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Abstract
Background: Continuous-flow ventricular assist devices (cfVADs) are implanted 
in patients with end-stage heart failure to assist with blood circulation. However, 
VAD implantation is associated with dangerous thrombotic complications. Our 
goal was to determine the impact of micron and sub-micron scale Ti6Al4V sur-
face roughness on adherent platelet aggregate properties under clinically relevant 
shear rates.
Methods: We used fluorescence microscopy to visualize platelets in real time 
as they adhered to Ti6Al4V coupons of varying degrees of roughness, including 
a smooth control, in microfluidic channels and quantified deposition using an 
image processing algorithm. We systematically characterized roughness using 
spatial frequencies to generalize results for more blood-biomaterial contact 
applications.
Results: We observed that on the control and sub-micron rough surfaces, at 
1000 s−1, platelets adhered uniformly on the surface. At 2000 s−1, we observed 
small and stably adherent platelet aggregates. At 5500 s−1, platelet aggregates 
were large, unstable and interconnected via fibrillar structures. On a surface with 
micron-scale roughness features, at all three shear rates, platelets deposited in 
the troughs of the roughened surface, and formed aggregates. Thrombus height 
at 2000 s−1 and 5500 s−1 was greatest on the roughest surface and lowest on the 
mirror-finished surface, as indicated by the mean fluorescence intensity.
Conclusions: These results demonstrated that at high shear rates, thrombi 
form regardless of surface topography at the scales applied. At lower shear rates, 
micron-scale surface features cause thrombus formation, whereas submicron fea-
tures result in innocuous platelet adhesion. These findings have implications for 
manufacturing costs and other considerations.
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1   |   INTRODUCTION

Blood-contacting devices such as ventricular assist de-
vices (VADs) are associated with thrombosis, i.e., blood 
clot formation, which results in complications such as de-
vice malfunction, invasive replacement surgeries, stroke, 
and death.1 The factors of Virchow's triad have been in-
terpreted in the context of blood-wetted artificial organs 
as: blood-surface contact, blood flow characteristics and 
biochemical factors impacting blood coagulability.2

When blood contacts biomaterial surfaces, which in 
the case of VADs are often made of titanium alloys or 
polymers, plasma proteins adsorb to the surface, creating 
an adhesive layer for platelets i.e., thrombocytes to bind 
to with surface receptors. Therefore, implanted surfaces 
serve as a nidus for the formation of potentially dangerous 
thrombus, comprised mainly of platelets and a network of 
plasma proteins.3 Thrombi that are cleaved from the sur-
face form emboli that flow downstream and potentially 
result in neuroembolic complications.4

Platelets may exist in either resting or active states, the 
latter of which have higher protein binding affinities due 
to increased expression of surface receptors. Platelets bind 
to key proteins, namely fibrinogen and von Willebrand 
factor (vWf), which exist in globular conformations when 
freely flowing in blood. Shear rates as low as 50 s−1induce 
fibrinogen unfolding and expose binding sites for plate-
lets.5 However, due to weak fibrinogen-platelet recep-
tor bonds, at increasing shear rates, platelets rolling on 
fibrinogen-coated surfaces are unable to sustain stable 
adhesion.6 The number of platelets binding to fibrinogen 
markedly drops when shear rate exceeds 1000 s−1.5 On 
the other hand, vWf is a multimeric protein that unfolds 
at shear rates above 1000 s−1, with the largest multimers 

elongating at 5000 s−1.7 vWf forms stronger bonds than fi-
brinogen with platelets and has been reported to support 
stable bonds at shear rates above 5000 s−1.5

A review of the literature reveals several investigations 
to the effect of roughness, surface chemistry, and flow 
conditions on platelet adhesion (Table 1), The first column 
from the right represents the percent change in platelet 
adhesion on a roughened surface in comparison with a 
smooth control, and the second and third rows describe 
the fluid flow conditions and test surface in each study 
respectively. Some studies showed that rough surface fea-
tures on the nano- to micro-scale allow more platelets to 
adhere to crevices and help stabilize thrombi,8–14 whereas 
others observed that troughs of similar scale discourage 
platelets from adhering initially, thereby mitigating throm-
bosis.13,15–18 Some found that there was no difference in 
platelet adhesion between the smooth and rough surfaces 
studied.13,19 Overall, there is no clear pattern among sur-
face roughness, shear rate, surface chemistry and platelet 
deposition. Also, there is no standardization to the mea-
sure of roughness; some studies report roughness in terms 
of arithmetic mean height (Ra) others use contact angle. 
While the former indicates feature size in a simplified 
manner, the latter can be misleading on surfaces with sub-
micron scale features.20,21 Additionally, some studies were 
performed under static conditions, and therefore did not 
capture flow-induced protein interactions with both the 
surface and platelets.12,14,17,19 To the best knowledge of the 
authors, no prior study on this area has been performed of 
aggregate stability or embolization.

Accordingly, we sought to determine the impact of mi-
cron and sub-micron scale surface roughness of a titanium 
alloy on platelet adhesion under shear, using microfluidic 
devices. We deliberately roughened Ti6Al4V surfaces and 

T A B L E  1   Consolidation of results from past studies that quantify adherent platelets on roughened surfaces

Reference Flow conditions Surface chemistry
Roughness scale 
(μm)

Percent 
change

Sun et al.16 Static Polyurethane 0.04 −100%

Zhou et al.17 Static PDMS 0.1–60 −98%

Zingg et al.13 Flow cell Glass Unspecified −79%

Pham et al.18 Flow cell PDMS 0.9–15 −78%

Milner et al.15 Rotating disk system Polyether (urethane urea) 0.4–0.7 −78%

Koh et al.14 Static PLGA 0.015–3 −52%

Zingg et al.13 Static Silane Unspecified 0%

Zingg et al.13 Static Glass Unspecified 0%

Hasebe et al.19 Static Diamond-like carbon 0.004–0.1 0%

Linneweber et al.10 Artificial circulatory system Ti6Al4V 0.05–0.4 76%

Zingg et al.13 Flow cell Silane Unspecified 84%

Schuster et al.12 Static TiO2 coating on Ti6Al4V 0.006–0.047 96%

Hecker et al.8 Artificial catheter PVC 1–2; 10–20 159%
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      |  3SHEAR AND SURFACE ROUGHNESS IMPACT THROMBOSIS

systematically described their topographies using spatial 
frequencies and quantified platelet adhesion using an 
image processing algorithm.

2   |   MATERIALS AND METHODS

2.1  |  Blood analog preparation

Fresh whole blood was collected in Na-citrated tubes 
(0.109M Na citrate, BD Vacutainer, BD, NJ, USA) with 
informed consent from healthy donors between the ages 
of 18 to 65, who had refrained from taking any platelet-
altering medications 14 days prior to collection, in  
accordance with Institutional Review Board guidelines 
(IRB #2003009497). Platelet-rich plasma (PRP) was  
collected by centrifuging whole blood at 500g for 10 min. 
Platelets were fluorescently labeled with quinacrine  
dihydrochloride, also known as mepacrine, (10 μM final 
concentration, Sigma Aldrich, St. Louis, MO, USA) to 
the PRP. Hemoglobin-depleted ghost red blood cells 
(RBCs) were produced by processing packed RBCs via 
hypotonic permeabilization of the cells using magne-
sium sulfate solution (4 mM in deionized water, pH of 
4.9–5.1, osmolarity of 20–30 mOsm). Isotonicity was 
restored with phosphate buffered saline (PBS) and Tris 
buffer (1M) and the solution was left overnight at 4°C. 
After an hour of incubation at 37°C, the RBC suspension 
was centrifuged at 10 000g for 30 min and washed with 
PBS two times at 10 000g for 15  min. The supernatant 
was discarded and packed ghost RBCs were obtained.22 
The fluorescently labeled PRP was then mixed with 
the RBC ghosts to produce a final hematocrit of 30% 
(Figure 1A).

2.2  |  Microfluidic device design and 
fabrication

Microfluidic channels were designed using KLayout 
computer-aided design (CAD) software. The channels 
had a width of 250 μm, height of 50 μm and length of 
14 mm. The design was generated on a photosensi-
tive chrome mask using a mask writer (DWL2000, 
Heidelberg Instruments, Heidelberg, Germany) and the 
design was developed and etched (HMP900, HamaTech 
AG, Sternenfels, Germany). SU-8 photoresist was used 
to coat a silicon substrate at the desired height of 50 μm 
and features were exposed using a contact aligner (ABM-
USA Inc., CA, USA). Feature dimensions on the silicon 
master substrate were verified using a profilometer 
(Tencor P10, KLA Corporation, CA, USA). We poured a 
mixture of polydimethylsiloxane (PDMS) elastomer and 

curing agent (Sylgard 184, Dow Corning Corporation, 
MI, USA) on the silicon master and baked it for 2 h at 
60°C.

2.3  |  Surface preparation and 
characterization

Polished Ti6Al4V surfaces were roughened to an arith-
metic mean height (Ra) value of up to 0.8 μm using abra-
sive and sandblasting techniques with diamond or glass 
microparticles of sizes ranging from 2–50 μm in diam-
eter. A highly rough surface profile with Ra of 2.1 μm 
was roughened by use of a belt sander—representative 
of an unpolished machined surface. The lay was unidi-
rectional across the surfaces. A mirror finished surface 
was used as a negative control. Three-dimensional sur-
face profiles were obtained using a laser scanning pro-
filometer (VK-250, Keyence Corporation of America, IL, 
USA). A custom MATLAB program was written to cal-
culate the Ra values as well as generate mean discrete 
Fourier transform (DFT) amplitude profiles. Grit sizes 
and their corresponding Ra values are listed in Table 2. 
Representative topographical profiles perpendicular to 
the roughness lay and parallel to the direction of flow 
are shown in Figure 2. Amplitude spectra were gener-
ated by calculating 1-dimensional Fourier transforms 
for over 600 surface height profiles parallel to the direc-
tion of flow, which were then averaged over all the pro-
files and displayed as the absolute value.

2.4  |  Microfluidic experiments

The PDMS microchannels were placed on top of the 
Ti6Al4V coupons and clamped between two sheets of 
polypropylene by screws on all four corners (Figure 1B). 
The direction of lay was perpendicular to the flow direc-
tion. The roughest surface (Ra  =  2.1  μm) necessitated 
additional sealing with a thin film of cured PDMS (8:1 
ratio elastomer: curing agent) and baked at 60°C for 2 h. 
The blood analog was introduced into the microfluidic 
channel from a 3  ml syringe (Becton, Dickinson and 
Company, NJ, USA) by a syringe pump (Chemyx, Inc., 
TX, USA). Flexible plastic tubing (Tygon, Saint-Gobain 
PPL Corporation, PA, USA) connected the syringe needle 
to the microchannel inlet and the outlet to a waste reser-
voir. The syringe and inlet tube contents were maintained 
at 37°C with the aid of heating pads and a syringe heater 
control unit (New Era Pump Systems, Inc., NY, USA). 
Wall shear rates of 1000 s−1, 2000 s−1 and 5500 s−1 were ap-
plied by setting the volumetric flow-rate to 6 μl/min, 12 μl/
min and 34 μl/min respectively.
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4  |      SHEAR AND SURFACE ROUGHNESS IMPACT THROMBOSIS

2.5  |  Image acquisition

Platelet deposition on the Ti6Al4V surfaces was visualized 
in real time using an upright epifluorescence microscope 
as depicted in Figure  1C (Olympus BX51WI, Olympus 
Corporation Shinjuku, Tokyo, Japan) with a 10× super 
long working distance objective (PlanFL, working distance 
16 mm, numerical aperture 0.30; Olympus Corporation). 
Images were acquired every second for 15 min from the 
start of perfusion by use of a CCD camera (Retiga 1300, 
Q Imaging, BC, Canada). The images were acquired with 
Q-Capture Pro 7 software.

2.6  |  Fluorescent image analysis and 
quantification

Adherent platelet aggregate properties over time 
were computed using a custom MATLAB program 
(MathWorks, Inc., Natick, MA, USA) that includes flat-
field illumination correction, noise removal using pixel-
wise low-pass temporal filtering, and binarization using 
a multiple Otsu thresholding method. Here, two optimal 

thresholds were identified using the intensity histogram 
of an entire frame with Otsu's method,23 and the lower 
of two thresholds was used distinguish between platelets 
and background (Figure 1D). From the binarized images, 
the properties of the platelet aggregates were obtained: in-
dividual aggregate areas, number of aggregates per frame 
and their mean intensity.

2.7  |  Statistical analysis

Data from multiple trials (number of replicates specified 
in each corresponding figure) for each parameter was rep-
resented as the mean ± standard error of the mean.

3   |   RESULTS

3.1  |  Spatial frequency analysis of 
roughness profiles

Figure 3 depicts how the magnitude of the discrete Fourier 
transform (DFT) varies with spatial frequency on the sur-
faces of interest. The spatial frequency associated with a 
single platelet is illustrated by the dashed line. Overall, 
we observed similar general trends among the four test 
surfaces with an exponential decrease in DFT magnitude 
as the spatial frequency increased. The sub-micron sur-
faces exhibited similar DFT magnitudes above a spatial 
frequency of about 2 radians/μm. The conclusion of these 
results was that no characteristic size dominates the fre-
quency spectrum, and the distribution is mostly a result of 
pink noise. Notably, at the length scale of a single platelet, 

F I G U R E  1   Schematic of methodology: (A) blood analog (green = mepacrine-labeled platelets, pink = hemoglobin-depleted red blood 
cells), (B) set-up of microfluidic chamber, (C) image acquisition using an upright fluorescent microscope, and (D) image post-processing 
using MATLAB. 

T A B L E  2   Grit size and corresponding Ra values of all test 
surfaces

Grit size Ra (μm)

None 0.03 ± 0.01

1200 0.3 ± 0.01

280 0.8 ± 0.09

120 2.1 ± 0.06
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      |  5SHEAR AND SURFACE ROUGHNESS IMPACT THROMBOSIS

the magnitude of variations increases monotonically with 
Ra; therefore, Ra is an appropriate stand-in for the ampli-
tude of the roughness spectrum at platelet length scales.

3.2  |  Representative time traces of 
platelet adhesion

Figure 4 shows a typical frame of the video recording (at 
t =  600 s) with adherent platelet aggregates and fibrillar 
structures for Ra 0.8 μm at 5500 s−1. The intensity was in-
terpreted as an indicator of the height of platelet aggre-
gates. (Black regions were considered devoid of adherent 
platelets.)

Figure  5 shows representative images of platelet ad-
hesion patterns at time points of 300, 600 and 900  s at 
three shear rates: 1000 s−1, 2000 s−1 and 5500 s−1. They are 
grouped into two horizontal panels according to surface 
roughness: Ra ≤ 0.8 μm and Ra = 2.1 μm. Deposition pat-
terns for mirror finish, Ra 0.3 μm, and Ra 0.8 μm were 
observed to be similar. At 1000 s−1, there was uniform 
intensity across the frame that increased over time. At 
2000 s−1, after an initial period of individual platelet ad-
hesion, small and mostly stable aggregates were observed 
with fibrous structures up to about 1 mm in length. At 
5500 s−1, we observed the formation and embolization of 
larger platelet aggregates beginning within 100  s of the 
perfusion duration. Fibrous mesh-like structures formed 
and enabled the entrapment of platelets and upstream 
embolized aggregates.

The patterns on the 2.1 μm-Ra surface varied signifi-
cantly from those of sub-micron and mirror roughness 
levels. Deposition of platelets in the crevices or troughs 
of the surface were clearly visible. In contrast to aggregate 
formation observed at Ra ≤ 0.8 μm, the aggregates on the 
Ra = 2.1 μm surface were unstable at all shear rates. At 
1000 and 2000 s−1, aggregates formed or entered the field 
of view generally in the latter half of the perfusion time. At 
5500 s−1, aggregates formed early in the perfusion period 
and embolized similarly to sub-micron roughness levels.

3.3  |  Mean fluorescence intensity

Figure  6 shows the mean fluorescence intensity (MFI) 
evolution of adherent platelets and aggregates across each 
15-min perfusion on a scale of zero to one. At a shear 
rate of 1000 s−1, the intensity increased monotonically to 
about 0.1 at all roughness levels. The MFI throughout the 

F I G U R E  2   Representative height 
profiles on all tested Ti6Al4V surfaces: 
Ra = 2.1 μm, Ra = 0.8 μm, Ra = 0.3 μm, 
Mirror finish (Ra 0.03 μm). 

F I G U R E  3   Magnitudes of discrete Fourier transforms of 
roughness profiles on all test surfaces. Vertical dashed line 
indicates nominal spatial frequency of platelet. 
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6  |      SHEAR AND SURFACE ROUGHNESS IMPACT THROMBOSIS

duration were comparable on the mirror-finished, 0.3 μm 
and 0.8 μm surfaces, but were consistently greater on the 
2.1-μm-Ra surface compared to sub-micron and mirror 
finishes. At 2000 s−1 and 5500 s−1, MFI increased by up 
to four times that of 1000 s−1. At 2000 s−1, during the first 
200 s the rate of intensity increase was greatest on the Ra 
2.1 μm surface, followed by Ra 0.3 μm and lowest on the 
Ra 0.8 μm and mirror-finished surfaces, which were both 
comparable in magnitude to each other. For the remain-
der of the perfusion duration, platelets on surfaces with 
Ra 2.1 μm and Ra 0.3 μm had comparable magnitudes to 
each other. At 5500 s−1, the rates of intensity increase were 
greater on the Ra 2.1 and 0.8 μm surfaces than those on 
the Ra 0.3 μm and mirror-finished surfaces. We observed 

fluctuations in mean intensity on all of the roughened sur-
faces at 5500 s−1, contrary to lower shear rates.

3.4  |  Mean aggregate area

At 2000 s−1, on all four test surfaces, the mean aggregate 
area increased over time (Figure  7A). On the mirror-
finished and Ra 0.8 μm surfaces, the increases were mono-
tonic and comparable in magnitude to each other. In the 
Ra 2.1 μm case, however, mean aggregate area followed a 
similar trend as the 0.3 and 0.8 μm cases up to about 800 s, 
after which the values began to fluctuate as denoted by the 
larger error bars. We found that the mean aggregate area 

F I G U R E  4   Representative frame of platelet adhesion on Ti6Al4V surface (t = 600 s, Ra 0.8 μm at 5500 s−1. Flow direction in micro-
channels is from left to right and scale bar is 100 μm. Sample platelet aggregate, fibril and platelet-free regions are labeled with arrows. 

F I G U R E  5   Representative time 
traces of platelet adhesion on Ti6Al4V 
surfaces at shear rates of 1000 s−1, 2000 s−1 
and 5500 s−1 (row-wise) at roughness 
levels of Ra ≤ 0.8 μm and Ra = 2.1 μm 
(column-wise). Flow direction in micro-
channels is from left to right and scale 
bars are 200 μm. 
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      |  7SHEAR AND SURFACE ROUGHNESS IMPACT THROMBOSIS

of the Ra 0.3 μm sample was significantly greater than that 
of the other roughness levels starting around 600  s and 
plateaued at approximately 700 s.

At 5500 s−1, overall we observed that mean aggregate 
area increased with roughness level up to an Ra of 0.8 μm 
(Figure 7B). The mean aggregate area on the Ra 0.8 μm 
surface increased at the greatest rate up to about 4000 μm2 
with some fluctuation in comparison to the other sur-
faces. After about 700 s, the mean aggregate area at this 
roughness dropped to about 3000 μm2. On the Ra 0.3 μm 
surface, after 400 s the mean aggregate area at each time 
point fluctuated around 1000 μm2. The mean aggregate 
area on the Ra 2.1 μm surface was similar in magnitude to 
that on the 0.3 μm Ra surface, as well as the 2.1 μm values 

at 2000 s−1. On the mirror-finished surface, the mean area 
was significantly lower than on roughened surfaces from 
approximately 500 to 700 s, after which it was comparable 
in magnitude to aggregates on the 0.3 μm surface.

3.5  |  Aggregate count

At 2000 s−1, on all surfaces, we observed an initial in-
crease in the number of aggregates, followed by a pla-
teau or lower rate of increase for the remainder of the 
perfusion time (Figure  8A). On the mirror-finished 
surface, the mean number of aggregates across trials 
increased up to about 400  s, after which it plateaued 

F I G U R E  6   Mean fluorescence intensities of adherent platelets at (A) 1000 s−1, (B) 2000 s−1 and (C) 5500 s−1 on all indicated roughened 
surfaces. 

F I G U R E  7   Mean aggregate areas of adherent platelet aggregates at (A) 2000 s−1 and (B) 5500 s−1. 
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8  |      SHEAR AND SURFACE ROUGHNESS IMPACT THROMBOSIS

around 150 aggregates per frame. Aggregates on the Ra 
0.3  μm surface followed similar trends as the mirror-
finished surface, with a decline in number during the 
last 200  s. When Ra was 0.8 and 2.1  μm respectively, 
the initial slopes were similar to each other up to about 
500 s. During the remainder of the perfusion time, both 
plateaued at around 100 aggregates per frame. We must 
note that the values on Ra 0.3, 0.8 and 2.1 μm surfaces 
are encompassed within the error bars of the mirror-
finished surface, which showed the most variability 
across the trials. From about 300–600 s, the number of 
aggregates on the Ra 0.3 μm surface was significantly 
greater than those of the 0.8-μm-Ra and 2.1-μm-Ra sur-
faces respectively.

At 5500 s−1, on all surfaces up to an Ra of 0.8 μm had 
few adherent aggregates compared to values at 2000 s−1 
at the same roughness magnitudes (Figure 8B). Similar 
to 2000 s−1, we observed an initial increase in the num-
ber of aggregates followed by a plateau for the remain-
der of the perfusion time, although the initial increase 
duration was lower than that of the 2000 s−1 on the 
mirror-finished and Ra 0.8 μm surfaces. On the mirror-
finished surface the number of aggregates increased 
for about 250 s and then plateaued at about 100 aggre-
gates per frame on average. Up to about 200 s, the mean 
number of aggregates on the Ra 0.3 and 0.8 μm surfaces 
exhibited the same increasing trend as each other. The 
number of aggregates on the Ra 0.8  μm surface then 
increased at a greater rate than the 0.3 μm surface and 
proceeded to plateau at 50 aggregates within the region 
of interest at around 300  s. The number of aggregates 
for the 0.3-μm-Ra surface increased for about 600 s after 

which it plateaued at around 100 aggregates per frame, 
comparable to the mirror finished surface. The magni-
tudes and trend on the 2.1-μm-Ra surface were similar 
to each other at both shear rates.

Overall, from Figures 7 and 8, we note that there are no 
trends among roughness level, mean aggregate area and 
number of aggregates respectively. However, we did ob-
serve that under all the conditions, the trend in number 
of aggregates consistently displayed an initial period of 
increase followed by a plateau. During the plateau period, 
the mean aggregate area continued to increase, suggesting 
that platelet aggregates were growing but not increasing 
in number.

4   |   DISCUSSION

The goal of this work was to determine how sub-micron 
and microscale roughness features on Ti6Al4V surface im-
pact shear-induced thrombosis, including platelet adhe-
sion, aggregate formation, and embolization. Our results 
collectively present new information on various platelet 
and aggregate properties in the context of varying surface 
topographies and shear regimes. This study demonstrates 
how individual platelet and thrombus patterns distinctly 
vary on surfaces with different topographical features, 
specifically when surface Ra values vary from the sub-
micron to micron range.

The functional link between roughness and thrombo-
genicity varies in the literature; these variations often ap-
pear as disagreements but could be a result of inconsistent 
and non-exhaustive reporting of roughness. Past studies 

F I G U R E  8   Number of adherent platelet aggregates at (A) 2000 s−1 and (B) 5500 s−1. 
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have quantified surface topographies in terms of mean 
surface height characteristics such as Ra and centerline 
average (CLA),8,10,12,19,24 which on its own can be lacking, 
or contact angle.16–18,25,26 As determined by Ref. [20], con-
tact angle measurements on roughened surfaces do not 
necessarily reflect the interfacial energy of the surface, but 
rather are influenced by the topography itself and there-
fore need to be corrected using a ratio between the rough 
and smooth versions of the same material. Whether these 
approaches are uniformly used is unclear in several stud-
ies. In some cases in which periodic topographical struc-
tures were fabricated, roughness was described simply by 
the dimensions of features.9,11,14,15,27 This variation makes 
it difficult to assess the control of roughness amplitude 
and periodicity throughout.

In this study, expressing roughness characteristics 
as the magnitude of the DFT across various frequencies 
(Figure  3) illustrates that the surface processing tech-
niques created broadband roughness whose amplitude we 
could control and whose spectrum did not significantly 
vary. Even though the roughness spectra we generated 
were approximately the same for different Ra values, some 
variation can be observed; for example, the DFT magni-
tudes on surfaces with Ra values of 0.3 and 0.8 μm were 
almost equal at frequencies above 2  rad/μm. Although 
simpler surface parameters e.g., Ra and CLA are often 
used in practice to report surface properties, the observa-
tions we observed encourage the use of full profiles and 
roughness spectra when reporting roughness for these 
biomaterial studies.28

In the presence of submicron features, the qualitative 
platelet adhesion patterns were complementary to findings 
in previous studies; low shear leads to uniform deposition 
and high shear leads to aggregation and fibril formation. 
At 1000 s−1, on all surfaces up to an Ra of 0.8 μm, we ob-
served the formation of uniform layers of platelets that 
covered most of the surface (Figure 5). This is consistent 
with the fact that at this shear range, fibrinogen adsorbs 
onto the surface and can stably engage platelets via the 
GPIIb/IIIa receptor.29 The lack of aggregate formation and 
embolization could be attributed to the low likelihood of 
strong vWF engagement at 1000 s−1.30 At 2000 s−1 we ob-
served a pattern of stable aggregates in random locations, 
with growth occurring in the distal region of the initial 
site of nucleation. Similar stable discoid aggregates were 
found by Nesbitt et al. in their in vivo mouse studies, 
downstream of an injury site at a shear rate of 1800 s−1.31 
They also found that these aggregates held tightly-packed 
platelets, consistent with our observation that mean flu-
orescence intensity increased over time in Figure 6. At a 
shear rate of 5500 s−1, we observed fibrous structures con-
necting spherical aggregates, as shown in Figure 5. This 
corroborates previous findings that pathological shear 

rates cause the formation of vWF fiber bundles that are 
greater than 20 μm in width.32 As neither fibrin nor vWF 
are fluorescently labeled in our experiments the fluores-
cent fibril structure is presumed due to vWF-bound plate-
lets lining the elongated protein multimers.33

In addition to the observed aggregation patterns, the 
embolization patterns at high shear are corroborated by 
prior work that describes it as a result of thrombus struc-
ture, permeability and hydrodynamic forces. Our obser-
vations of aggregates embolizing both into and out of the 
field of view at 5500 s−1 supported similar findings by 
Colace and Diamond of vWF and platelet-rich rolling fi-
brous aggregates.32 During our perfusions, fibrous struc-
tures often presented as web- or mesh-like bodies that 
entrapped non-adherent platelets or small aggregates. In 
these cases, the addition of cellular mass ruptured the 
mesh and released emboli. This aligns with the findings 
of Zheng et al. finding of vWF complex meshes that bind 
cells and obstruct flow in engineered microvessels.34

Alternatively, work done by Xu et al. shows that emboli-
zation occurs in a shear-dependent manner with a depen-
dence on clot permeability.35 It has been well-established 
that thrombi have core and shell structures, the latter 
of which are more permeable than the former. Xu et al. 
found that at a minimum shear rate of 2000 s−1, hydro-
dynamic forces cause the shell to deform and translocate 
downstream, thereby creating elongated “filament-like” 
structures while the core remained stable.35 Although 
higher shear rates were not investigated in that work, 
they may similarly cause core translocation. The lengthy 
fibrous structures we observed in Figure 5 at 5500 s−1 and 
at all three shear rates on the Ra 2.1 μm surface are con-
sistent with tethered thrombus cores with deformed and 
elongated shell structures.

The present study builds on previous observations by 
identifying the differences among platelet adhesion pat-
terns over a range of surface roughnesses and shear rates 
on titanium alloy surfaces. On the surfaces we studied, 
microscale surface features yielded distinctly different 
platelet adhesion patterns from sub-micron roughened 
surfaces. Specifically, we observed that at all shear rates, 
there were vertical “striped” platelet-rich regions parallel 
to the direction of lay (Figure 5). Unlike the sub-micron 
and mirror-finished surfaces, the surface with an Ra of 
2.1  μm contained features that were a few microns in 
height (Figure  2A). These features may have created 
“pockets” that trapped platelets. Another key observation 
was the formation of platelet aggregates at 1000 s−1 unlike 
at lower roughness levels. This could be attributed to in-
creased shear gradients close to the roughened surfaces 
driving thrombosis. Nesbitt et al. and Receveur et al. have 
both reported that shear gradients as opposed to constant 
shear rates promote thrombogenesis by activating platelets 
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in the high shear region and having increased protein ad-
sorption to support platelet aggregation in the subsequent 
low shear region.31,36 Another potential contributor is 
residence-time-induced platelet activation. Gester et al. 
found that increased space between micro-structures re-
sulted in a longer contact time with greater surface area, 
which would increase platelet activation and ultimately, 
thrombus formation.37 The occurrence of a similar phe-
nomenon on our roughened surface may have caused the 
activation and subsequent aggregation of platelets with an 
input shear rate of 1000 s−1.

By quantifying mean fluorescence intensity (MFI) of 
adherent platelets as a function of time, shear rate and 
surface roughness level, we elucidated three-dimensional 
aggregate growth trends. At 2000 and 5500 s−1, densely 
packed aggregates form and grow in height as seen 
through large, rapidly increasing MFI. In contrast, at 
1000 s−1, platelet aggregates show minimal growth nor-
mal to the surface, as seen through low, slowly increas-
ing MFI.38 Further, when growth normal to the surface is 
present (i.e., at the 2000/5500 s−1strain rates), the rate of 
MFI increase is highest at maximum roughness and low-
est at mirror finish.

The mean area and number of aggregates illustrate the 
two-dimensional, mural patterns of aggregate nucleation 
and growth. As seen in Figure 7, trends at all roughness 
levels and both shear rates showed an initial increase in 
number followed by a plateau. The increase is indicative 
of the nucleation of new aggregates, while the plateau in-
dicates a growth period, as supported by the increase in 
mean area during this period (Figure 8). The consistency 
with which these trends occurred at all roughness levels 
may suggest that surface features do not impact the like-
lihood and characteristics of aggregate nucleation and 
growth, but rather these could be impacted by shear rate. 
Similarly, our method of surface roughening modified the 
surface in the direction normal to flow, which corrobo-
rates the significant effects on MFI.

The key implication of these findings is to highlight the 
critical difference in platelet adhesion patterns between 
sub-micron and micro-scale Ra values and surface fea-
tures. Micro-scale features can incite thrombosis even at 
low, physiological, shear rates. This is important to note in 
the context of VAD manufacturing because polishing sur-
faces is an expensive and time-consuming process. More 
specifically, the time required to polish surfaces with sub-
micron Ra values is exponentially longer as Ra decreases.39 
In addition, our literature review of past studies and DFT 
analysis highlight the importance of using more standard-
ized and informative descriptions of surface topography 
when referring to cell adhesion and blood biocompatibility.

The main strength of this study was that our microflu-
idic system emulated various shear and surface conditions 

experienced by platelets in VADs which we measured 
temporally with fluorescence microscopy. In addition, we 
reported on a range of platelet adhesion properties that 
determined the nature of aggregate formation on Ti6Al4V 
surfaces in the context of roughness.

There were some limitations to the study design, which 
could be addressed in future work. In this work we visual-
ized only platelets as they are the key cellular component 
in thrombosis and best represent the structural properties 
of thrombi; however, visualizing protein-surface interac-
tions that drive platelet adhesion may elucidate mecha-
nisms upstream of platelet adhesion. Additionally, we 
applied shear rates based on known optimal conditions 
for plasma protein activity; however, VAD shear rates far 
exceed these and induce hemolysis, thereby releasing pro-
thrombotic agonist adenosine diphosphate (ADP).40

Findings from this study motivate further investi-
gations of other roughened materials, the role of bio-
chemical agonists such as ADP to represent hemolytic 
conditions, and in vivo tests with similar roughness scales 
to this study with increased focus on emboli.

5   |   CONCLUSION

This microfluidic study elucidated the effects of Ti6Al4V 
surface roughness on shear-induced thrombus formation 
and stability. There was a marked difference between sub-
micron and micron scaled roughness with respect to dep-
osition patterns, aggregate size, aggregate number, and 
embolization.
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