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A B S T R A C T   

Surface engineering of well-defined micro-nanoscale surface topographies on polymeric materials of microfluidic 
chip has been explored as a promising strategy for platelet function testing and clinical diagnostics. However, the 
current methodologies of constructing platelet-patterned surfaces require different bioactive ligands with labo
rious and complicated steps, and bioactive proteins are expensive and easy to deactivate. To address these issues, 
by selective exposure of the nanoparticles in a silica doped silicone and surface topography tuning via an ul
traviolet laser, we introduced a simple, one-step, cost-effective strategy for tuning of different states of wetting 
characteristics simultaneously and serve as a thrombogenic polymer surface. Microscale in situ observations 
show that the specific micro-nano hierarchical structure and mechanism of extreme wettability conversion in 
turn trigger the platelet activation and aggregation. In-vitro investigations show that both the micro-topography 
and wettability of microchannel are important factors for fabricating blood compatible, or high thrombogenic 
materials. We expect such a simple, no-protein technique could serve as a low-cost platform for biomaterials and 
biosensors, and may lead to a new protein-free methodology for coagulation tests and clinical diagnosis.   

1. Introduction 

Platelets play an essential role not only in hemostasis and arterial 
thrombosis, but also in other physiological and pathophysiological 
processes [1,2]. During hemostasis, platelets are rapidly recruited and 
become highly adhesive to the site of injury on the vessel wall and then 
undergo a sequence of biological changes to form thrombus [3]. Similar 
processes may occur in arteries and veins, and eventually lead to 
myocardial infarction or stroke [4]. Therefore, platelet adhesion and 
further aggregation is a critical step to mediate related physiological and 
pathological processes. 

Surface engineering of a material is known to influence biological 
processes including cell behaviors, blood-contacting properties and so 
on [5]. It has implications for materials applied for microfluidic devices, 
biosensors, and implant materials [6]. As microfluidics can mimic the 
atherosclerotic confinement of vessels, physiological shear rates and the 

structure of injured blood vessels, numerous studies have examined 
human whole blood using such technologies combined with extracel
lular matrix surface engineering [7–9]. The surface engineering in 
microfluidic devices is emerging as a novel and powerful tool to 
manipulate the thrombogenicity of materials in spatially confined areas 
for platelet function diagnosis and the assay of antiplatelet drugs. For 
example, Muthard et al. introduced a defined flow sensing mechanism to 
regulate clot function [10]. Alonso et al. reported a method to quantify 
platelet-protein interactions with microarray of contact printed fibrin
ogen dots [11]. Ye et al. patterned surfaces for controlling platelet 
adhesion via polymerization method [12]. Eichinger et al. studied the 
antiplatelet drug efficacy based on margination of platelets contacting 
with surface-immobilized agonists [13]. Jose et al. demonstrated that 
cell adhesion to protein matrices can be used as a diagnostic tool in 
cardiovascular diseases [14]. Until now, various methods to develop 
platelet-patterned surfaces by a combination of surface chemistry and 
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micro/nanotechnology such as microcontact printing [15], photoli
thography [16], e-beam lithography [17]. As it is known that platelets 
can bind directly to injured blood vessel walls with a large number of 
macromolecules, such as laminin, fibronectin, collagen, and von Wille
brand factor (vWF). Therefore, the widely used strategy is to introduce a 
pattern of platelet-adhesive bioactive agonists on the inert substrates 
that allow platelets to adhere onto the pattern [18]. 

Successful microfluidics assays applying elaborate patterning of 
bioactive agonists, such as fibrinogen [18,19], collagen [20], fibronectin 
[15], and vWF [21] have been extensively studied, and several have 
been successfully pursued to develop platelets-patterned surfaces. 
However, these approaches consist of multi-step chemical grafting 
treatments or polymerization technologies. They are generally 
time-consuming and complicated. What’s more, bioactive proteins are 
often expensive, easily inactivated, and specific to different platelet re
ceptors [22]. Often, a poor correlation is observed between the results 
from different activation pathways. Therefore, the clinicians need to 
know the detailed methodological difference for specific measurement 
of platelet function [23], and consequently lead to limited usage in the 
clinical practice. In contrast, without any external activation conditions 
(e.g. agonists), a physical method of non-protein platelet-pattern sur
faces in microfluidic chips is preferable to transform such a technology 
into a standard technique in clinics for testing platelet function, 
thrombotic potential or bleeding risk. Inspired by shear gradient theory 
for platelet activation and aggregation [24,25], a blood flow changes in 
micro/nano structure might be achieved without extra agonists. Nature 
tissue surfaces such as blood vessels exhibiting micro/nano topography 
have been found to influence cell behaviors, i.e., morphology [26], 

adhesion [27] and motility [28] in static and flow conditions. Control
ling micro-nano scale pattern in chemical and topographic substrate is of 
great help to develop purpose-specific cell-regulating cues in various 
biomedical applications [29], i.e., tissue engineering, implants, 
cell-based biosensors, microarrays, and basic cell biology. Biomimetic 
surfaces, i.e., superhydrophobic and superhydrophilic surfaces, with 
unique micro/nano structure have attracted extensive interest due to 
their great potential for fundamental and biomedical applications [30, 
31]. However, to our knowledge, only a few studies on the potential 
biomedical applications of non-protein wettability contrast patterns in 
microfluidic chips for coagulation tests and diagnostics, have been re
ported [32]. Further, it is not clear to what extent fabricated surface 
topography and wettability influence platelet behavior and by what 
mechanism. Systematic studies are essential to understand the effects of 
micro-nano structure and extreme wettability contrast on 
platelet-polymer interaction in both static and hemodynamic 
conditions. 

In this work, microfluidic chip fabrication and surface engineering 
are employed to mimic the local pathological environment experienced 
in living arterioles (Fig. 1A). To study platelet activation and adhesion 
on different wettability surfaces, we propose a simple method for con
trolling micro/nano scale pattern and their chemical and topographic 
attributes on silicone substrate (Fig. 1B, C). Merely by tuning a few laser 
operational parameters, the micro patterning surface can be simulta
neously converted from hydrophobic to either superhydrophilic or 
superhydrophobic in a short time (Fig. 1D). Further, a flexible non- 
protein microfluidic platform was set up for further platelet adhesion 
and aggregation study (Fig. 1F). Such a platform is proved to be an 

Fig. 1. Biomimetic microfluidic device for 
platelet activation and aggregation investiga
tion. (A) Schematics of the platelet aggregation 
monitoring device and the method. (B) Prepa
ration of PDMS-silica composite. (C) Schematic 
illustration of the mechanism of wettability 
conversion. (D) Schematic illustration of sur
face patterning by a UV laser scanning. (E) SEM 
images of three different wettability surface 
after UV laser treatment. Scale bar =50 μm. (F) 
Photograph of multi-channel bio-mimic hemo
stasis monitoring microfluidic device. (G) SEM 
images of blood clots formed inside the micro
fluidic chip. Scale bar =50 μm.   
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effective tool to study platelet polymer interaction in both static and 
flow conditions (Fig. 1E, G). 

2. Materials and methods 

2.1. Materials and reagents 

A PDMS-silica nano composite was prepared by mixing commercial 
silicone elastomer (Sylgard 184, Dow Corning Corporation) with silica 
nanoparticles (Size: 7− 40 nm, Sigma-Aldrich, China). The platelets were 
fluorescently labelled with Calcein-AM (Dojindo Laboratories, 
Shanghai, China) for platelet adhesion and aggregation microscopy. 
Glutaraldephyde (Ybio Tech, Shanghai, China) in Phosphate buffered 
saline (PBS) (BasalMedia, Shanghai, China) were used for platelets 
fixing and further scanning electron microscopy. PBS contains 137 mM 
NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, and 1.47 mM KH2PO4, with pH 
7.4. All the chemicals are analytical grade and used without further 
treatment if not mentioned. 

2.2. Micro-/nanostructure fabrication 

The PDMS-silica piece was scanned by vertically crossed line by line 
via a UV laser marker (HGL-LSU3/5EI, Huagong Laser, Wuhan, China). 
Experiments revealed that the optimal results were achieved at a repe
tition frequency of 80 kHz, pulse width of 0.2 μs, working current of 33.5 
A and scanning velocity of 150 mm/s in our laser system. The laser spot 
is about 20 μm. The laser scanning path is thematically shown in Fig. 1D. 
The scanning spacing between two adjacent lines ranged from 3 to 
25 μm in both x and y direction. 

2.3. Blood collection and platelet preparation 

Whole human blood was drawn from medication-free healthy vol
unteers, who has no hematological relevant medical history. The blood 
was collected into the syringes containing sufficient heparin (the ex
periments were carried out in accordance with the guidelines issued by 
the Ethical Committee of Huazhong University of Science and Tech
nology for NSFC project 31,400,929). The first few drops of blood were 
discarded to retain the platelets that were not activated. To prepare 
platelet-rich plasma (PRP), anti-coagulated blood was transferred from 
the syringe for the first spin (soft spin) at 130 g for 15 min.. The clouded 
phase was directly collected by gently aspirating with a pipette. To 
further concentrate PRP, a second 15-min spin (hard spin) was per
formed at 250 g for 15 min.. Then, pellets containing platelets were re- 
suspended. The PRP was stored at 4℃ and experimented within 4 h of 
collection. To reduce the blood volume for analysis, the PRP was diluted 
10 times before it entered the microfluidic chip for further hemody
namic analysis. 

2.4. Preparation of PDMS-silica composite 

The PDMS-silica was made by mixing silicone base/curing agent 
10:1, with fumed silica nanoparticles at a weight ratio of 9g:1 g by a 
Thinky® Mixer, USA. The mixture was firstly mixed by a bubble free 
mixer for 1 min and then dispersed and degassed for 1 min, separately. 
The procedure was repeated for twice. The preparation process is shown 
in Fig. S1. 

2.5. Microchannel fabrication 

The microchannel was fabricated by following a standard soft 
lithography. The microfluidic chips were designed to fit on a standard 
microscopy slide to facilitate microscopic analysis using AutoCAD 
(version 2018). Sylgard 184 PDMS was cast on the silanized master on Si 
wafers. The PDMS slab was cured at 75℃ in an oven (UF 55 plus, 
Memmert, Germany) for 30 min., then peeled off and treated by the UV 

laser. Finally, 2-mm holes were punched for inlets/outlets and bonded to 
another PDMS slide. 

2.6. Principle of coagulation monitoring 

The platelet sample in a 5-ml syringe was primed via a syringe pump 
(PHD2000, Harvard Apparatus, Boston, USA). Fluorescence images 
(recorded at 3-s time intervals over 150 s) and following intensity 
quantification were used to indicate the amount of adhesion and ag
gregation and analyzed using MATLAB image segmentation and a binary 
processing method (Fig. S2). Polythylene (PE) tubing was connected to 
the inlet and outlet of microfluidic chip. To study the interaction of 
microchannel surface and platelet adhesion with different wettability, 
pattern geometry and roughness, the surface was treated with the UV 
laser at different parameter settings. In the studies with PRP, various 
shear rates were applied to mimic the physiological and pathological 
environments. All studies were performed at a shear rate of 4000 and 
8000 s− 1 to determine the clotting time and analyze the response to 
different shear rates within a few mins. Thrombus formation was 
observed using a time-lapse imaging under a Nikon Ti-u, Tokyo, Japan, 
with fluorescently labelled platelets (Calcein-AM, Dojindo Laboratories, 
China). 

2.7. Surface characterization 

All the samples were completely vacuum dried prior to character
ization. UV− vis absorption was conducted on a spectrophotometer 
(SolidSpec-3700, Japan). Static contact angles were measured at room 
temperature with 2− 6 μl of water (Milli-Q) droplets using a drop shape 
analysis equipment (DSA25, KRUSS, Germany). Scanning electron mi
croscopy (SEM) images were acquired on a GeminiSEM300 (Carl Zeiss, 
Germany). The samples were sputter coated with gold before imaging. 
The cross-section image was directly cut from the sample surface. The 
machining depth h and distance between cavities (w) can be both 
measured by the SEM attached program. Energy dispersive X-ray spec
troscopy (EDS) profiles were acquired by using an Oxford X-Max EDS 
detector. The roughness and machining depth of the surface were 
analyzed using an ultra-depth three-dimensional microscope (DXS 510, 
Olympus, Japan). 

2.8. Sample preparation of platelet-surface interaction for SEM imaging 

It should be noted that the biochip is perfused with water to maintain 
the superhydrophilic microchannel surface in wet environment before 
the study of platelet-surface interaction, while the other two wettability 
surface channel are not necessary for the same procedure. In the static 
state analysis, the obtained PRP was carefully introduced on the surfaces 
of UV laser treated PDMS-silica composite film. In the hemodynamic 
state analysis, the PDMS to PDMS bonded microchips were peeled off 
manually after thrombus formation. The observation region of the chip 
was cut in ~1 × 1 cm sizes and washed three times in PBS with shaking 
to remove the loosely adhered cells and platelets. The platelets on both 
surfaces were fixed with 2.5 wt% glutaraldehyde in PBS solution for 4 h, 
and dehydrated in ascending grades of ethanol (50, 70, 80, 90, and 100 
% (v/v) solution) for 15 min each. The films were dried at room tem
perature for 20 min, sputter coated with 5 nm gold and imaged on a 
GeminiSEM300 (Carl Zeiss, Germany). The platelet coverage on the film 
was quantified by counting the total number of adherent platelets from 
random SEM images at the same magnification under the static state. 
The morphology of adhered platelets with the shape of discoid, den
dritic, spread was further classified. 

2.9. Statistical analysis 

All experiments were run in triplicate and repeated separately for at 
least three times. Data obtained from the different assays are presented 
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as mean values with standard deviations. 

3. Results and discussion 

3.1. Physico-chemical characterization of bi-philic surface 

PDMS is widely used in microfluidics due to numerous advances in 
fabrication and biomedical applications. Of particular, it has a low 
surface energy, and can serve a good candidate for the preparation of 
hydrophobic surfaces. Manipulating its wetting characteristics, we are 
in pursuit of finding a none-protein containing technique for effective 
study of platelet-surface interaction. 

As shown in Fig. 1B, after hydrophilic silica nanoparticles doped, 
PDMS-silica composite surface with microcavities were obtained by 
vertically crossed UV laser scanning (Fig. 1D) with scanning interspace 
d ranging from 3 to 25 μm. From the SEM images (Fig. 1E and Fig. S3), 
we observe that the average value of micro cavity arrays is distributed 
on the obtained superhydrophilic and superhydrophobic surface, 
respectively. On the superhydrophilic surface, numerous micro-nano 
cauliflower like structures are randomly distributed while rather 
smooth surface between the micro cavities are formed on a super
hydrophobic surface (Fig. S3). The cross sections of the surface show 
that the machining depth h of the superhydrophilic surfaces is much 
deeper than the superhydrophobic ones (Fig. S3). It should be noted that 
there is no significant difference between the machined and unmachined 
surface only with ablation cavities of the superhydrophobic substrate 
compared with superhydrophilic one (Fig. S3 Cross Section). During the 
UV laser ablation, the depth h and distance between the cavities w are 
both tuned by varying the scanning spacing (SS), d (Fig. 1C). As the 
diameter of the cavities is almost the same and determined by the fixed 
laser spot. Notably, the machining depth h is highly related to the critical 
diameter of the laser spot L while the distance between cavities w is 
proportional to the SS. Hence, when the SS is chosen to be much smaller 
than L, the overlapping machining happens with deeper depth (h) and 
smaller distance (w) while the SS is slightly larger than L, there is no 
overlapping only with machining cavities of lower depth (h) and larger 
distance (w) (Fig. 1C). 

To illustrate the formation mechanism of extreme wettability 

conversion, a schematic of the chemical conversion and structure for
mation are shown in Fig. 2A. The surface in a microfluidic chip was 
micro-patterned by the UV laser to produce regions with different 
wettability for further platelet adhesion tests, Fig. 2B. According to the 
Wenzel and Cassie model, roughness plays an important role in the 
wetting behaviors of solid surfaces and enhances their intrinsic wetting 
properties [33], though roughness alone will not change a surface from 
hydrophobic to both superhydrophobic and superhydrophilic simulta
neously. In principle, both photon-chemical reaction and concentrated 
dense energy diffusion should be involved during the UV laser 
patterning. Hence, additional Si− OH (or similar hydrophilic group) will 
be generated by the photon-chemical reaction [34], Fig. 2C. While the 
accompanying thermal energy was overloaded and diffused into PDMS 
surface or blasted parts from the surface to the interior, which resulted 
of meso-/micro/nano-scale structure [35]. However, as obvious super
hydrophilic intermediate state is not observed in the transition from 
hydrophobic to superhydrophobic surface. It indicates that few Si− OH 
was generated by the weak UV radiation effect, and meanwhile high 
contrast machining depth h indicates that concentrated dense energy 
dominates during our processing. Furthermore, based on the previous 
study [36], the doped particles are suspended in the PDMS precursors 
and will be precipitated over time before curing. Consequently, a thin 
layer of the particle concentration gradient will be formed from nearly 
zero to the final averaged concentration near the surface and memori
alized after fully cured. Therefore, we hypothesize that hydrophilic nano 
silica exposure after UV laser ablation is a dominant factor to the 
wettability switching. The exposure is governed by the ablation depth 
(h) which caused by the UV laser (Fig. 2A, left panel). Moreover, the 
exposure number of hydrophilic silica nanoparticles on the surface and 
detailed topography are both correlated to the aspect ratio (h/w) which 
is depend on the SS (Fig. S4), and hence leads to totally different wetting 
behaviors. 

Further, the SiO2 particle exposure are investigated by a Fourier 
transform infrared spectroscopy (FTIR) and energy dispersive spec
trometer (EDS) on three different wettability surfaces (Fig. S5 and 
Fig. S6). As shown in Fig. S5, after the UV laser treatment to create a 
superhydrophobic surface, the spectrum shows the same peaks as the 
pristine surface (black line) which indicate that no further Si-O-Si 

Fig. 2. The proposed strategy of wettability tuning via a UV-laser system. (A) Schematic illustration of chemical composition conversion and structure formation. (B) 
Schematic representation of the fabrication process of a microfluidic device with different wettability surfaces. (C) Chemical mechanism for conversion of functional 
groups on PDMS-silica surfaces by UV laser irradiation. (D) Water contact angles of PDMS-silica composite surface as a function of the distance (d) separating UV 
scanning lines. (E) A droplet of water on superhydrophobic and superhydrophilic surface. 
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generated. However, the spectrum of the superhydrophilic surface 
shows additional absorption peaks at 1085 and 1025 cm− 1 associated 
with Si-O-Si stretch. Moreover, a broad band appears below 1000 cm-1 

with no peaks at 750− 865 cm-1 that indicate degradation of the Si− CH3 
bond (Fig. S4, red line). As shown in Fig. S6, after UV laser treatment for 
30 s, the C peak decreased while the O peak increased compared with 
the pristine PDMS-silica surface. These results suggest that high density 
UV laser treatment brings additional Si-O-Si network structures on the 
superhydrophilic surface. Combining with the aforementioned finding 
on our laser features during the process, it further strengthens our hy
pothesis that the exposed hydrophilic silica nanoparticles play a signif
icant role on improving its hydrophilicity. It also complies with our 
observation that the droplet quickly attaches onto the sample surface 
when it approaches superhydrophilic zone (left panels), meanwhile the 
droplet can barely attach to the superhydrophobic zone (right panels), 
Fig. S7, since the apparent contact angle is Cassie-Baxter angle and 
mainly depends on geometry of the cavities and pitch value (w) [37]. In 
addition, the light is scattered by the patterned micro-topography, 
resulting in a decreased optical transparency of the surfaces as shown 
by low transmission across the visible spectrum (Fig. S8). 

In brief, with selectively silica nanoparticles exposure, the micro- 
topography and wetting characteristics can be controlled by SS during 
the laser process, where a series of chemical and physical interactions 
happen consequently. Therefore, precise tuning of the UV laser system, 
an extreme wettability conversion can be easily achieved in a single 
processing, Fig. 2E. Compared to other methods used for fabricating 
microstructures in microfluidic device [38–41], our approach has 
several advantages: Firstly, the UV laser micro patterning is a fast pro
cess, typically within 30 s; Secondly, the fabrication process can be 
controlled in a simple way. Thirdly; both microfluidic channel and 
surface modification can be integrated using a same UV laser [42]; More 
importantly, both superhydrophobic and superhydrophilic surfaces can 
be obtained by a one-step UV laser parameter tuning. 

3.2. Microfluidic chip design for hemodynamic monitoring 

We designed a microfluidic chip, containing microchannels that 
mimic arterioles with different wettability surfaces, to produce shear 
stress when the blood is perfused through the microchannel (Fig. 1A). 
This was achieved by allowing the blood to first flow into a single 
entrance (800 μm wide, 75 μm high) and then splitting the flow into 4 
parallel channels (800 μm wide, 75 μm high) that converge again to a 
shared outlet (Fig. 1F). The 4-channel design increases the throughput of 
the experiment, while simultaneously maximizing the surface area 
exposed to the flowing blood and enabling parallel diagnosis of the 
adhesive function of platelets. The design can produce a shear rate range 
from 0 to 20,000 s− 1 appropriate for most physiological and patholog
ical conditions. We operated the microchip to maintain the flow rate 
within the range of 90− 450 μl min-1, leading to a maximum wall shear 
rate from ~2,000 to 10,000 s-1 in the uniform region. Finite element 
analysis of non-Newtonian blood flowing through the chip confirmed 
that under a given inlet flow velocity, the wall shear rate remains mostly 
uniform in the straight channels. The relationship between shear rates 
and flow rates in the microchannel can be obtained by the Poisson 
equation, 

V =
6Q
a2b

(1)  

where V (s− 1) is the wall shear rate and Q (μl/s) is the flow rate. The 
dimensions a and b (mm) are the depth and width of micro channel, 
respectively. Platelet behavior under different wall shear rates can be 
achieved by varying the pump flow rate. Thus, platelet adhesion and 
aggregation can be investigated under wall shear rates from 2,000 to 
10,000 s− 1 that are typically found in the clinical practice [43], for 
example, in the patients with arteriosclerosis. 

The profile and machined depth of microchannel surface are shown 
in Fig. 3A for superhydrophilic and superhydrophibic surfaces, respec
tively. The relation between the depth of the microchannel and UV laser 
scanning spacing (SS) is shown in Fig. 3B. As it can be seen, the ablation 
depth decreases with an increase in the distance between scanning lines. 
The superhydrophilic surface has the maximum average surface 
roughness (Ra, Fig. 3C) while the superhydrophobic surface has the 
maximum root mean square of a surface (RMS, Fig. 3D). The result 
shows that more micro/nano structures formed on superhydrophilic 
surface while profile height deviations are larger than that on super
hydrophobic surface (Fig. 1E). Based on Eq. (1), the wall shear rate is 
related to the machining depth of the microchannel that is dependent on 
SS. These results indicate that the wettability and roughness/topog
raphy of the microchannel surface as well as the shear rate are all related 
with the SS. Based on these findings, once the interaction between 
platelets and material surface properties are established, the manipu
lation of anti-thrombotic or thrombogenic materials surface can be 
further engineered by tuning the UV laser operational parameters. 

3.3. Platelet activation and adhesion test without flow 

Several cell types have been found to respond differently to the 
surfaces with varied topography in a diversity of shapes, scales and 
symmetry [29,44]. Here, platelet adhesion and aggregation on different 
wettability substrates quantitatively analyzed and correlated with the 
SEM images of substrate topography (Fig. 4A, B). Un-activated platelets 
have a disc shape with diameters of 2− 3 μm while activated platelets 
exhibit pseudopodial or spread dendritic shapes [45]. The state of 
activation of platelets can be divided into several stages according to 
various activation levels: (1) round or discoid with no pseudopodia 
present; (2) activated with a pseudopodial morphology; and (3) acti
vated with a dendritic morphology [46]. As revealed by the SEM images, 
platelets adhered on the pristine PDMS-Silica composite substrate, a 
portion of the platelets were round or pseudopodial and the remaining 
were partially or fully spread with no erythrocytes present (Fig. 4A, left 
panel). In contrast, few (if any) single platelets adhered on super
hydrophilic surface substrates while small amounts of filamentous mesh 
were observed on the top of the micro-valley caused by the ablation 
(Fig. 4A, middle panel). Large amounts of filamentous mesh were 
formed on the superhydrophobic surface as shown in (Fig. 4A, right 
panel). On the basis of the formation of the filamentous mesh, we 
deduced that the micro/nano structure of the topography was able to 
stimulate platelet as a biocatalytic function during the clotting process. 

Different responses of platelets to substrates with varying topog
raphy was also assessed where surface chemistry was varied. As 
mentioned in Section 3.1, the topographies of superhydrophobic and 
superhydrophilic surfaces were similar in terms of diameters (~20 μm) 
of microcavities. However, the distance between the micro cavities (w) 
was much different with 25 and 50 μm in superhydrophilic and super
hydrophobic surfaces, respectively (Fig. 1E). What’s more, the area 
between the cavities are hierarchical micro-/nano- structures on 
superhydrophilic surface unlike the smoother surface on super
hydrophobic one (Fig. 1E). This result suggests that cavities with a larger 
spacing (w) act to increase the surface contact area for enhanced platelet 
adherence/interactions by allowing adhesion to occur [17]. In addition, 
as discussed in Section 3.1, due to the nano silica exposure on the 
superhydrophilic surface, when the blood is infused into the micro
channel, a silica-water interface is expected to be formed. According to 
the previous study [47], the silica/water interface is negatively charged. 
Meanwhile, platelets have also negative charges on their surfaces in the 
presence of sialic acid (Nacetyl-neuraminic acid) [48]. Thus, we spec
ulate that one of the reasons for the suppressing platelet activation with 
few clots formed is due to the platelets repelled by the negatively 
charged superhydrophilic surface. 

PRP droplets placed on the superhydrophobic area exhibit nearly 
spherical shapes while the droplets spread completely on the 
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superhydrophilic surface (Fig. 4B). It can be seen that the PRP droplets 
have the maximum contact area with the superhydrophilic surface 
(Fig. 4B, middle panel), while the contact area is minimum with the 
superhydrophobic surface (Fig. 4B, right panel). However, the area of 
clotting on superhydrophilic surface is much smaller than that on 
superhydrophobic surface (Fig. 4C). As seen in Fig. 4D, the single 
platelet morphology only exists on the smooth surface (hydrophobic) 
without clotting formation. All these observations indicate that micro 
topography and negative charges are the two important factors affecting 
the adhesion and aggregation of platelets. The role of these two factors 
in platelet activation and aggregation under hemodynamic conditions 

will be discussed in the next section. 

3.4. In vitro investigation of platelet behavior under hemodynamic 
conditions 

As platelet aggregation is a major cause of vascular occlusion [49] 
using microfluidics, thrombotic events can be studied on defined 
biopolymer surfaces under a constant flow rate. Platelet behaviors on 
three different wettability surfaces were imaged with fluorescence mi
croscopy and SEM. Therefore, we explored whether the biochip 
described here can be employed as a biosensor to monitor platelet 

Fig. 3. Surface characterization of microfluidic 
chip channel. (A) Surface patterns and three- 
dimensional contours of the superhydrophilic 
and superhydrophobic surface treated by the 
UV laser. (B) Micro-channel depth as a function 
of distance between the UV laser scanning lines 
(C) Average roughness (Ra) of three typical 
wettability surfaces produced by the UV laser 
scanning. (D) Root mean square (RMS) rough
ness of three typical wettability surfaces pro
duced by the UV laser scanning.   

Fig. 4. Platelet activation and aggregation in static states. (A) SEM images of platelet adhesion and aggregation assays on three different wettability surfaces, scale 
bar =10 μm. (B) Quantitative analysis of the morphology of the adherent platelets and erythrocyte on three different wettability surfaces. (C) Clotting coverage on 
three different wettability surfaces. (D) Quantitative analysis of platelet number adhered on three different wettability surfaces. Three different wettability indicate 
hydrophobic, superhydrophilic and superhydrophobic from left to right in (B-D). The “×” indicates no platelets or erythrcytes. 
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adhesion and aggregation under pathological flow conditions. 
As shown in Fig. 5A, few platelets (almost zero intensity) adhered to 

the pristine PDMS-Silica composite surface (hydrophobic domains). By 
contrast, a significant number of platelets adhered to the super
hydrophobic domains (Fig. 5 C). With the superhydrophilic domains, a 
much smaller number of platelets can be adhered (Fig. 5B). The sche
matic configuration of the system is shown in Fig. S9. Platelet adhesion 
and aggregation on different wettability surfaces was recorded in Sup
plementary Video 1. The spacing between cavities (w) are different on 
three wettability surfaces as discussed in Section 3.3 demonstrating the 
role of this parameter in the platelet adhesion and aggregation. 

The spacing between the cavities may influence the kinematic energy 
of the platelets. When the diluted PRP is perfused into the microfluidic 
chip, initially the velocity of the platelets will be the same as the flow 
velocity but the platelets will slow down as they pass through each 
cavity on the surface. Larger distances between cavities would allow the 
platelets to regain higher momentum. Thus, when the distances are 
longer, the kinematic energy of the platelet is higher. The shear rate is 
the change rate of velocity where platelet flow passes over the micro
channel surface, therefore, the higher kinematic energy of the platelets 
obtained, the higher shear rate of the platelets experienced on the 
superhydrophobic surface, hence leading to more stable platelets ag
gregation (Fig. 1G, right panel). In general, the process of platelet acti
vation to aggregation will be significantly influenced by kinematic 
energy loss. In combination with reactive thrombogenic surfaces, the 
degree of platelet aggregation is directly controlled by the magnitude 
and spatial distribution of shear gradients [24]. As discussed in Section 
3.1, the silica-water interface is negatively charged. Therefore, the 
negatively charged platelets are repelled from the superhydrophilic 
surface and loosely adhered onto the surface. Therefore, those platelets 
are easily removed during the high shear rate and even on rougher 
surfaces little platelet aggregation occurs. However, the relative impact 
of micro-topography and negatively charged surface on the platelet 
aggregation is worth of further investigation. 

Platelet aggregation is enhanced under hemodynamic compared to 
static conditions on both superhydrophilic and superhydrophobic sur
face, Fig. 5B, C. This can be explained by the fact that vWF is elongated 
into filaments binding 10–20 times at high shear stress as compared to 
static conditions [50]. Therefore, the vWF network can efficiently cap
ture the moving platelets near the vessel wall to enhance of clotting 
behavior. By contrast, aggregation of platelet on hydrophobic surface is 

not enhanced under high shear rate where few single, activated platelets 
are observed (Fig. 5A) suggesting that, loosely adhered platelets are 
easily swept away by the high flow rate. Under high shear rate, only 
significant activated platelets form strong bonds to vWF so that subse
quent aggregation can occur [51]. As shown in Fig. 6A, the results show 
that platelet coverage increases with the time on all three-different 
wettability surfaces. However, the thrombus coverage on the super
hydrophobic surface is the highest indicating that this surface is highly 
thrombogenic; this suggests that such a surface will significantly pro
mote thrombosis by regulating the rheological environment for platelet 
aggregation. All these results demonstrate that the platelet adhesion and 
aggregation have a strong correlation with the surface charges and 
micro topography that can be tuned by UV laser scanning parameters. 

Usually, to reduce the blood volume and time required for analysis, 
the surface of the microchannel was functionalized with bioactive pro
teins, which is a common platelet agonist [52,53]. However, in our 
experiments, even without any agonists, we observed significant platelet 
aggregation on the superhydrophobic surface of the microchannel in a 
short time (~150 s, Fig. 5C). Thus, this microfluidic device is potential to 
be used for rapid platelet assays where less whole blood is required. The 
dynamics of platelet aggregation on superhydrophobic surfaces were 
investigated under both physiological and pathological conditions 
(Fig. 6B-D). Normally, wall shear rates >5000 s− 1 are generally 
considered pathological [51]. Therefore, in our experiments, the shear 
rates were set to 4000 and 8000 s-1 to represent the physiological and 
pathological conditions, respectively. As it can be seen, thrombus grows 
much faster (Fig. 6B) and the thrombus coverage is much higher 
(Fig.6C) under pathological as compared to physiological conditions. 
The time to reach the same degree of thrombus coverage under patho
logical conditions is lower as compared to physiological conditions 
(Fig. 6D). In the current study, the results show a statistically difference 
of platelet aggregation between the shear rates on superhydrophobic 
surfaces, and demonstrate the important role of shear rate during the 
platelet adhesion and aggregation. 

To study the stability and repeatability of microfluidic chip with 
superhydrophobic surface, the blood was collected from healthy vol
unteers and tested under an 8,000s − 1 shear rate with different storage 
durations ranging from 1− 4 hours. The results show that the average 
thrombus coverage is increased with the storage time decreases. The 
average thrombus coverage over different storage times is 
(47.5 ± 1.8)%, and the coefficient of variation (CV) is about 0.05, 

Fig. 5. Fluorescence microscopic images of thrombus formation with various surfaces under high shear. Scale bar =50 μm. (A) Hydrophobic surface. (B) Super
hydrophilic surface (C) Superhydrophobic surface. 
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Fig. 5E. The thrombus coverage in the beginning, middle and rear re
gions of microchannel under the continuous flow of PRP from the same 
volunteer was investigated, Fig. 5F. The CV of platelet coverage is 0.08 
after 150 s of flow in three different regions and the thrombus coverage 
is the highest in the middle of the microchannel. The phenomenon can 
be explained based on shear gradient theory as well [24]. It has been 
demonstrated that the microtopography of superhydrophobic surface 
will induce significant platelet aggregation. Therefore, the front position 
of the microchannel will form thrombus for the first time. Consequently, 
the thrombus formation will change the geometry locally and hence 
form stenosis site. According to the shear gradient theory, significant 
thrombus formation of platelet aggregates occurring in the downstream 
expansion zone. Therefore, the microtopography and following 
macro-stenosis will both enhance the thrombus formation in the middle 
region of the microchannel with the highest ratio of platelet coverage. In 
the rear region, the micro and macro effect also enhance the thrombus 
formation, however, the shear rate should be much lower than the 
middle region. Thus, the ratio of platelet coverage is lower than the 
middle and higher than the front region. 

These experimental results clearly indicate that the microfluidic chip 
with UV laser treated surfaces can act as a biosensor to monitor 
thrombus formation and platform to manipulate the surface thrombo
genicity for a selection of biocompatible or high thrombogenic materials 
in tissue engineering and so on. Development of a facile, none protein 
method with different wettability surface facilitate the construction of 
platelet-pattern surface matrix in a microfluidic chip, i.e., adhesion in 
certain portions of a surface while keeping other regions free of platelets 
for further anticoagulation dose monitoring [12,14]. 

4. Conclusions 

In brief, we demonstrated that micropatterned surfaces can serve 
simply as an extracellular physical milieu without involving bio
molecules to regulate platelet adhesion and aggregation. The tuning of 
aspect ratio h/w convert initially hydrophobic surface to either 

superhydrohilic or superhydrophobic simultaneously. The results of our 
investigation indicate that microstructured polymer surfaces with larger 
spacing between cavities (w) and no negative charges enhance platelet 
adhesion and subsequent aggregation especially under high shear rates. 
On the basis of the investigations, a facile, protein-free and low-cost 
micropatterning is readily fabricated. The methodology is potential to 
be applied as a flexible platform to study the interaction of blood cells 
with a large number of polymers and surfaces for the application of 
tissue engineering and biosensors. Interestingly, our superhydrophobic 
surface can initiate significant platelet aggregation in a short time 
without introducing any agonists, suggesting that it could be used to 
assess blood coagulation by validation of meaningful diagnostic infor
mation, i.e., measurement of fluorescent area, intensity, clot retraction 
force and antiplatelet essays, for future point-of-care coagulation 
monitoring. 
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