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Abstract: Modifying surface topography to prevent surface-induced thrombosis in cardiovascular implants
allows endothelialization, which is the natural thrombo-resistance of the blood-contacting surfaces and is
deemed to be the only long-term hemocompatible material. We have adapted a simulation framework to
predict platelet deposition on the modified surface and developed an optimization strategy to promote
endothelial retention and limit platelet deposition. Under supraphysiological bulk shear stress, a maximum of
79% linear coverage was achieved. This study concludes that the addition of microtrenches promotes
endothelial retention and can be improved through optimal selection of geometric parameters.
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1. Introduction

Artificial biomaterials contacting blood are widely used in implantable cardiovascular devices,
including heart valves and left ventricular assist devices (LVADs). A significant challenge in the
application of artificial biomaterials is surface-induced thrombosis, which results from protein
adsorption, platelet adhesion, and activation [1,2]. Therefore, long-term coagulation management is
required. However, this comes with its own risks, primarily an increased chance of hemorrhage [3].
Research indicates that patients with mechanical prosthetic heart valves face a significant risk of
bleeding or clotting, with an accumulated risk as high as six percent per patient-year [4]. A report on
patients with advanced heart failure who were treated with HeartMate 3 LVAD presented major
bleeding events of 0.61 per patient-year, the greatest among all major adverse events [5].

This phenomenon starts with circulating plasma protein absorption on blood-contacting artificial
material surface -- smaller proteins like human serum albumin, followed by larger proteins such as
fibrinogen [6]. The adsorbed fibrinogen provides binding sites for platelets, which then become
activated and release factors that promote further platelet aggregation and coagulation [7]. The foreign
surface can also activate the intrinsic coagulation pathway through contact activation of Factor XII,
leading to thrombin generation and fibrin formation [6,7]. This combination of activated platelets and
the coagulation cascade results in the formation of a thrombus on the blood-wetted surfaces.

In contradistinction, endothelial cells (ECs) provide the natural thrombo-resistant lining of the
blood-contacting surface and are deemed to be the only long-term hemocompatible material [8,9].
Healthy ECs utilize pathways such as the ecto-ADPase/CD39/NTPDase pathway, which limits the
propagation of platelet activation and reduces the risk of thrombus formation; and the PGI2 and
Nitric Oxide (NO) pathways, which inhibits platelet activation and aggregation through the
stimulation of cAMP and cGMP production, respectively [10].

Therefore, there is a clear benefit to endothelialize cardiovascular implants [6,11]. One method
of promoting endothelialization is through surface modification processes [12]. For instance, surfaces
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covered with microspheres (aka. sintering) are currently used in left ventricular assist devices
(LVADs) [13]. Such sintered surface topography is adopted in the hope of growing neointima tissue
and a continuous endothelium lining to shield the artificial surface from direct contact with blood,
ultimately reducing surface thrombogenicity [13,14]. Unfortunately, studies published over the
decades indicate that surface sintering can lead to unpredictable results, hence it is not a reliable
method to avoid thromboembolism [13]. A critical limiting factor is the supraphysiological wall shear
stress (WSS) commonly occurring in medical devices [15,16]. This limits endothelial attachment, and
causes embolization. For example, the typical WSS associated with mechanical valve leaflets can
range from 250 to 750 dynes/cm? [17,18], far in excess of the normal WSS in blood vessels (less than
50 dynes/cm?) that allows endothelium to maintain its monolayer structure and perform its
anticoagulation function [16].

Previous studies have shown that creating groove-like surface topography, named
“microtrenches,” can enhance EC retention in a supraphysiological shear environment, and
consequently reduce platelet adhesion [17,19-24]. The underlying mechanism is that trenches create
one or more vortices that attenuate WSS to a level tolerable for ECs. Daxini et al. created a grooving
pattern of 32 um deep and 35°, lowering WSS by 23% which helped to promote EC wound recovery
[22]. To work with the shear range above 500 dynes/cm?, Frendl et al. created several fold deeper
trenches in pyrolytic carbon [23]. Therefore, the modified surface encouraged EC retention, inducing
the release of anticoagulant molecules (e.g., nitric oxide) and reducing platelet adhesion greatly [23].
The efficacy of “microtrenches” was demonstrated to provide EC protection for over 48 hours of
perfusion [23]. One of the objectives of the present study is to perform numerical simulations of these
experimental results and further optimize the dimensions of the microtrench to maximize EC
coverage. This is achieved by coupling automatic optimization software CAESES® (Friendship
Systems AG, Potsdam, Germany) with the open-source CFD toolkit OpenFOAM.

2. Materials and Methods

2.1. Flow Field Simulation and Optimization of the Microtrenches

Numerical optimization of blood flow over a biomaterial surface populated with a series of
microtrenches was performed. The computational domain consisted of a parallel plate channel with
a height of 0.02” (~0.508 mm). The primary geometric variables of the trenches were: height (h) width
(w) and draft angle (0) of the walls, and gaps (d) therebetween. For all simulations, a constant velocity
was specified at the inlet corresponding to the experimental procedure. The blood flow was modeled
as a homogeneous Newtonian fluid governed by the Navier-Stokes equations. The corresponding
Reynolds number is 83.2, therefore the flow was assumed to be laminar. The viscosity and density of
the blood were specified as 3.5 cP and 1050 kg m= respectively. A previously validated multi-
constituent thrombosis model [25] was applied to simulate the anticoagulant effect of the endothelial
cell (EC) covered surface. The presence of the endothelial layer was modeled by altering the reaction
rate that controls the flux of activated platelets to the surface.

We conduct a fully automatic optimization using parametric CFD optimization of the design
variables. The geometric variables were provided by CAESES coupled with OpenFOAM. The
objective function was the fraction of the projected area having WSS within the range of 10-50

dynes/cm?2
£ = §uss D/ § Aorenen - ) M
Aerencir if 10 < T < 50
A — trench
wss { 0, otherwise 2)

where 71 is the normal vector of the surface, Agrenc, is the incremental surface area, $(Ay s 1) is
the projected cumulative area, 7 is wall shear stress in dynes/cm?.

These thresholds were chosen based on physiological WSS values and in vitro results proven to
maintain EC monolayer integrity [16]. Additional constraints were applied, summarized in Table 1.
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The matrix of the combined effect of these three parameters is illustrated in Figure S1. Each parameter
can pick one of three values, which yields 27 designs in total. The indices HIAIW1 refers to the
smallest height, angle, and width, respectively.

Table 1. Design Space for trapezoidal microtrenches.

Design Variables Lower Bound Upper Bound Average Interval
Height (mm) 0.01 3 0.1
Width (mm) 0.01 3 0.1
Angle*(°) 0 90 0.3

* Angle here is half of draft angle 0.
3. Results

3.1. Simulation of Platelet Adhesion

Initial simulations were conducted to mimic the published in-vitro experimental results of
Frendl et al. [23]. Human endothelial cells seeded within collagen-coated microtrenches were
exposed to a bulk shear stress of 600 dynes/cm?, and human platelets afterward. The dimensions of
the microtrenches were 700 pm deep and 400 um wide.

The simulation employed a 2D domain corresponding to a channel with a fixed height with the
bottom surface featuring 3 trenches (Figure 1 (a)). The domain includes sections of active collagen-
coated surfaces and inactive surfaces pre-seeded with ECs. At the inlet, a uniform velocity was
applied to achieve a wall shear stress of 600 dynes/cm? within the entrance length (and upper surface.)
Figure 1 (b) shows that the wall shear stress distribution within the microtrench region was reduced
by two orders of magnitude. The reduction of WSS was most dramatic within the microtrenches but
the shear along the top of the partitions elevated WSS by approximately 60%.

The results of the multi-constituent thrombosis model are provided in Figure 1 (c) revealing that
collagen-coated microtrenches yield noticeable thrombus formation inside the microtrenches at the
time point of 50 minutes. The assumed 100% EC-coated microtrenches (Figure 1 (d)) in contrast were
confirmed to limit platelet adhesion—corresponding to the experimental results (Frendl et al.), Figure
1 (e) demonstrating confluent ECs (red dots) retained on the microtrenched surface after 48 hours of
perfusion and the absence of platelets (green dots) on microtrenched surfaces.
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Figure 1. CFD and thrombosis simulation of vertical microtrench patterned surface. (a) Simulation
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domain. (b) Wall shear stress. (c) Simulation of thrombus within collagen-coated microtrenches at t =
3001. (d) no thrombus formation on EC-coated microtrenches; (e) Confluent EC (red) are retained
after 48 h of 600 dyn/cm? steady bulk flow and images of platelets (green) adhesion to EC coated
microtrenches surface. (Yellow dash lines indicate partition.) [23].
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3.2. Optimization of Microtrenches

Figure 2 (a) provides a schematic of the initial geometry, corresponding to Friendl et al. [23] and
(b) illustrates a generalized geometry in which the height (h), angle (0), and width (w) are free
variables, and the wall thickness is allowed to vanish to zero. Typical streamlines within the trenches,
as shown in Figure 2 (c) and Figure 2 (d), reveal the presence of vortex formations.

(a) (c)

VLD

U Mag (m/s)
001 0.2 0.3 0.4 050607081

(b)

ACA A

Figure 2. Overview of the geometry parameters and flow dynamics around different trench
geometries. (a) Visualization of the vertical trench geometry. (b) Streamlines around the vertical
trench, color-coded by velocity magnitude. (c) Flow patterns around a trapezoidal trench. (d)
Streamlines around the trapezoidal trench, color-coded by velocity magnitude.

3.3. Optimization of Trapezoidal Trench Geometry

The optimization of microtrenches geometries is based on the evaluation of the coverage of the
area with WSS ranging from 10 dynes/cm? to 50 dynes/cm?. It can be seen in Figure 3 (a)-(c), that the
WSS at the bottom corners of the microtrenches is less than 10 dynes/cm?, as seen previously in Figure
1 (b) the bottom surface and hence is not optimal for maintaining EC monolayer integrity.

A pilot study in which the draft angle © was varied from 60° 90° to 120° revealed a drastic
variance in the profile of areas with desirable WSS, indicating that the angle has a significant impact
on the WSS distribution and hence limits undesirable WSS bands. A quantitative comparison of
coverage with a fixed height of 150 um and width of 110 pum revealed that the right-angle
microtrenches exhibited the most favorable WSS distribution, compared to 60° and 120°
configurations. See Figure 3 (d).
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Figure 3. (a)-(c) Evaluation of WSS on trapezoidal trenches with varying angles from 60° to 120°. The
color-coding indicates areas with WSS values: green represents WSS within the threshold range of
10-50 dyn/cm?, red denotes areas above 50 dyn/cm?, and blue represents areas below 10 dyn/cm?. (d)
Surface coverage of the optimal WSS regions, along with the projected area coverage for comparative
analysis across the designs.

An auto-optimization was conducted to identify the optimal combination of design
parameters—draft angle (0), height (h), and width (w)—to maximize the objective function. Figure 4
shows their effect on the objective function. The optimal configuration consisted of a trench height of
0.79 mm, a width of 1.6 mm, and a draft angle of 51.8°. However, as shown in Figure 4 (c), it is
interesting to note that the width of the trench does not exhibit a direct correlation with the objective
function, where no optimized value was found in this search.

(a)  fPAWTvs. Draft Angle (b) fPAWTvs. Height (c) fPAWTvs. Width

Height (ym) Width (jum)

Figure 4. Exploration of design parameters and their influence on the projected area coverage. (a)
Angle. (b) Height. (c) Width.

4. Discussion

This study presented a framework for optimizing the surface topography to promote endothelial
cell retention and improve biocompatibility of implantable medical devices. Specifically, this study
sought to optimize a trench-shaped surface topography under a single ultra-high shear environment,
representative of the condition in devices such as mechanical prosthetic heart valves and inflow
cannula of ventricular assist devices.

The optimization process began with pre-validated vertical microtrenches, investigating how
the variation in the trench dimensions (height, width, and gaps) could influence the WSS profile and
subsequently influence the EC coverage. However, the EC coverage achieved with this design was
limited. The rationale for transitioning from vertical to trapezoidal trenches was twofold. Firstly, we
observed that decreasing the gap between the vertical trenches did not result in a significant
alteration of the WSS distribution inside the trench, as shown in Figure S2, yet the partition between
two trenches is guaranteed to have undesirable high shear. This finding motivated us to reduce the
gap further to increase the EC coverage while maintaining the mechanical integrity of the
topography. Secondly, although the WSS on the vertical trench can be optimal, it failed to increase
the projected EC coverage on a limited area of surface.

It is worth noting that a few assumptions were made thence the key simplifications have been
applied for computing at a reasonable expense yet achieving realistic results. First, we assumed a 2D
parallel plate channel which was chosen to be consistent with the in vitro validation experiment.
Second, a uniform inlet velocity was introduced, and an ample entrance length allowed for the flow
field to become fully developed at the leading edge of the trench. Third, we applied a steady-state
flow instead of the pulsatile blood flow, which does not account for the complexity of the flow in
vivo. This simulation also does not account for biological responses beyond the initial interaction of
platelet deposition. The behavior of endothelial cells and thrombosis formation could vary under
different flow conditions, including endothelial cell migration, mitosis, and or the secretion of anti-
thrombotic substances in response to the shear stress.

Future studies should address these limitations by incorporating the cellular interaction between the
endothelium and the blood, the secretion and transport of the anti-thrombotic substances, and its effect
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on platelet activation and aggregation. Such a model could also be applied in complex flow conditions,
e.g., pulsatile flow, to represent the physiological environment; and more complex geometries.

The width of the trenches was examined as a parameter that could not be optimized within the
constraints of the study. It is illustrated through an extreme case, where the microtrenches are
reduced to a parallel plate. See Figure S3. Ideally, the wall shear stress is governed by the total height
of the flow as explained in Equation (3):

1
T &

®)

htotal

where t represents the wall shear stress, R, is the total height of the channel without trenches.
We hypothesize that there exists a critical height of the channel (10.952 mm) so that the WSS equals
the desired threshold (10 dynes/cm?). To validate this mathematical interpretation, we set the height
at the critical value and compared the projected area coverage with varying channel widths. Results
show that the objective function approaches an asymptotic value while the w extends to infinity. See
Figure S3. This might result in an optimized design that has a width at the upper bound, such a value
lacks practical meaning. In reality, the width of the trench is constrained by manufacturing
limitations, mechanical stability, and other factors. Though it is not directly optimized, its selection
is still guided by practical applications. Nevertheless, the addition of microtrenches will promote
endothelial retention and can be improved through optimal selection of geometric parameters.

As a proof of concept of our optimized geometry, we evaluated endothelial retention on the
trapezoidal microtrench by embossing a 45° trapezoidal geometry (shown using fluorescence image
in Figure 5 (d) on a polymeric substrate. We then coated the embossed channel with collagen and
seeded the channels with endothelial cells. CFD simulation Figure 5 (a) determined that the ECs
experienced a shear range about 5-fold less than the applied bulk shear (120 dyn/cm?), which supports
the throttling capacity of the trapezoidal microtrench. Also, we found that the trench surface
provided three times the surface area (Upstream, Base, and Downstream) in comparison to flat
control, effectively increasing the surface area for EC adhesion. Twenty-four hours post-seeding, we
applied continuous shear at a maximum pump flow rate for 48 hours. Endothelial retention on the
flat microtrench control was completely diminished as shown in Figure 5 (b). However, we found a
retained, confluent EC monolayer with visible junction integrity in the Upstream (U), Base(B), and
Downstream (D) regions of the no-flow control microtrench (Figure 5 (c)) and sheared sample
microtrench (Figure 5 (e)). Immunofluorescence staining showed expressed endothelial cell junction
as marked by VE Caherin stain (CD144 monoclonal antibody, Bio-Rad, United States). Although
comparable, we observed significant differences in endothelial coverage area fraction between the
different regions of the sheared microtrench (84%, 87%, and 82%) vs. control (74%, 77%, and 69%) as
shown in Figure 5 (f).

The above validates endothelial retention in the optimized trapezoidal microtrench under high
shear stress, as ECs remain adhered to the microtrench channel, similar to Frendl et al. [23]. The
downstream region in sheared samples showed higher degradation, which can be attributed to the
force of fluid against the downstream wall. Furthermore, the endothelial retention rate corroborates
our CFD optimization as we observed above 50% retention rate at the different regions within the
microtrench post-shear, thus alluding to its potential to support more EC segments for monolayer
formation. Although the height, width, and angle used in this experiment vary from the optimized
geometry and cell culture medium was adopted to assess the long-term retention of the ECs, the
results of EC retention on such microtrench were encouraging regarding the feasibility of seeding
and the protection of the EC monolayer. In the future, we plan to address the difference between the
simulation and the experiment and examine the effect of anti-platelet on the EC-coated microtrenches
by incorporating blood as a fluid medium.
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Figure 5. Endothelial retention under high shear stress. (a) CFD Simulation of trapezoidal microtrench
(MT) at high pump flow rate; b. Immunohistochemistry images of the MT showing seeded endothelial
cells. Flat MT control (b), Static MT with no flow (c), 3D projection of Sheared MT (d), Sheared MT at
48 hours post high shear (e). The arrows show mature endothelial junction, Blue (DAPI), Red (VE
Cadherin). U, B, and D correspond to the Upstream, Base, and Downstream regions; (f) Quantification
of EC Coverage at the different regions. Data represent mean + SEM. n represents the number of
independent biological samples with triplicates measured per sample. Two-way ANOVA with
Tukey’s HSD test. **** p = p <0.0001; *** p = p < 0.0005; ** p = p <0.005; * p=p < 0.05; ns = p > 0.05.

Supplementary Materials: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org, Figure S1: Visualization of 27 design configurations based on combinations of three design
parameters: height (H), draft angle (A), and width (W). Figure S2: Comparison of shear stress distribution on the
surface of two trenches with different gap widths (d). Figure S3: Exploration of an extreme design case.
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