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Abstract

The inner surfaces of arteries and veins are naturally anti-thrombogenic, whereas synthetic
materials placed in blood contact commonly experience thrombotic deposition that can lead to
device failure or clinical complications. Presented here is a bioinspired strategy for self-cleaning
anti-thrombotic surfaces using actuating surface topography. As a first test, wrinkled
polydimethylsiloxane planar surfaces are constructed that can repeatedly transition between
smooth and wrinkled states. When placed in contact with blood, these surfaces display markedly
less platelet deposition than control samples. Second, for the specific application of prosthetic
vascular grafts, the potential of using pulse pressure, i.e. the continual variation of blood pressure
between systole and diastole, to drive topographic actuation was investigated. Soft cylindrical
tubes with a luminal surface that transitioned between smooth and wrinkled states were
constructed. Upon exposure to blood under continual pressure pulsation, these cylindrical tubes
also showed reduced platelet deposition versus control samples under the same fluctuating
pressure conditions. In both planar and cylindrical cases, significant reductions in thrombotic
deposition were observed, even when the wrinkles had wavelengths of several tens of ym, far
larger than individual platelets. We speculate that the observed thrombo-resistance behavior is
attributable to a biofilm delamination process in which the bending energy within the biofilm
overcomes interfacial adhesion. This novel strategy to reduce thrombotic deposition may be
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applicable to several types of medical devices placed into the circulatory system, particularly
vascular grafts.
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1. Introduction

The inner lining of arteries excel at resisting unwanted fouling, most importantly avoiding
thrombotic deposition. This anti-fouling ability is attributable to a broad variety of passive
and active mechanisms employed by the endothelial cells that line the internal surfaces of
the entire circulatory system [1]. In comparison, synthetic surfaces are less adept at resisting
thrombotic deposition, and the use of such surfaces is limited to certain devices and often
must be accompanied by the provision of anticoagulant and anti-platelet therapy. There has
been an enormous effort in the medical community over the past several decades to create
synthetic surfaces that resist fouling for use in catheters, dialysis devices, and vascular
implants such as heart valves, and prosthetic blood vessels [2]. The various strategies that
have been employed for improving hemocompatibility include fluorination of surfaces [3],
bonding heparin to the surface [4], and modification with polyethylene glycol or
phosphorylcholine and similar zwitterionic groups [5-7]. Some of the resulting surfaces can
be used for long term blood contact, e.g. for heart valves or vascular grafts. Nevertheless, for
vascular conduits, clinical studies have shown that such surface modifications have had
limited long-term benefit in improving graft patency [8-10]. On the whole, synthetic grafts,
typically made of polytetrafluroethylene (PTFE) or polyester, perform poorly in bypasses to
blood vessels below the knee. In such surgeries, autologous (i.e. the patient’s own) veins
have higher rates of patency, and hence are the preferred conduit. The down side of these
vein conduits is the morbidity associated with the additional surgery needed to harvest the
vein.

The majority of the approaches mentioned above for improving synthetic surface
hemocompatibility are chemical in nature and involve the modification of the chemical
composition of the blood contact surface, e.g. fluorination reduces surface adhesion strength
[3], polyethylene glycol provides a highly hydrated surface [11], and heparin bonding
provides anticoagulating and antiplatelet effects [12]. In this article we examine a very
different approach: antifouling activity of surfaces induced by topographic changes of the
blood-contacting surface.

Many surfaces in nature are endowed with non-flat surface morphology or topography
[13,14], and many of these (e.g. surfaces of lotus leaves, rose petals, mussel byssus,
sharkskin, and gecko feet) have attracted intense attention in the technological community
due to their role in tuning wettability, friction, and adhesion [15]. Many conduits in the body
(arteries, esophagus, trachea, small intestine) are heavily corrugated or wrinkled. Arteries, in
particular, exhibit wrinkles that can fully or partially flatten out as the arteries dilate or
distend in response to blood pressure changes during the cardiac cycle [16,17]. Because
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structure in biology typically serves a function, we hypothesize in Pocivavsek et al. [18] that
this cyclical fluctuation in luminal topography in arteries confers an anti-thrombotic
function.

In fact, past research has explored the antifouling surface activity due to non-flat topography,
or surface deformation, or both. For instance, recent reviews have cited numerous examples
of static topographies that reduce marine [19] or bacterial [20] biofouling and the
corresponding technology has been commercialized under the name Sharklet. Several
articles have also examined the effect of static surface topography on blood biofouling [21-
26]. Turning to surface deformation, Shivapooja et al. examined marine fouling on
elastomeric surfaces and showed that simply stretching the elastomer would release the
foulant [27,28]. More complex surface deformations, e.g. by embedding pneumatically-
inflatable bubbles under the elastomeric surface, was shown to be even more effective, and
the same approach was used to develop a multi-lumen urinary catheter which could be
pneumatically-actuated to remain clean [29]. More recently, Gu et al. [30] examined
biofilms that formed on topographically-patterned shape-memory polymer surfaces. Mild
heating induced shrinkage of the polymer and detachment of the biofilm.

We now turn to dynamic topography, i.e. an active surface whose topography changes
repeatedly. In Pocivavsek et al. [18], we proposed a new mechanism in which actuation from
a smooth to a wrinkled surface induces delamination of a film adhered to the surface. In that
article, the topography was characterized by a wavelength A and amplitude A, which
corresponds to a characteristic surface curvature x = A/A2. As the surface transitions from
smooth to wrinkled, A increases, and hence x increases in tandem. We showed that if a soft
elastic film is adhered to such a surface, at some critical amplitude A, or equivalently,
critical curvature x,= A/A2, the adhered film patch begins to delaminate from the wrinkled
surface. The mechanism underlying such delamination will be discussed further in Section
3.

In this report, we test whether this concept of deadhesion driven dynamic topography, i.e.
repeated cyclical wrinkling and unwrinkling, can be an effective anti-fouling mechanism for
surfaces in contact with blood. More specifically, we seek to lay the ground for new kinds of
vascular grafts that rely on continuous topographic actuation to stay clean.

2. Experimental results

The experimental section of this paper is organized to clearly emphasize the distinction
between two different experimental platforms. The first was developed to provide initial
proof of principle of the central hypothesis that topographic actuation reduces the deposition
of platelets from whole blood. The second represents a step towards clinical translation.
Both platforms are pneumatically actuated, but in the first (Section2.1) the pneumatic
actuation (using water) is only a means of stretching an elastomeric surface, analogous to
stretching the surface of a balloon by inflation. In principle, the same results as Section 2.1
may be obtained by stretching the surface by any other method. In the second approach
(Section 2.2), cylindrical tubes are fabricated which are inflated and deflated by pressurizing
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the blood itself. This is analogous to the diameter changes of arteries under pulse pressure
[31].

2.1. Wrinkling on planar surfaces

As a first test, we considered surfaces that were approximately planar, but capable of
transitioning from being wrinkled to being smooth when stretched. The essential mechanics
of the experiment are illustrated in Fig. 1A-D. An elastomeric sheet endowed with a
wrinkled surface (see next paragraph) was bonded to a pneumatic actuator base that could be
pressurized, causing the sheet to balloon outwards. The stretching of the sheet then
smoothed out the wrinkles. With repeated pressurization and depressurization cycles, the
surface could be transitioned continually between wrinkled and smooth textures. The
wrinkled surface was itself generated using UV-ozone (UVO) treatment of
polydimethylsiloxane (PDMS) silicone rubber. The mechanical platform is similar to that
used by Shivapooja et al. [27,28], with the central difference being that inflation is used to
drive a wrinkle-smooth transition at the surface.

Most of the experimental details are given in the ESI, but briefly, an pneumatic actuator base
(Fig. 1E) cast from silicone RTV-4136 M (Dow Corning) was constructed (Fig. 1E) and a 5
mm thick sheet of Sylgard 184 PDMS rubber was bonded to it (Fig. 1F,G,I). The exposed
surface of the Sylgard elastomer sheet was then subjected to ultraviolet-ozone (UVO)
treatment, which is known to vitrify the surface into a ~100 nm thin layer of silica which is
much stiffer than the elastomer [32].

Some samples were UVO-irradiated with the elastomer film being flat (i.e. the actuator base
was not pressurized during ozonolysis). These samples served as controls. Wrinkled samples
were generated by irradiating under pressurized conditions when the elastomeric film was
distended, i.e the state of Fig. 1G. Due to the rectangular geometry of the ballooning sheet,
the elastomer stretching is predominantly uniaxial, and experiments used a stretching of
30% along the short axis. The silica layer formed due to UVO treatment was strain free
under pressurized conditions, but upon reducing the pressure, the elastomer retracted and
compressed the silica layer, leading to wrinkling of that layer with a uniform wavelength of
roughly 50 um (Fig. 11). Given the anisotropic strain along the actuator short axis, the
neutral direction of the wrinkles was along the actuator long axis.

Platelet deposition experiments used two actuator chambers working “in opposition” so that
one chamber inflated while the other deflated (Fig. 2A). The blood contact device comprised
a polycarbonate frame sandwiched between two elastomeric sheets prepared as per the
previous paragraph (Fig. 2B). Valves on the polycarbonate frame allow easy filing of the
reaction chamber with blood (green water is used in Fig. 2B for illustration) and purging of
all air. Once the chamber was filled with 30 mL of fresh ovine blood [7] (See ESI), the
actuator bases were connected to a peristaltic pump (Fig. 2C). During each half-cycle, the
pump moved 4 mL of water from one actuator base to the other. This pressurized one
actuator base inflating its elastomeric sheet to a smooth state while depressurizing the other
and contracting its elastomeric sheet to a wrinkled state. The entire chamber was place in a
tissue culture incubator at 37 < and actuated at 0.4 Hz/cycle for 90 min or 2100 cycles. This
experimental setup offers several advantages: it minimizes contact of blood with non-target
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surfaces; air is completely excluded; the blood itself is never placed in the flow circuit and
hence does not experience high-shear flow; the counter-pulsation minimizes hydrostatic
pressure buildup in the blood-containing chamber; and two samples can be tested
simultaneously.

For the static PDMS control samples, the surface thrombotic deposition was assessed by
placing the samples in ovine blood and gently rocking for 90 min at 37 € on a hematology
mixer (see ESI).

At the end of blood contact, the surfaces were washed with saline and cut into 1 cm?
samples taking care to exclude regions near the ends of the inflation zone where substantial
bi-axial strain exists. Samples then underwent post-processing for lactate dehydrogenase
(LDH) and scanning electron microscopy (SEM) characterization [33,34].

The results of this experiment are shown in Fig. 3. The PDMS surface that had been UVO-
treated without prestretching (and hence remained smooth), exhibited significant thrombus
formation after exposure to blood under static conditions (Fig. 3A). The PDMS surface that
had been UVO-treated with prestretching (and hence wrinkled), demonstrated even greater
thrombus formation when exposed to blood under static conditions (Fig. 3B and E). When
exposed to blood under continual actuation, both smooth and wrinkled surfaces showed
dramatically lower platelet deposition: 84% lower in the case of smooth surface actuation
(Fig. 3C and E) and 97% lower with wrinkled-surface actuation (Fig. 3D and E). The effect
of the surface topography is more evident in Fig. 3F which compares the smooth vs wrinkled
surfaces under actuation. The topographically-actuated wrinkled surfaces were nearly
completely devoid of deposited platelets and showed the platelet deposition to be 73% lower
than the actuated flat systems. These findings indicate that repeated stretching — by itself —
reduces platelet deposition of interface surfaces. The continually actuating surface
topography further reduces thrombus formation by several fold.

2.2. Tubular constructs: wrinkle actuation by pulsatile pressure

Fig. 3 supports the basic hypothesis that a surface that continually transitions between a
smooth and wrinkled state has anti-fouling activity against blood. If cylindrical tubes can be
endowed with such actuating topography on their inner surface, they may be useful as
vascular grafts. The immediate question that arises is: how can such surfaces be continually
actuated when they are implanted into the human body? We propose that the pulsatile flow
of the cardiovascular system can itself be used as a freely-available driving force for
continuous actuation. Specifically, natural arteries are known to expand and contract several
percent with every pulse cycle [31]. These blood pressure pulsations may be harnessed to
drive small amplitude stretching and relaxation of the synthetic grafts, which can then
induce continual changes between smooth to wrinkled states at the luminal surface. The
concept is illustrated in the bottom two images of Fig. 4B where a cylindrical tube endowed
with a stiff inner wall is wrinkled in a low pressure state, but smooth when inflated to a
higher pressure state.
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The goal of this section is to take a first step towards this concept. We fabricate cylindrical
tubes and test their fouling under blood exposure under continual pulsation. Secondarily, we
also examine the effect of wavelength on the antithrombotic activity.

The materials selected for the cylindrical constructs were entirely two-part silicone
elastomers. The luminal film was made from Xiameter RTV-4136 M, whereas the thick
portion of the tube wall was composed of a much softer material, GI-245 (Silicones, Inc.).
Tensile testing (See ESI) shows that the modulus of the RTV-4136 M and G1-245 is 2.6 MPa
and 0.029 MPa respectively. It is this large modulus mismatch that induces luminal wrinkles
when the luminal film experiences compressive stress.

The fabrication method for constructing such tubes is illustrated in Fig. 4A. The fabrication
details are given in the ESI, but briefly, a several-micron thick film of the silicone RTV-4136
M was spread onto a flat acrylic surface and cured. A thick layer of the softer silicone
(GI-245) was then spread on this first layer and allowed to cure to form a bilayer. Upon
releasing from the acrylic surface, this bilayer is stress-free and therefore remains flat and
has a smooth surface. In order to create surface wrinkles, this bilayer was then bonded to a
second layer of GI-245 (which had been cast separately) which was held prestretched 30—
40%. Upon releasing the prestretch, the stiff surface film of RTV-4136 M developed strong
wrinkles whose wavelength could be tuned by varying the film thickness. The layered sheet
was then rolled into a cylinder 10 cm long and 6 mm in diameter (wrinkle-side inside) and
the edges of the cylinder were sutured together. The suture line was sealed externally with a
thin coat of G1-245 silicone to provide a water tight suture line. Finally, a layer of a different
silicone, GI-380, was used to so that the tubes would give the desired expansion/contraction
at physiological pressures. We emphasize that the luminal film of all samples was cast
against optical quality acrylic sheets, and hence all samples are expected to have the same
nanoscale roughness. Thus, while nanoscale roughness is known to affect platelet deposition
[35-37], this fabrication technique ensures consistency across all samples. The selection of
geometric parameters (e.g. thicknesses of the various layers, the degree of prestretch, etc.)
was optimized empirically. Typically, with pre-stretch of less than 10%, wrinkles developed
inconsistently and weakly, whereas strains exceeding 20% gave reliable wrinkles that were
uniform over the entire surface. With an eye towards future experiments, the grafts were
designed so that the two pressures would be close to typical diastolic and systolic pressures
(Fig. 4B). It must be noted that the compressive strain that induces wrinkling comes from
both the prestretch as well as the strain associated with bending a flat sheet into a cylinder
shape. An image of the resulting cylindrical tube sliced length-wise as well is shown in Fig.
4C.

Before conducting blood flow experiments, it is critical to identify the pressure at which
wrinkles appear and disappear. Since the resulting tubes are opaque, this validation cannot
be done by simple visualization or microscopy. To perform this validation, we used Optical
Coherence Tomography (OCT) using a specialized catheter [38]. OCT works by collecting
images along circumferential cross-sections at high frequencies and has been used to
examine the luminal and mural structure of arteries /77 vivo. With current OCT technology,
the lateral spatial resolution is approximately 50-100 pm. For the validation, the silicone
graft was sealed at one end, and the other end was connected to a syringe pump. The graft
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was inflated and deflated at 0.05-0.1 Hz with water while measuring pressure.
Simultaneously an OCT catheter was swept through the graft to image the lumen. Fig. 4D
shows the OCT images measured during this calibration along with the measured pressures.
It is clear that the lumen becomes much less wrinkled as the pressure is raised from 50 mm
Hg to 200 mm Hg. These pressures, which are in the range of diastolic and systolic
pressures in humans, provide the desired pressure range for the following blood fouling
experiments.

After calibration of each graft, blood tests were conducted using fresh whole blood from a
healthy human donor (see details in ESI). Static (i.e. unactuated) control samples were tested
in a rocking configuration similar to those in the previous section so that the blood was
constantly shaken gently. The actuated samples were tested as follows. Multiple cylinders
with three different wavelengths (1000 um, 250 pum, and 80 um) were tested. A vascular
access catheter was sutured at one end of the graft, whereas the other end was sutured
closed. The catheter access line was split to allow a syringe pump and blood pressure
analyzer to be connected simultaneously. The entire system was incubated at 37 C and
actuated for 90 min. The actuation volume was set so that the desired high and low
pressures, identified from the OCT calibration experiments, were reached. At the end of the
blood exposure, the cylinders were cut open and analyzed with an LDH assay (see ESI for
details).

The results are shown in Fig. 5. Fig. 5A compares the cross-sections under fully-deflated
conditions of the four grafts used in blood tests: one graft with a smooth lumen, and three
with wrinkles of various wave-lengths. The native silicone graft was thrombotic under static
conditions. As a comparison, a TiAlgV, surface was also exposed to blood under static
conditions, and it showed only slightly lower platelet deposition. For the grafts undergoing
continual actuation between expanded (smooth) and contracted (wrinkled) states, the sample
with a 1000 um wavelength showed 70% lower platelet adhesion than the control samples.
The grafts with smaller wavelengths showed an even sharper decrease in platelet adhesion,
with the smallest wavelength exhibiting 88% lower platelet deposition than the static
control.

In fact, the difference between the samples is even larger than apparent from Fig. 5B
because of the significant platelet adhesion evident along the suture line. It is well known
that suture lines are a strong nidus for platelet activation/adhesion and thrombus formation.
We therefore also reanalyzed the data for the sutured samples examining only the sutureless
hemicylinder, (Fig. 5C). Excluding the effect of sutures, the actuated graft with the smallest
wavelength had 50-fold lower fouling than the static control, and 5-fold lower fouling than
the actuated graft with the largest wavelength.

Similar experiments were also conducted using grafts with a completely smooth lumen, and
these results were similar to the lumen with 1000 gm wavelength. This suggests that the
1000um wavelengths under actuation is, from a blood biofouling perspective, equivalent to a
flat surface under actuation.
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3. Discussion

To summarize the main results, we show that surface actuation between wrinkled and flat
surfaces reduces platelet deposition, and moreover dynamic topography is more effective at
avoiding platelet fouling as its wavelength reduces. It is noteworthy that the surface
chemistry of the cylindrical constructs (bare silicone) is altogether different from the flat
sheets used in the previous section (silica-like surface bonded to silicone). This suggests that
the effect noted is due to topographic actuation and is not specific to the surface chemistry.
Due to the difficulty of observing the surface while under constant actuation, we have not
yet attempted to elucidate the mechanics by which topographic actuation resists blood
fouling. In this section, we will first propose two possible mechanisms, one based on
adhesion and a second based on flow/kinetic effects.

The adhesion-based explanation is that for a solid-like foulant to adhere onto a curved
surface, it must either deform or have a reduced contact with the surface. This either poses
an elastic energy penalty (if the foulant deforms along with the surface) or reduced adhesion
strength (if the foulant does not deform), either of which could reduce fouling. Yet the
results above show that fouling reduces considerably even at wrinkle wavelengths that are at
least an order of magnitude larger than the size of platelets. Thus, such an adhesion-strength-
based explanation, if applicable, cannot operate on the level of single platelets. Yet platelets
are generally not present on a surface singly, but instead in the form of a collection of
platelets, i.e. a thrombus. In thrombus formation, platelets from blood adhere to a surface
and begin to aggregate into patch-like structures [39], which can be several tens of microns
in size. The adhesion-based mechanism can then be summarized in cartoon form (Fig. 6). It
illustrates a patch of thrombus that is large enough that it begins to behave as an elastic
continuum and therefore responds to the changes in topography of the substrate. As the
surface wrinkles, the patch seeks to deform conformally, but the change in curvature
imposes an elastic energy penalty. Beyond a certain curvature, the increase in elastic energy
forces delamination.

It is precisely this physical picture of Fig. 6, dubbed “topography-driven delamination”, that
has been developed quantitatively in Pocivavsek et al. [18] Briefly, we considered a flat
substrate to which is adhered a soft elastic layer. As in the research conducted here, the flat
substrate itself comprises a thin stiff surface film (thin blue line in Fig. 6) that is bonded to a
softer underlayer (orange layer in Fig. 6). Therefore compressive strain induces the substrate
to transform from flat to an approximately sinusoidal texture (wavelength A, amplitude A).
Due to the mechanics of buckling of a stiff film bonded to a soft underlayer [40], neither the
area nor the wavelength change significantly during the buckling process; the main effect of
the compressive strain is to increase the amplitude. Once the amplitude reaches a critical
value, the adhering layer starts to delaminate. We showed that physics of such delamination
can be captured by two parameters. The first parameter is the curvature k o A/2% which
quantifies the changes in topography. The second parameter is the elastocapillary
lengthscale, #,., which depends only on the properties of the adhering layer (mod-ulus,

thickness, adhesion strength). We showed that the criterion for deadhesion is kZ,. > 1, or
equivalently, that the adhering layer delaminates when the curvature exceeds a critical value
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k.= 1/¢,.. More flexible patches have smaller #,. values, and hence need a larger curvature,

i.e. larger amplitude, to deadhere. As clarified in Pocivavsek et al. [18], this newly proposed
mechanism of topography-driven de-lamination is altogether different from the other well-
known mechanisms of delamination [41]. More specifically, a detailed comparison [18]
between edge delamination, buckle delamination, and topography-driven delamination
shows that surface topography is more effective at increasing the energy release rate that
drives delamination of the adhered layer.

The experiments (Fig. 5C) unambiguously show that platelet deposition reduces (i.e. anti-
thrombotic activity improves) as wavelength decreases. This observation is entirely
consistent with this newly-proposed mechanism of topography-driven delamination [18]. To
illustrate this, let us treat the aggregation of platelets into surface-adhering thrombus patches
as a random process such that the surface is covered with patches having different structures,
geometries, and mechanical properties. All this variability in thrombus properties may be
captured as a statistical distribution P(Z,.) of the elastocapillary length, where more flexible

patches correspond to smaller values of #,.. The surface transitions from an initial flat
topography (initial curvature x; =0) to some final wrinkled topography (the final curvature,
kg o A//lz). Since the topographic change preserves interfacial area, given a certain strain
driving the topographic changes, A « 4,and hence ky « 1/4. Thus, according to the
deadhesion criterion above, patches with k s7,. < 1 will deadhere, whereas relatively flexible
patches will (k ¢, < 1) remain adhered. Since s « 1/, the fraction of adhering patches will
reduce as wavelength reduces, as indeed seen experimentally.

This argument may be made more quantitative by selecting a specific form for the
distribution function P(Z,.) In the ESI we show that a simple exponential form for P(¢,.)

predicts that the number of adsorbed platelets should be proportional to the wavelength A.
Thus for the three experimental wavelengths of Fig. 5C and 1000 gm, 250 umand 80 um,
this simple statistical model suggests that the platelet ad-sorption should be in the ratio
1:0.25:0.08. The experimentally-observed ratios (1:0.51:0.2, from Fig. 5C) show a similar
trend but are weaker than predicted. Nevertheless, the central point of this statistical model
is that the mechanism of topographically-driven delamination predicts a quantitative
relationship between foulant adhesion and wavelength such that decreasing wavelength also
decreases adhesion.

A second potential explanation is based on the kinetics of platelet attachment. All of the
samples evaluated in this study, even the static ones exposed to rocking contact with blood,
experience some blood flow. We acknowledge that this blood flow is not necessarily
representative of what would be encountered /n vivo, nevertheless, the syringe pumps used
to drive the reciprocating flow provide good mixing conditions to ensure that any platelets
that become activated remain distributed homogeneously throughout the fluid, and can get
trans-ported by flow and diffusion everywhere on the test surface. It is well-known that
platelets can spread upon attaching to a surface over a timescale of several seconds or
minutes [42]. We speculate that in our case, since the surface is constantly evolving over a
timescale faster than the spreading kinetics, the corresponding near-surface flow may
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continually remove the platelets before they can attach firmly. In a more phenomenological
sense, clinicians generally identify stasis (i.e. lack of blood flow) as a prime contributor to
thrombosis. For instance, the higher likelihood of thrombosis near an arterial bifurcation is
often associated with thrombosis because the stagnant flow allows sufficient time for
deposition. If topographic actuation improves radial mixing between the slow-moving blood
near the surface and the faster-moving bulk, individual platelets would not persist near the
surface long enough to spread, and hence the platelet deposition may be reduced. Yet, while
such flow/kinetics effects may contribute to the anti-thrombotic activity in our experiments,
it does not readily explain the observed wavelength-dependence of the antithrombotic
activity. In fact one would expect longer wavelengths to disrupt the near-surface fluid layer
over longer distances, and therefore decrease platelet adhesion to a greater extent — the
opposite trend to what is observed. In contrast, the wavelength dependence that is actually
observed in experiment arises naturally from the adhesion-based mechanism of topography-
driven delamination.

We will now place our results in the context of past research which seeks to use mechanical
deformation for antifouling. Lopez et al. have previously reported that stretching of an
elastomeric surface can induce deadhesion of a foulant layer [27-29]. However, this
phenomenon has, to our knowledge, never been demonstrated for blood fouling. The
significant decrease in platelet deposition due to diameter pulsation of the grafts observed in
our experiments is consistent with these past observations. The issue of topographic
actuation has also been examined previously to some extent. Shivapooja et al. showed that
voltage-induced topographic deformation of dielectric elastomers could induce detachment
of bacterial biofilms attached to the surface [27]. Gu et al. reported that a macroscopic shape
change of polymer sheet would drive a roughly affine shape change of a hexagonal pattern
imprinted on that sheet [30]. This would also drive detachment of a bacterial biofilm. In both
these cases, the surface undergoes in-plane strains; globally in Gu et al. [30] (since the shape
memory polymer undergoes macroscopic deformation), and local in Shivapooja [27] (most
of the surface expands whereas some regions contract). In contrast, the topographic
actuation examined here is — to a first approximation — a purely bending deformation with
no changes in area. Due to the large mismatch in elastic modulus between the silica surface
layer and the silicone (Section 2.1) or between the two silicones (Section 2.2), the surface
itself accommaodates stretching by simply straightening out. In this regard, the microscale
mechanics of antifouling action in this report most resembles the work of Epstein et al. who
also used UVO-treated PDMS surfaces to examine whether wrinkles would reduce bacterial
biofouling [43]. Their results were ambiguous: only with wavelengths of roughly 1 umdid
they note a decrease in biofouling with the topographic actuation. Sub-micron or 2 um
wavelengths gave inconsistent results. In contrast, we detect strong anti-fouling activity
towards blood at wavelengths that are over an order of magnitude higher.

Finally, we note the technological implications of this research. The first, most obvious one
is that continual topographic transition of a surface between highly wrinkled and less
wrinkled states has an anti-thrombotic effect. Second is the method of driving the
topographic transition. Any dynamic surface must have some driving force to actuate the
surface. This may be pH for materials based on hydrogels, temperature for shape-memory
metals or shape-memory polymers, mechanical pressure for pneumatic actuation, or light for
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liquid crystal elastomers. Yet for medical applications, complex actuation mechanisms and
the need to power them pose significant hurdles. However, in the cardiovascular system, we
can harness the natural cardiac cycle and pulse pressure to drive topographic changes in
vascular grafts. This may allow practical implementation of topographic actuation in
vascular grafts without the need for external power sources. The grafts discussed in Section
3.2 of this paper are not designed for this: while the pressure needed for topographic
actuation is within the range of physiological pressure, the corresponding diameter changes
are too large for practical implementation. Moreover the industrial silicone materials are not
suitable for implantation. Nevertheless, with suitable selection of compliant materials and
controlling the prestrain during the fabrication, topographic actuation using pulse pressure
variations may be possible. The practical viability of such approaches can only be judged
after /n vivo animal implantation studies that are beyond the scope of this paper. These /n
vivo animal experiments would also address the effect of dynamic topography on the
adhesion of other constituents of blood such as leukocytes or proteins. Our present /n vitro
studies did not assess these other constituents directly, although we note that leukocyte
deposition was not seen on any of our samples exposed to whole blood. Third, we
emphasize that — even though the mechanism of anti-thrombotic action is not entirely clear —
the effects seem to be in-dependent of surface chemistry. Accordingly these purely
“mechanical” effects may be used synergistically with any chemical modification of the
surface. Fourth, since nothing about the employed materials or surfaces was optimized for
blood contact, the mechanism of anti-fouling action inducted by topographic manipulations
may be general and therefore useful for other kinds of fouling, e.g. bacterial biofouling or
mineral deposition. Finally we note that topographic surface patterns can also be tailored to
encourage adhesion and proliferation of cells, selective growth of certain cell types, or
migration of cells [44-47]. This general approach is called contact guidance [48,49]. Thus,
delamination driven by dynamic topography may be used in conjunction with contact
guidance for precise control of species that do and do not ad-here to a surface.

4. Conclusion

In summary, the central results of this paper are as follows. (1) A surface that continually
expands and contracts is able to resist platelet deposition compared to the same surface held
static. (2) A further de-crease in platelet deposition can be realized if the surface undergoes
cyclical topographic changes from being highly wrinkled to being much less wrinkled or
smooth. (3) The deposition resistance is improved by topographies with smaller
wavelengths, at least within the range of wavelengths examined. (4) Finally, progress
towards a practical implementation of this system for vascular grafts is reported where the
pulsatile pressure of the circulatory system may itself be used to drive the topological
actuation.

Finally we note that while the focus in this paper was on vascular grafts, the principle anti-
fouling using topographically-actuating surfaces may be applicable more broadly, both in the
context of other blood-contact application, as well as non-medical applications.
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deflated cavity inflated cavity

Fig. 1.

A-D: Schematics of the mechanics of wrinkle actuation by inflation. The cavity in the
actuator base (lowest blue block) can be inflated or deflated, which induces expansion/
contraction of the elastomeric sheet (yellow). The thin film (upper blue line) can then
become smooth or wrinkled.E. Top view of the actuator base (the elastomeric sheet is not yet
attached). The rectangular cavity in the center can be pressurized via the visible hole. F (top
view) and G&H side views of the device while inflated. I: Optical image of the wrinkled
surface in a deflated state. The bright white spots are an artifact of the reflection
illumination. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2.
A. Schematic of “opposed chamber”. The thick yellow lines represent the PDMS

elastomeric sheets, with the test surfaces facing the blood side (red). Note that the two
chambers (blue) are actuated out of phase so that one sheet is inflating while the other
deflates. The acrylic clamps are held together by long bolts (not shown in A, but visible in
B). B. The opposed chamber shown when filled with green water for illustration.C. Blood
experiment in progress with peristaltic pump in the background. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 3.
A-D: SEM images of the various surfaces tested, each shown at two different

magnifications. E. Quantitative comparison (using LDH assay) of the four surfaces, and F.
Comparison of two actuated samples (same data as E).
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Fig. 4.

A. Schematic of process used for fabricating cylindrical tubes. B. Schematic of the cross
section of a cylindrical tube that transitions from wrinkled to smooth upon inflation. C.
Image of the fabricated tube including a view of the sutures. D. OCT images of a tube

inflated with water to reduce the degree of wrinkling.
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Fig. 5.
A. Cross sections of four test samples (where the flat surface and the 1000 wm wavelength

are grouped together in ). B. Platelet deposition as measured from LDH assay comparing
the three samples of A against controls static silicone (labeled Si) and TiAlgV,4 (labeled Ti).
C. Platelet deposition on the sutureless hemi-cylinder of samples of A.
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Fig. 6.

Sc%ematic of proposed mechanism (see text). A: a biofoulant patch (dark red) adheres to a
flat substrate. The flat substrate itself consists of a thin, stiff film (shown as a thin blue line)
bonded to a softer underlayer (orange) B: The surface compresses and hence develop
wrinkles. The patch follows the deformation. C: Wrinkle amplitude increases and the patch
delaminates. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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