cardiovasc. Interv. 11, e006730.
doi:10.1161/circinterventions.118.006730

Adar, A., Onalan, O., and Cakan, F. (2019). Development of pacemaker lead
thrombosis in a patient with atrial fibrillation during apixaban treatment. J. Tehran
Heart Cent. 14 (4), 183-186. doi:10.18502/jthc.v14i4.2005

Ahmed, A., Wang, X,, and Yang, M. (2020). Biocompatible materials of pulsatile and
rotary blood pumps: a brief review. Rev. Adv. Mat. Sci. 59, 322-339. doi:10.1515/rams-
2020-0009

Alipour, S., Taromian, F., Ghomi, E. R, Zare, M., Singh, S., and Ramakrishna, S. (2022).
nitinol: from historical milestones to functional properties and biomedical applications. Proc.
Inst. Mech. Eng. H. 236 (11), 1595-1612. doi:10.1177/09544119221123176

Balasubramanian, V., and Slack, S. M. (2001). Effects of fibrinogen residence time and shear
rate on the morphology and procoagulant activity of human platelets adherent to polymeric
biomaterials. ASAIO J. 47, 354-360. doi:10.1097/00002480-200107000-00012

Bullock, C. J., and Bussy, C. (2019). Biocompatibility considerations in the design of
graphene biomedical materials. Adv. Mat. Interfaces. 6, 1900229. doi:10.1002/admi.
201900229

Cai, S., Wu, C,, Yang, W,, Liang, W., Yu, H,, and Liu, L. (2020). Recent advance in
surface modification for regulating cell adhesion and behaviors. Nanotechnol. Rev. 9 (1),
971-989. doi:10.1515/ntrev-2020-0076

Chad, L., Cross, C. L., and Daniel, W. W. (2018). Biostatistics: a foundation for
analysis in the Health sciences. 11th Edition. 978-1-119-49657.

Chandrashekar, A., Singh, G., Garry, J., Sikalas, N., and Labropoulos, N. (2018).

Mechanical and biochemical role of fibrin within a venous thrombus. Eur. J. Vasc.
Endovasc. 55 (3), 417-424. doi:10.1016/j.jvs.2017.12.002

Chen, M. J., Pappas, G. A., Massella, D., Schlothauer, A., Motta, S. E., Falk, V., et al.
(2023). Tailoring crystallinity for hemocompatible and durable PEEK cardiovascular
implants. Biomater. Adv. 146, 213288. doi:10.1016/j.bioadv.2023.213288

Chen, Z., Lu, J., Zhang, C., Hsia, I, Yu, X., Marecki, L., et al. (2019). Microclot array
elastometry for integrated measurement of thrombus formation and clot biomechanics
under fluid shear. Nat. Commun. 10, 2051. doi:10.1038/s41467-019-10067-6

Cho, S. M., Hassett, C., Rice, C. ], Starling, R,, Katzan, I., and Uchino, K. (2019). What
causes LVAD-associated ischemic stroke? Surgery, pump thrombosis, antithrombotics,
and infection. ASAIO J. 65 (8), 775-780. doi:10.1097/mat.0000000000000901

Frontiers in Bioengineering and Biotechnology

15

10.3389/fbioe.2024.1438359

accordance with its individual conflict of interest policy, for
the purpose of maintaining the objectivity of research at The
Pennsylvania State University.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2024.1438359/
full#supplementary-material

Clarke, B., Kingshott, P., Hou, X,, Rochev, Y., Gorelov, A., and Carroll, W. (2007).
Effect of nitinol wire surface properties on albumin adsorption. Acta. Biomater. 3 (1),
103-111. doi:10.1016/j.actbio.2006.07.006

Crago, M., Lee, A, Farajikhah, S., Oveissi, F., Fletcher, D. F., Dehghani, F., et al.
(2022). The evolution of polyurethane heart valve replacements: how chemistry
translates to the clinic. Mat. Today Commun. 33, 104916. doi:10.1016/j.mtcomm.
2022.104916

Dangas, G., Weitz, J., Giustino, G., Makkar, R., and Mehran, R. (2016). Prosthetic
heart valve thrombosis. J. Am. Coll. Cardiol. 68 (24), 2670-2689. doi:10.1016/j.jacc.2016.
09.958

D’Ascenzo, F., Bollati, M., Clementi, F., Castagno, D., Lagerqvist, B., de la Torre
Hernandez, J. M., et al. (2013). Incidence and predictors of coronary stent thrombosis:
evidence from an international collaborative meta-analysis including 30 studies,
221,066 patients, and 4276 thromboses. Int. J. Cardiol. 167 (2), 575-584. doi:10.
1016/j.ijcard.2012.01.080

den Exter, P. L., Beeres, S. L. M. A., Eikenboom, J., Klok, F. A., and Huisman, M.
(2020). Anticoagulant treatment and bleeding complications in patients with left
ventricular assist devices. Expert Rev. Cardiovasc Ther. 18, 363-372. doi:10.1080/
14779072.2020.1773803

Deutsch, S., Tarbell, . M., Manning, K. B., Rosenberg, G., and Fontaine, A. A. (2006).
Experimental fluid mechanics of pulsatile artificial blood pumps. Annu. Rev. Fluid
Mech. 38, 65-86. doi:10.1146/annurev.fluid.38.050304.092022

Dwivedi, A., Glynn, A., Johnson, S., Duffy, S., Fereidoonnezhad, B., McGarry, P., et al.
(2021). Measuring the effect of thrombosis, thrombus maturation and thrombolysis on
clot mechanical properties in an in-vitro model. J. Biomech. 129, 110731. doi:10.1016/j.
jbiomech.2021.110731

Eren, E. D., Guisong, G., Mingming, L., Bingchun, Z., Ke, Y., and Shanshan, C.
(2022). A novel chitosan and polydopamine interlinked bioactive coating for
metallic biomaterials. J. Mat. Sci. Mat. Med. 33, 65. doi:10.1007/s10856-022-
06688-x

Festas, A., Ramos, A., and Davim, J. (2020). Medical devices biomaterials - a review.
Proc. Institution Mech. Eng. Part L . Mater. Des. Appl. Proc. Inst. Mech. Eng. Pt. L ]. 234
(1), 218-228. doi:10.1177/1464420719882458

Gegenschatz-Schmid, K., Buzzi, S., Grossmann, J., Roschitzki, B., Urbanet, R,
Heuberger, R., et al. (2022). Reduced thrombogenicity of surface-treated nitinol
implants steered by altered protein adsorption. Acta. Biomater. 137, 331-345.
doi:10.1016/j.actbio.2021.10.022

Hanson, S. R., Tucker, E. I, and Latour, R. A. (2020). “Blood coagulation and
blood-material interactions,” in Biomaterials science: an introduction to materials in
medicine. Editors W. R. Wagner, S. E. Sakiyama-Elbert, G. Zhang, and M. J. Yaszemski
(UK: Academic Press, Elsevier), 801-812.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2024.1438359/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1438359/full#supplementary-material
https://doi.org/10.1016/j.thromres.2021.11.018
https://doi.org/10.1016/j.thromres.2021.11.018
https://doi.org/10.1161/circinterventions.118.006730
https://doi.org/10.18502/jthc.v14i4.2005
https://doi.org/10.1515/rams-2020-0009
https://doi.org/10.1515/rams-2020-0009
https://doi.org/10.1177/09544119221123176
https://doi.org/10.1097/00002480-200107000-00012
https://doi.org/10.1002/admi.201900229
https://doi.org/10.1002/admi.201900229
https://doi.org/10.1515/ntrev-2020-0076
https://doi.org/10.1016/j.ejvs.2017.12.002
https://doi.org/10.1016/j.bioadv.2023.213288
https://doi.org/10.1038/s41467-019-10067-6
https://doi.org/10.1097/mat.0000000000000901
https://doi.org/10.1016/j.actbio.2006.07.006
https://doi.org/10.1016/j.mtcomm.2022.104916
https://doi.org/10.1016/j.mtcomm.2022.104916
https://doi.org/10.1016/j.jacc.2016.09.958
https://doi.org/10.1016/j.jacc.2016.09.958
https://doi.org/10.1016/j.ijcard.2012.01.080
https://doi.org/10.1016/j.ijcard.2012.01.080
https://doi.org/10.1080/14779072.2020.1773803
https://doi.org/10.1080/14779072.2020.1773803
https://doi.org/10.1146/annurev.fluid.38.050304.092022
https://doi.org/10.1016/j.jbiomech.2021.110731
https://doi.org/10.1016/j.jbiomech.2021.110731
https://doi.org/10.1007/s10856-022-06688-x
https://doi.org/10.1007/s10856-022-06688-x
https://doi.org/10.1177/1464420719882458
https://doi.org/10.1016/j.actbio.2021.10.022
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1438359

Kannojiya et al.

Hrdy, O., Strazevska, E., Suk, P., Vach, R,, Karlik, R,, Jarkovsky, J., et al. (2017).
Central venous catheter-related thrombosis in intensive care patients - incidence and
risk factors: a prospective observational study. Biomed. Pap. Med. Fac. Univ. Palacky.
Olomouc. Czech. Repub. 161 (4), 369-373. doi:10.5507/bp.2017.034

Jackson, S. P., Nesbitt, W. S., and Westien, E. (2009). Dynamics of platelet thrombus
formation. J. Thromb. Haemost. 7 (S1), 17-20. doi:10.1111/j.1538-7836.2009.03401.x

Jaffer, I. H., Fredenburgh, J. C., Hirsh, J., and Weitz, J. I. (2015a). Medical device-
induced thrombosis: what causes it and how can we prevent it? J. Thromb. Haemost. 13
(Suppl. 1), $72-S81. doi:10.1111/jth.12961

Jaffer, I. H., Stafford, A. R., Fredenburgh, J. C., Whitlock, R. P., Chan, N. C,, and
Weitz, J. I. (2015b). Dabigatran is less effective than warfarin at attenuating mechanical
heart valve-induced thrombin generation. J. Am. Heart Assoc. 4 (8), €002322. doi:10.
1161/jaha.115.002322

Jaganathan, S. K., Supriyanto, E., Murugesan, S., Balaji, A., and Asokan, M. K. (2014).
Biomaterials in cardiovascular research: applications and clinical implications. Biomed.
Res. Int. 459465. doi:10.1155/2014/45946

Jayaraman, A., Kang, J., Antaki, J. F., and Kirby, B. J. (2023). The roles of sub-micron
and microscale roughness on shear-driven thrombosis on titanium alloy surfaces. Artif.
Organs. 47 (3), 490-501. doi:10.1111/aor.14467

Jessen, S. L., Kaulfus, C. N., Chorpenning, K., Ginn-Hedman, A. M., Tamez, D., and
Weeks, B. R. (2021). Histologic features of thrombosis events with a centrifugal left
ventricular assist device. J. Heart Lung Transpl. 40 (1), 56-64. doi:10.1016/j.healun.
2020.10.007

Kambe, Y., Mahara, A., Tanaka, H., Kakinoki, S., Fukazawa, K., Liu, Y., et al. (2019).
Short-term evaluation of thromboresistance of a poly(ether ether ketone) (PEEK)
mechanical heart valve with poly(2-methacryloyloxyethyl ~phosphorylcholine)
(PMPC)-grafted surface in a porcine aortic valve replacement model. J. Biomed.
Mat. Res. A 107 (5), 1052-1063. doi:10.1002/jbm.a.36628

Kirklin, J. K., Naftel, D. C., Kormos, R. L., Pagani, F. D., Myers, S. L., Stevenson, L. W.,
et al. (2014). Interagency Registry for Mechanically Assisted Circulatory Support
(INTERMACS) analysis of pump thrombosis in the HeartMate II left ventricular
assist device. J. Heart Lung Transpl. 33, 12-22. doi:10.1016/j.healun.2013.11.001

Koh, L. B., Rodriguez, I., and Venkatraman, S. S. (2010). The effect of topography of
polymer surfaces on platelet adhesion. Biomaterials 31 (7), 1533-1545. doi:10.1016/j.
biomaterials.2009.11.022

Kreuziger, L. B, Jaffray, J., and Carrier, M. (2017). Epidemiology, diagnosis,
prevention and treatment of catheter-related thrombosis in children and adults.
Thromb. Res. 157, 64-71. doi:10.1016/j.thromres.2017.07.002

Kreuziger, L. B., Kim, B., and Wieselthaler, G. M. (2015). Antithrombotic therapy for
left ventricular assist devices in adults: a systematic review. J. Thromb. Haemost. 13 (6),
946-955. doi:10.1111/jth.12948

Kumar, R., Ammar, A., Saghir, T, Sial, J. A, Shah, J. A, Kumar, A, et al. (2022).
Incidence, predictors, and outcomes of acute and subacute stent thrombosis after
emergency percutaneous coronary revascularization with drug-eluting stents: a
prospective observational study. Glob. Heart 17 (1), 24. doi:10.5334/gh.1112

Lee, A. Y., and Kamphuisen, P. W. (2012). Epidemiology and prevention of catheter-
related thrombosis in patients with cancer. J. Thromb. Haemost. 10 (8), 1491-1499.
doi:10.1111/.1538-7836.2012.04817.x

Link, K. G,, Stobb, M. T, Sorrells, M. G., Bortot, M., Ruegg, K., Manco-Johnson, M. J.,
et al. (2020). A mathematical model of coagulation under flow identifies factor V as a
modifier of thrombin generation in hemophilia A. J. Thromb. Haemost. 18 (2), 306-317.
doi:10.1111/jth.14653

Linneweber, J., Dohmen, P. M., Kerzscher, U., Affeld, K., Nosé, Y., and Konertz, W.
(2007). The effect of surface roughness on activation of the coagulation system and
platelet adhesion in rotary blood pumps. Artif. Organs 31 (5), 345-351. doi:10.1111/j.
1525-1594.2007.00391.x

Liu, Y., Ya, L, Bai, Z, Wang, D, Xu, Y, and Li, Q. (2022). Nanofibrous
polytetrafluoroethylene/poly(e-caprolactone) membrane with hierarchical structures
for vascular patch. Eng. Regen. Med. 16 (12), 1163-1172. doi:10.1002/term.3354

Manivasagam, V. K., Sabino, R. M., Kantam, P., and Popat, K. C. (2021). Surface
modification strategies to improve titanium hemocompatibility: a comprehensive
review. Mat. Adv. 2 (18), 5824-5842. doi:10.1039/d1ma00367d

Manning, K. B., Nicoud, F., and Shea, S. M. (2021). Mathematical and computational
modeling of device-induced thrombosis. Curr. Opin. Biomed. Eng. 20, 100349. doi:10.
1016/j.cobme.2021.100349

Medical Device Material Performance Study (2024). “Polyurethane safety profile: U.S.
FDA center for devices and radiological Health,” in Medical device material performance
study - polyurethane safety profile. Available: FDA Report.

Mi, H.Y,, Jing, X., Thomsom, J. A., and Turng, L. S. (2018). Promoting endothelial cell
affinity and antithrombogenicity of polytetrafluoroethylene (PTFE) by mussel-inspired
modification and RGD/Heparin grafting. J. Mat. Chem. B 7 (6), 3475-3485. doi:10.
1039/c8tb00654g

Najjar, S. S., Slaughter, M. S., Pagani, F. D,, Starling, R. C., McGee, E. C., Eckman, P.,
et al. (2014). An analysis of pump thrombus events in patients in the HeartWare
ADVANCE bridge to transplant and continued access protocol trial. J. Heart Lung
Transpl. 33, 23-34. doi:10.1016/j.healun.2013.12.001

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2024.1438359

Nakamura, M., Aizawa, H., Kawabata, H., Sato, A., Watanabe, T., Isobe, K., et al.
(2020). Platelet adhesion on commercially pure titanium plates in vitro III: effects of
calcium phosphate-blasting on titanium plate biocompatibility. Int. J. Implant Dent. 6
(1), 74. doi:10.1186/540729-020-00270-2

Navitsky, M. A., Deutsch, S., and Manning, K. B. (2013). A thrombus susceptibility
comparison of two pulsatile penn state 50 cc left ventricular assist device designs. Ann.
Biomed. Eng. 41, 4-16. doi:10.1007/s10439-012-0627-z

Nesbitt, W. S., Westein, E., Tovar-Lopez, F. J., Tolouei, E., Mitchell, A., Hu, J., et al.
(2009). A shear gradient-dependent platelet aggregation mechanism drives thrombus
formation. Nat. Med. 15 (6), 665-673. d0i:10.1038/nm.1955

O’Brien, J. R. (1990). Shear-induced platelet aggregation. Lancet 335,711-713. doi:10.
1016/0140-6736(90)90815-m

Ostlund, A., Flaring, U., Norberg, A., Dahlberg, A., Berner, J., Kaiser, S., et al. (2019).
Incidence of and risk factors for venous thrombosis in children with percutaneous non-
tunnelled central venous catheters. Br. J. Anaesth. 123 (3), 316-324. doi:10.1016/j.bja.
2019.04.055

Parada, G., Yu, Y., Riley, W., Lojovich, S., Tshikudi, D., Ling, Q., et al. (2020).
Ultrathin and robust hydrogel coatings on cardiovascular medical devices to mitigate
thromboembolic and infectious complications. Adv. Healthc. Mat. 9, 2001116. doi:10.
1002/adhm.202001116

Pathare, S. J., Eng, W,, Lee, S. J. J., and Ramasubramanian, A. K. (2021). Fibrin
prestress due to platelet aggregation and contraction increases clot stiffness Biophys.
Rep. Article 100022. doi:10.1016/j.bpr.2021.100022

Pierrat, S., Brochard-Wyart, F., and Nassoy, P. (2004). Enforced detachment of red
blood cells adhering to surfaces: statics and dynamics. Biophys. J. 87 (4), 2855-2869.
doi:10.1529/biophys;j.104.043695

Plicht, B., Konorza, T. F., Kahlert, P., Al-Rashid, F., Kaelsch, H., Jdnosi, R. A,, et al.
(2013). Risk factors for thrombus formation on the Amplatzer Cardiac Plug after left
atrial appendage occlusion. JACC Cardiovasc Interv. 6 (6), 606-613. doi:10.1016/j.jcin.
2013.02.014

Preut, A, Laughlin, M., Jensen, H., Hestekin, J., and Jensen, M. (2018). Novel method
for emboli analog formation towards improved stroke retrieval devices. J. Biomech. 80,
121-128. doi:10.1016/j.jbiomech.2018.08.035

Romero, G., Higuera, I, Martinez, M. L., et al. (2010). “Analysis and simulation of the
adhesion forces between clot and the artery wall for a novel thrombectomy device
applied to the middle cerebral artery,” in Proceedings of the 2010 12th international
conference on computer modelling and simulation (Cambridge UK: UKSim 2010), 24-
26, 195-200.

Sarkar, S., Sales, K. M., Hamilton, G., and Seifalian, A. M. (2007). Addressing
thrombogenicity in vascular graft construction. J. Biomed. Mat. Res. B. Appl.
Biomater. 82 (1), 100-108. doi:10.1002/jbm.b.30710

Saver, J. L., Goyal, M., van der Lugt, A, Menon, B. K., Majoie, C. B. L. M., Dippel, D. W,
et al. (2016). Time to treatment with endovascular thrombectomy and outcomes from
ischemic stroke: a meta-analysis. JAMA 316 (12), 1279-1288. doi:10.1001/jama.2016.13647

Segan, S., Jakobi, M., Khokhani, P., Klimosch, S., Billing, F., Schneider, M., et al. (2020).
Systematic investigation of polyurethane biomaterial surface roughness on human immune
responses in vitro. Biomed. Res. Int. 11, 1-15. doi:10.1155/2020/3481549

Shi, Y., Cheshire, D., Lally, F., and Roffe, C. (2017). Suction force-suction distance
relation during aspiration thrombectomy for ischemic stroke: a computational fluid
dynamics study. Phys. Med. 3, 1-8. doi:10.1016/j.phmed.2016.11.001

Sin, D. C., Kei, H. L., and Miao, X. (2009). Surface coatings for ventricular assist
devices. Expert Rev. Med. devices. 6 (1), 51-60. doi:10.1586/17434440.6.1.51

Starling, R. C., Moazami, N,, Silvestry, S. C., Ewald, G., Rogers, J. G., Milano, C. A,,
et al. (2014). Unexpected abrupt increase in left ventricular assist device thrombosis. N.
Engl. ]. Med. 370, 33-40. doi:10.1056/nejmoal313385

Sugerman, G. P., Parekh, S. H., and Rausch, M. K. (2020). Nonlinear, dissipative
phenomena in whole blood clot mechanics. Soft Matter 16 (43), 9908-9916. doi:10.
1039/d0sm01317j

Sulemane, S., Haley, S. R, Stock, U. A,, Chester, R, and Baltabaeva, A. (2020). Huge
thrombus attached to implantable cardioverter defibrillator line resulting in severe tricuspid
inflow obstruction. Eur. Heart J. Cardiovasc. Imaging. 21 (4), 463. doi:10.1093/ehjci/jez268

Takahashi, A., Takahashi, S., Tsujino, T., Isobe, K., Watanabe, T., Kitamura, Y., et al.
(2019). Platelet adhesion on commercially pure titanium plates in vitro I effects of
plasma components and involvement of the von Willebrand factor and fibronectin. Int.
J. Implant. Dent. 5 (1), 5-15. doi:10.1186/s40729-019-0160-z

Tateishi, T., Kyomoto, M., Kakinoki, S., Yamaoka, T., and Ishihara, K. (2014).
Reduced platelets and bacteria adhesion on poly(ether ether ketone) by
photoinduced and self-initiated graft polymerization of 2-methacryloyloxyethyl
phosphorylcholine. J. Biomed. Mat. Res. A 102 (5), 1342-1349. doi:10.1002/jbm.a.34809

Taylor, J. O., Meyer, R. S., Deutsch, S., and Manning, K. B. (2016). Development of a
computational model for macroscopic predictions of device-induced thrombosis.
Biomech. Model Mechanobiol. 15, 1713-1731. doi:10.1007/s10237-016-0793-2

Tobin, N, Li, M., Hiller, G., Azimi, A., and Manning, K. B. (2023). Clot embolization
studies and computational framework for embolization in a canonical tube model. Sci.
Rep. 13, 14682. doi:10.1038/541598-023-41825-8

frontiersin.org


https://doi.org/10.5507/bp.2017.034
https://doi.org/10.1111/j.1538-7836.2009.03401.x
https://doi.org/10.1111/jth.12961
https://doi.org/10.1161/jaha.115.002322
https://doi.org/10.1161/jaha.115.002322
https://doi.org/10.1155/2014/45946
https://doi.org/10.1111/aor.14467
https://doi.org/10.1016/j.healun.2020.10.007
https://doi.org/10.1016/j.healun.2020.10.007
https://doi.org/10.1002/jbm.a.36628
https://doi.org/10.1016/j.healun.2013.11.001
https://doi.org/10.1016/j.biomaterials.2009.11.022
https://doi.org/10.1016/j.biomaterials.2009.11.022
https://doi.org/10.1016/j.thromres.2017.07.002
https://doi.org/10.1111/jth.12948
https://doi.org/10.5334/gh.1112
https://doi.org/10.1111/j.1538-7836.2012.04817.x
https://doi.org/10.1111/jth.14653
https://doi.org/10.1111/j.1525-1594.2007.00391.x
https://doi.org/10.1111/j.1525-1594.2007.00391.x
https://doi.org/10.1002/term.3354
https://doi.org/10.1039/d1ma00367d
https://doi.org/10.1016/j.cobme.2021.100349
https://doi.org/10.1016/j.cobme.2021.100349
https://doi.org/10.1039/c8tb00654g
https://doi.org/10.1039/c8tb00654g
https://doi.org/10.1016/j.healun.2013.12.001
https://doi.org/10.1186/s40729-020-00270-2
https://doi.org/10.1007/s10439-012-0627-z
https://doi.org/10.1038/nm.1955
https://doi.org/10.1016/0140-6736(90)90815-m
https://doi.org/10.1016/0140-6736(90)90815-m
https://doi.org/10.1016/j.bja.2019.04.055
https://doi.org/10.1016/j.bja.2019.04.055
https://doi.org/10.1002/adhm.202001116
https://doi.org/10.1002/adhm.202001116
https://doi.org/10.1016/j.bpr.2021.100022
https://doi.org/10.1529/biophysj.104.043695
https://doi.org/10.1016/j.jcin.2013.02.014
https://doi.org/10.1016/j.jcin.2013.02.014
https://doi.org/10.1016/j.jbiomech.2018.08.035
https://doi.org/10.1002/jbm.b.30710
https://doi.org/10.1001/jama.2016.13647
https://doi.org/10.1155/2020/3481549
https://doi.org/10.1016/j.phmed.2016.11.001
https://doi.org/10.1586/17434440.6.1.51
https://doi.org/10.1056/nejmoa1313385
https://doi.org/10.1039/d0sm01317j
https://doi.org/10.1039/d0sm01317j
https://doi.org/10.1093/ehjci/jez268
https://doi.org/10.1186/s40729-019-0160-z
https://doi.org/10.1002/jbm.a.34809
https://doi.org/10.1007/s10237-016-0793-2
https://doi.org/10.1038/s41598-023-41825-8
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1438359

Kannojiya et al.

Tutwiler, V., Maksudov, F., Litvinov, R. I., Weisel, J. W., and Barsegov, V. (2021).
Strength and deformability of fibrin clots: biomechanics, thermodynamics, and
mechanisms of rupture. Acta Biomater. 131, 355-369. doi:10.1016/j.actbio.2021.06.046

Tutwiler, V., Singh, J., Litvinov, R. L, Bassani, J. L., Purohit, P. K., and Weisel, J. W.
(2020). Rupture of blood clots: mechanics and pathophysiology. Sci. Adv. 6 (35),
eabc0496. doi:10.1126/sciadv.abc0496

Vlcek, J. R, Hedayati, M., Melvin, A. C., Reynolds, M. M., and Kipper, M. J. (2021).
Blood-compatible materials: vascular endothelium-mimetic surfaces that mitigate
multiple cell-material interactions. Adv. Healthc. Mat. 10, 2001748. doi:10.1002/
adhm.202001748

Wall, C., Moore, J., and Thachil, J. (2016). Catheter-related thrombosis: a practical
approach. J. Intensive Care Soc. 7 (2), 160-167. doi:10.1177/1751143715618683

Frontiers in Bioengineering and Biotechnology

17

10.3389/fbioe.2024.1438359

Xu, L. C, Bauer, J. W., and Siedlecki, C. A. (2014). Proteins, platelets, and blood
coagulation at biomaterial interfaces. Colloids. Surf. B. Biointerfaces. 124, 49-68. doi:10.
1016/j.colsurfb.2014.09.040

Xu, L. C,, Meyerhoff, M. E,, and Siedlecki, C. A. (2019). Blood coagulation response and
bacterial adhesion to biomimetic polyurethane biomaterials prepared with surface texturing
and nitric oxide release. Acta. Biomater. 84, 77-87. doi:10.1016/j.actbio.2018.11.035

Xu, Z., Christley, S., Lioi, J., Kim, O., Harvey, C., Sun, W,, et al. (2012). Multiscale
model of fibrin accumulation on the blood clot surface and platelet dynamics. Methods
Cell Biol. 110, 367-388. doi:10.1016/b978-0-12-388403-9.00014-x

Yang, J., Zhou, Y., Wei, F,, and Xiao, Y. (2016). Blood clot formed on rough titanium
surface induces early cell recruitment. Clin. Oral Implants Res. 27 (8), 1031-1038.
doi:10.1111/clr.12672

frontiersin.org


https://doi.org/10.1016/j.actbio.2021.06.046
https://doi.org/10.1126/sciadv.abc0496
https://doi.org/10.1002/adhm.202001748
https://doi.org/10.1002/adhm.202001748
https://doi.org/10.1177/1751143715618683
https://doi.org/10.1016/j.colsurfb.2014.09.040
https://doi.org/10.1016/j.colsurfb.2014.09.040
https://doi.org/10.1016/j.actbio.2018.11.035
https://doi.org/10.1016/b978-0-12-388403-9.00014-x
https://doi.org/10.1111/clr.12672
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1438359

	Characterizing thrombus adhesion strength on common cardiovascular device materials
	1 Introduction
	2 Materials and methods
	2.1 Material characterization
	2.2 Blood clot preparation
	2.3 Mechanical testing
	2.4 Fluorescence staining for clot components on the material surface
	2.5 Histology
	2.6 Statistics

	3 Results
	3.1 Detachment stress
	3.2 Clot remnants
	3.3 Clot histological analysis
	3.4 Clot deformation

	4 Discussion
	4.1 Clot adhesion on biomaterials
	4.2 Temporal dynamics of clot and its interaction with biomaterials
	4.3 Importance of material-dependent coagulation in cardiovascular devices
	4.4 Limitations

	5 Summary
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


