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Novel Movable Typing for Personalized Vein-Chips in Large 
Scale: Recapitulate Patient-Specific Virchow’s Triad and its 
Contribution to Cerebral Venous Sinus Thrombosis
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The Vein-Chip recapitulates CVST Virchow’s triad and enables systematic 
characterization of venous thrombogenesis with respect to fibrin formation 
and platelet aggregation. Distinct from the arterial setting, platelets univer-
sally adhere across the entire CVS Vein-Chip independent of stenotic geom-
etry and flow disturbance. Intriguingly, fibrin propagates along with the flow 
direction, but exclusively deposits to the inner vessel wall. Upon inflamma-
tory endothelial injury, fibrin deposition mirrors to the outer vessel wall, but 
still not in the lumen. Together, the Vein-Chip promises future applications for 
personalized thrombotic assessment and monitoring.
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intensively studied and modeled,[2–5] 
venous thrombosis, particularly in the 
brain, such as cerebral venous sinus 
thrombosis (CVST), remains underex-
plored. The lack of emphasis on inte-
grative research in CVST can partly be 
attributed to its rarity compared to arterial 
stroke,[6] nonspecific signs and symptoms 
in patients,[7] and highly heterogenous 
cerebral venous sinus (CVS) anatomy,[8] 
making clinical diagnoses and monitoring 
more challenging. Consequently, there are 
limited animal models and one-size-fits-all 

in-vitro systems available to decipher the critical mechanisms 
underlaying CVST, let alone personalized treatments.[9,10] How-
ever, the number of CVST cases causing stroke or permanent 
disability continues to increase.[6,9] Particularly, its associa-
tion with the COVID-19 vaccine-induced immune thrombotic 
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1. Introduction

Cerebral thrombosis and its associated strokes ranks as the 
second leading cause of death and the primary cause of dis-
ability globally.[1] Unlike arterial thrombosis, which has been 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202214179.

© 2023 The Authors. Advanced Functional Materials published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited.

Adv. Funct. Mater. 2023, 33, 2214179

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202214179&domain=pdf&date_stamp=2023-03-28


www.afm-journal.dewww.advancedsciencenews.com

2214179  (2 of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

thrombocytopenia or VITT has garnered more attention in 
recent years.[11,12]

Conventional diagnostic tools for assessing cerebrovas-
cular disease, such as magnetic resonance imaging (MRI) and 
computed tomography (CT) scans, are non-invasive imaging 
modalities widely available for assessing stroke patients.57 
However, identifying vulnerable patients by degree of stenosis 
is a suboptimal over-simplification. More advanced techniques 
with higher sensitivity have been proposed to better qualify the 
recurrent risk of CVST patients.[14] Unfortunately, these tech-
niques have not yet been well validated or readily accessible 
even in metropolitan tertiary centers. For the CVS vasculature, 
the spatial resolution of MRI and  CT technologies limits our 
ability to assess intravascular hemodynamics and coagula-
bility.[15] To obtain high-resolution CVS anatomies, non-invasive 
magnetic resonance venography (MRV) harnesses intravenous 
contrast dye to visualize the veins,[16] making MRV the golden 
standard for diagnosing CVST and other non-acute thrombosis 
and related stoke[15] (Figure 1a).

Although it has been known for over a century that throm-
bosis is triggered by Virchow’s triad[17] (Figure 1b), current diag-
nostic and surveillance strategies poorly capture the complex 
interplay among the vessel wall morphology, hemodynamic 
flow disturbance, and coagulability,[6] let alone efficiently pre-
dict an individual’s response to antithrombotic medication.[18] 
Despite significant advances in diagnostic imaging and medical 
therapy, no standardized testing can identify which individuals 
are at high risk of a thrombotic event,[19] due to large variability 
from one to another based on personal anatomical, genetic, and 
environmental factors.[6,8,9,20] There also remains a significant 
percentage of patients who do not have a recognized etiology 
of their CVST and experience recurrent thrombotic events.[21–23] 
Blood coagulation tests and platelet function analyses have been 
undertaken to predict thrombotic risk without vessel wall.[3,24,25] 

However, such methodologies are reliant on labor-intensive 
testing, bulky and costly equipment, and specialist interpreta-
tion[14,26] – all of which are poorly available in regional and rural 
health settings. Currently, there is no personalized and afford-
able point-of-care testing available that allows for tailored risk 
stratification as well as long-term monitoring.[27–29]

To address this challenge, we developed a CVS-on-a-chip 
(Vein-Chip)—a microfluidic model mimicking the venous 
geometry of a CVST patient, where living endothelial tissue and 
whole blood flow provide the incorporation and dissection of 
Virchow’s triad. Specifically, we reconstructed the CVS vascu-
lature from high-contrast MRV images and translated it into a 
Vein-Chip by 3D stereolithography (Figure  1). Notably, to pro-
duce the Vein-Chips in large quantities and rapidly with various 
vascular segmentation, we were inspired by the Chinese Type—
the ancient system and technology of printing and typography 
that uses movable components to reproduce the elements of a 
document (individual alphanumeric characters or punctuation 
marks) usually on the medium of paper[30] (Figure  1a). By fur-
ther combining hydrodynamic shear mapping, endothelializa-
tion, and coagulability modulation, we systematically revealed 
the relative contribution of Virchow’s triad on CVST Vein-Chips. 
The Vein-Chip platform recapitulates CVST Virchow’s triad and 
enables systematic characterization of venous thrombogenesis 
with respect to fibrin formation and platelet aggregation.

2. Results

2.1. Cerebral Venous Sinus Geometry Reconstruction  
and Vein-Chip Fabrication

We initially sought to determine the anatomy of a typical human 
vein in the brain, which would provide a geometric design for 
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Figure 1.  Concept of movable typed Vein-Chip platform to recapitulate patient-specific Virchow’s triad and thrombotic assessment. a) Schematic illus-
tration of the design and microfabrication of cerebral venous sinus (CVS)-on-chip models. The CVS geometries were first numerically reconstructed 
from a high-contrast magnetic resonance venography (MRV) image from a CVST patient. The target vessel of interest is one segmentation of the 
sigmoid sinus representing > 56% of all CVST cases.[31] We then translated it into a Vein-Chip by 3D stereolithography (see Experimental Section). 
Note that multiple chip molds were assembled to a larger plate for mass production to reduce production time and cost. In an ideal future, our 
scaled-up, low-cost, and fast-turnover biofabrication capability by movable typing would enable large-scale personalized thrombotic assessment by 
targeting multiple vascular segments for one patient, applying to a number of at-risk patients and long-term monitoring at multiple time points. b) The 
endothelialized Vein-Chips evaluate patient-specific Virchow’s triad: hemodynamics, endothelial dysfunction, and hypercoagulability, promising future 
personalized thrombotic assessment in a clinic.
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a microfluidic device. In the first step, we analyzed the MRV 
scan of a 70-year-old female patient (Figure 2a) and segmented 
the sigmoid sinuses with a longitudinal length of 80 mm and 
a luminal diameter of 4  mm. Such location  was  reported to 
contribute >  56% of the CVST cases.[31] We then took the left 
segmentation from the patient’s sigmoid sinus for our micro-
fluidic design as a proof of concept.

In the second step, with our customized surface smoothing 
algorithm[32] (see Experimental Section; Figure 2b), we numeri-
cally reconstructed the 3D anatomy of this U-shape sigmoid 
sinus with a stenotic region. To translate this vein geometry 
to a microfluidic device as a Vein-Chip, we scaled down the 
luminal diameter by a factor of 0.15 to a minimum diameter, 
Dmin  =  400  µm, suitable for standard stereolithography (SLA) 
3D printing (Figure 2c).

In the third step, the vessel geometry was subtracted from 
a block, and 3D printed to form a negative mold (Figure 2c). A 
supporting scaffold was used with optimized geometry settings 
to achieve z-axis accuracy at ±  5  µm (Figure  S1a, Supporting 
Information). Due to the nature of the SLA printing technique, 
some extra supports were allocated at the edge of the chip to 
prevent surface distortion.

In the fourth step, the mold surface was further filled with 
sandpapers and polished by a cotton wheel (Figure 2d). Mirror-
like smoothness was achieved (Figure  S1b, Supporting Infor-
mation). To avoid damaging the microfluidic geometry, a rec-
tangular trench was designed to better control polishing depth 

(Figure 2c). As a result, the vessel geometry was intact relative 
to the original microfluidic design (Figure 2d, right).

In the fifth step, we assembled the 3D-printed negative Vein-
molds into a large plate, followed by silane treatment for mass 
production using 3D soft-lithography in one go (Figure 2e). Two 
PDMS casting procedures were used to make the positive mold 
(Figure S1c, Supporting Information) and the Vein-Chips. After 
punching the inlet and outlet, the Vein-Chip was then plasma 
bonded to a coverslip to form an enclosed microfluidic channel 
(Figure 2e; see Experimental Section). The above methods of pro-
ducing precise and sophisticated Vein-Chip were optimized from 
multiple printing designs, materials selection, and polishing 
procedures (Table 1; Figure S1, Supporting Information).

2.2. Fluid Flow Characterization for Distinct Vascular Zones on 
a Vein-Chip

To characterize fluid flow profiles and distinct shear zones, 
computational fluid dynamics (CFD) analyses were performed 
as described previously[25,35,36] to map shear rate distribu-
tions and velocity streamlines at both the original MRV scale 
(Figure 3a,b) and microfluidic scale (Figure  3c–e). At a physi-
ological venous bulk shear rate γ0 = 150 s−1, the wall shear rate 
distributions around the stenosis are very similar between 
the MRV vessel geometry (Figure  3a) and the miniaturized 
Vein-Chip model (Figure 3c). The wall shear rates in pre- and 
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Figure 2.  Patient’s clinical image derived Vein-Chip design and movable typing for large-scale fabrication. a) The MRV scan before the patient was con-
firmed with CVST. The left sigmoid sinus segmentation with a stenotic region was selected to recapitulate CVST on a chip. b) 3D reconstruction from 
the vascular anatomy. The MRV image of the target vessel was first reconstructed into STL formatted facades via the DICOM viewer. Such facades 
were then converted into curvature-based continuous surfaces using the ANSYS SpaceClaim. c) Translating the vascular anatomy to a positive mold 
by 3D stereolithography. d) Polishing and production of a smooth surface and intact vascular surface in two steps. e) Mass production by two PDMS 
casting procedures. First, the negative Vein-molds were assembled to a large plate and cast as a positive Vein-mold. Then the second PDMS-to-PDMS 
casting was performed, followed by cutting into single microfluidic chips with negative vessel geometries. Each chip was then punched with two holes 
as inlet and outlet, and plasma-bonded onto a coverslip to form an enclosed channel for endothelialization.
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Table 1.  Material selection for Vein-Chip fabrication steps 3–5.

Fabrication step 3: 3D printed negative mold

Materials Polishing time Surface finish Printing Temperature Printing Time IPA Washing Time

Flex resin N/A surface damage Room temperature 240 min 20 min

Rigid resin > 20 min Good Room temperature 240 min 20 min

Clear resin 2 min Specular Room temperature 240 min 20 min

Fabrication step 4: positive mold casting

Materials Demolding Thermal Deformation Curing Temperature Curing Time Curing Environment

Photoresist SU8 Slow Bent Room temperature 120 min Clean room

Loctite AA 358 Broken Flat Room temperature 10 min PC1 lab

Flex resin Fast Bent 60°C 60 min Clean room

PDMS Fast Flat 80°C 120 min PC1 lab

Fabrication step 5: final channel casting

Materials Transparency Biocompatibility Curing Temperature Curing Time Curing Environment

Photoresist SU8 Dark transparent Biocompatible Room temperature 120 min Clean room

Clear resin yellowish transparent Non-Biocompatible Room temperature 30 min Clean room

PDMS optically transparent Biocompatible 80 °C 120 min PC1 lab

The fabrication steps 3 to 5 were optimized from multiple trials to meet the following requirements: i) The negative Vein-mold shall be polishable with a smooth 
surface finish; ii) the post polishing process shall not damage the details of the microfluidic geometry; iii) the material of the positive Vein-mold shall retain high 
spatial resolution after casting, and it shall be strong enough for the following casting procedure; iv) the material of the Vein-Chip shall be transparent for fluores-
cent imaging and v) the Vein-Chip shall be biocompatible for endothelial cells culturing. To this end, three materials, rigid resin, clear resin, and flex resin, were 
compared for the negative molding—step 3. After carefully evaluating the polishing time and surface finish quality, the clear resin was selected due to its greater 
product quality and time efficiency (Figure S2, Supporting Information). In step 4, various materials were compared for the positive mold fabrication, including 
the flex resin, Loctite 385 UV-cured epoxy, SU8 photoresist, and PDMS. The flex resin and SU8 mold significantly deformed after being heated up from room 
temperature to 80 °C, making them less compatible for the next steps. The trials using Loctite 385 also failed because peeling off from the negative mold in step 
3 would likely introduce mechanical damages due to its high frangibility. Eventually, the PDMS was selected to produce the positive Vein-mold as it can easily be 
peeled off from the negative mold after silane treatment with minimum thermal deformation.[33] In step 5, three transparent materials, SU8, clear resin and PDMS 
were tested. SU8 and UV-cured resins were excluded because of low transparency and limited biocompatibility derived from non-uniform photo-crosslinking, 
respectively.[34] Thus, PDMS was selected to produce the final microfluidic channels due to its superiority in thermoplasticity, biocompatibility, and transparency 
combination.

Figure 3.  Flow profile characterization of the MRV vessel geometry and Vein-Chip model. CFD analyses showing the wall shear rate (WSR) distribution 
at the top surface a) and velocity streamlines at the interstitial volume b) of the MRV vessel geometry. To achieve physiological venous bulk shear rate 
γ0 = 150 s−1, an input flow of 1.08 ml min−1 was used as the boundary condition for the simulation. c) CFD analyses showing the WSR contour at the 
top surface of the microfluidic scale Vein-Chip. Note that three WSR zones were identified. d) WSR distribution for the microfluidic and MRV scale at 
each zone. Typical shear rates in the non-stenotic sections of the 3D vessel were in the range of 15–150 s−1. Because of the 44% stenosis, higher wall 
shear rates were displayed in zone 2, with mean shear rates higher than 380 s−1 for both scales. e) CFD velocity streamlines at the interstitial volume 
of the microfluidic scale vessel geometry. Similar flow profiles in three distinct shear zones were demonstrated with wall shear rates and velocity. Scale 
bars (a) and (b), 3 mm. Scale bars (c) and (e), 400 µm.
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post-stenotic zones are 43 ± 4 and 96 ± 7 s−1, respectively (zone 
1 and 3, Figure 3c). When approaching the stenosis (≈44% nar-
rowing), they rapidly exceeded 439 ± 47 s−1 (zone 2, Figure 3c) 
for both scales. The average shear rate of zone 2 is the highest, 
more than ten times greater than zone 1, and four times greater 
than zone 3 (Figure  3d). Although the velocity magnitude 
varied between the two scales, similar flow velocity patterns 
were observed in the three distinct shear zones (Figure  3b,e). 
Thereby, the microfluidic scaledown from the MRV geometry 
was justified.

2.3. Vascular Inflammation and Endothelial Phenotypic Changes

To fully biofunctionalize the Vein-Chip and mimic vessel wall 
injuries, human umbilical endothelial cells (HUVECs) were 
seeded in the microfluidic channels (see Experimental Sec-
tion). The endothelial cells were grown and proliferated to 
form a confluent monolayer after incubation in the chip for 
1 day (Figure  4a) under static conditions. Confocal micros-
copy revealed that HUVECs were successfully attached and 
aligned as endothelium across the entire microfluidic channel 
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Figure 4.  Vein-Chip endothelialization and proinflammatory injury. a) HUVECs were seeded in a bare Vein-Chip for one day, then treated with PMA 
for 1.5 h to model the inflammatory state. b) Confocal microscopy and image stitching of functional endothelium lined inside a microfluidic channel. 
Anti-CD31 (green) and nuclear stain (cyan) showed endothelialization at the bottom surface of the entire microfluidic channel. Scale bar = 400 µm; c,d) 
Representative immunostaining images of CD31 (c; Scale bar = 80 µm) and F-actin (d; scale bar = 50 µm) expression at the endothelial junctions and 
cell bodies to indicate the healthy (upper) and injured (lower) morphology status in the absence (−) or presence (+) of PMA stimulation. Quantification 
of EC circularity e), F-actin positive area percentage f), F-actin stress fiber length g). Data was shown as violin plots of n ≥ 30 cells evaluated in duplicate. 
h) Representative immunostaining images of ICAM-1 (green) and E-selectin (red) expression at zone 1, 2, and 3 in the absence (−) or presence (+) of 
PMA stimulation. Scale bar = 50 µm. i) The fluorescence intensity of ICAM-1 and E-selectin at three shear zones in the absence (−) or presence (+) of 
PMA stimulation. ** = p < 0.005, *** = p < 0.001, **** = p < 0.0001, assessed by unpaired, two-tailed Student’s t-test.
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(Figure  4b). The CD31 expression at the integral endothelial 
junction demonstrated that our Vein-Chips were grossly func-
tionalized in a healthy state (Figure 4b,c).

Several studies have suggested that the vessel wall injury 
can lead to endothelial activation, barrier disruption, and 
increased venous thrombosis in vivo.[37,38] Therefore, we stimu-
lated endothelialized Vein-Chips with short-term exposure to 
phorbol-12-myristate-13-acetate (PMA) to model inflammatory 
conditions (Figure 4a). Compared to the non-treated condition 
(Figure  4c,d, upper), the inflamed endothelial cells inside the 
microfluidics displayed more circular morphology, reduced 
CD31 expression at the junction (Figure 4c, lower), and F-actin 
expression (Figure  4d, lower) after 150  ng  mL−1 PMA treat-
ment for 1.5 h. The circularity of endothelial cells was signifi-
cantly increased to 0.60 ±  0.01 compared  to 0.53 ±  0.01 of the 
non-treated groups (Figure  4e). In addition, the percentage of 
F-actin-positive cell area decreased from 73  ±  2% to 57  ±  4% 
for endothelial cells upon PMA injury (Figure  4f). Similarly, 
the length of F-actin stress fiber significantly decreased from 
39 ± 2 to 26 ± 2 µm as a result of PMA stimulation (Figure 4g). 
In order to verify the impact of endothelial injury, the expres-
sion levels of two inflammatory markers, intercellular adhesion 
molecule-1 (ICAM-1) and E-selectin, were assessed under both 
non-treated and PMA-treated conditions across three shear 
zones (Figure  4h). Our findings showed that compared to the 
non-treated conditions, the ICAM-1 intensity on the endothelial 
cells at zones 1, 2, and 3 increased by 3.7, 7.8, and 2.6 folds, 
respectively, while the E-selectin intensity increased by 7.6, 9.7, 
and 7.7 folds, respectively (Figure 4i). The results mimicked vas-
cular injury and characterized the changes of the endothelial 
phenotypes on a CVS Vein-Chip.

2.4. Whole Blood Perfusion in the Vein-Chip to Assess Throm-
botic Response

In order to model venous thrombosis, citrated human blood 
was recalcified and then perfused through the endothelialized 
Vein-Chips at physiological venous bulk shear rate γ0 = 150 s−1 
for 10  min (Figure  5a). To quantify thrombotic response, 
we used confocal microscopy to visualize real-time immu-
nostaining of developing platelet aggregates (Figure 5b, white) 
and fibrin formation (Figure 5b, magenta). To further modulate 
thrombosis, we challenged the Vein-Chip to higher CaCl2 doses 
above physiological conditions from 1 to 4 mm (Figure 5b–d).[39] 
Notably, at physiological calcium doses of 1–2  mm, there was 
little fibrin deposited to the endothelium at any time (Figure 5c, 
black and orange), while the higher recalcification dose resulted 
in rapid and highly dynamic fibrin formation with excessive 
growth at t  =  5 to 8  min (Figure  5b). Interestingly, we found 
that fibrin was mostly deposited where platelet aggregation 
existed (Figure 5d). Their growth seemed triggered by platelet 
adhesion onto the endothelium, consistent with other venous 
thrombosis models.[40]

Next, we hypothesized that the stenosis in the middle 
of the sigmoid sinus could change hemodynamics both 
upstream and downstream, therefore affecting CVST as 
observed clinically.[8,20] To correlate the hemodynamics with 
thrombosis, we quantified the platelet and fibrin fluores-
cence intensity across all three shear zones (indicated in 
Figure  3b). To our surprise, platelet adhesion and aggrega-
tion exhibited non-significant differences among three shear 
zones and under all recalcification doses (Figure  5e). While 
fibrin initiated from zone 1 and then propagated to zone 3 
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Figure 5.  Recalcified whole blood perfusion in the Vein-Chip to assess thrombotic response. a) Citrated whole blood was re-calcified and then perfused 
for 10 min at a bulk shear rate of 150 s−1 in the Vein-Chips. b) Representative platelet and fibrin signal images at 2, 3, 5, and 8 min marks under 4 mM 
CaCl2 dose. The images represent n = 5 independent experiments performed in duplicate. c) Time-lapse quantitation of fibrin formation at stenotic 
zone 2 of a Vein-Chip. Fibrin is seen at the apex of the stenosis for 4 mM CaCl2 dose, while there is little fibrin formation after 10 min perfusion for 
1 and 2 mM recalcification. d) Confocal images of platelet aggregation (Row 1) and fibrin formation (Row 2) were examined at 1 mM (Column 1), 
2 mM (Column 2) and 4 mM (Column 3) CaCl2. Merged platelet and fibrin signals with endothelial cells (Row 3). Platelets (anti-CD41) and fibrin were 
immunostained by anti-CD41-Atto555 (SZ22) and fibrin with anti-fibrin-Alexa647 (59D8). The flow direction is from left to right. Images represent n ≥ 3 
independent experiments. Scale bar = 50 µm. The fluorescence intensity of platelet aggregation e) and fibrin formation f) after 10 min perfusion at 
three shear zones and under 1, 2, and 4 mM CaCl2 doses. Data represents mean ± s.e.m. of n ≥ 3 independent experiments in duplicate. * = p < 0.05, 
assessed by unpaired, two-tailed Student’s t-test.
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in the direction of flow (cf. Figure  6a). Similar to platelets, 
the fibrin level showed non-significant differences among 
three shear zones (Figure 5f ). Both platelet aggregation and 
fibrin formation increased with recalcification doses from 
1–4 mm (Figure 5e,f ). Distinct from the microfluidic studies 
on arterial thrombosis, our results suggest that the CVST is 
fibrin-rich and likely independent of biomechanical platelet 
aggregation as observed at the arterial stenosis and with high 
shear gradients.[24,41–43]

2.5. Investigate the Thrombotic Effects of the Endothelial Injury 
on a Vein-Chip

We further investigated the thrombotic effects of vessel wall 
injury by stimulating the endothelialized Vein-Chip with 
150 ng mL−1 PMA for 1.5 h. Recalcified blood was perfused for 
10 min. Similar to non-treated conditions, both platelet aggrega-
tion and fibrin formation significantly increased along with the 
CaCl2 doses (Figure 6a,b), but none of them exhibited depend-
ence on shear zones (Figure 6b).

We then compared the fibrin formation between the non-
treated and PMA-treated Vein-Chips. We longitudinally 
divided the CVS lumen by the central axis into the inner and 

outer halves (Figure  6c). Intriguingly, while fibrin was mainly 
distributed at the inner wall without treatment (Figure  6c, 
upper), upon PMA stimulation, fibrin was deposited at both 
sides of the vessel wall (Figure  6c, lower). Compared to the 
non-treated condition (Figure S3, Supporting Information), the 
fibrin intensity at the outer half significantly increased by more 
than eight times upon PMA treatment (Figure 6d). For the non-
treated condition, fibrin was expressed predominately at the 
inner half, with five times higher intensity relative to the outer 
half (Figure 6d).

2.6. Combine Virchow’s Triad to Evaluate CVST on a Vein-Chip

Lastly, we combined all three thrombotic determinants on 
a CVS Vein-Chip with PMA-stimulated endothelium and 
hypercoagulable recalcified blood (Figure  7a). We first exam-
ined the hemodynamics with the fibrin expression. A sig-
nificant similarity was observed between the fibrin deposition 
(Figure  6a; 3rd column, magenta) and the low shear pockets 
(γ  <  8  s−1) mapped by CFD analyses (Figure  7b, blue area). 
For further investigation, we drew three sample lines at each 
shear zone, and evenly selected five points at each sample line 
(Figure  7b; black crosses). On each point, CFD mapped shear 

Adv. Funct. Mater. 2023, 33, 2214179

Figure 6.  Vessel wall injury effect to thrombotic response in a Vein-Chip. a) 2D confocal stitching images of platelet aggregation (Row 1) and fibrin 
expression (Row 2) were examined at 1 mM (Column 1), 2 mM (Column 2) and 4 mM (Column 3) CaCl2 with 50 ng mL−1 PMA treatment. Merged 
images showed that endothelial conditions for each representative Vein-Chip are good (Row 3). Images represent n ≥3 independent experiments (Scale 
bars 400 µm). b) Fluorescence intensity quantification for platelet (left) and fibrin (right). c) Representative confocal images of fibrin deposition in the 
Vein-Chip, non-treated (top) or treated (bottom) with PMA. Note the fibrin was expressed mainly at the inner wall (blue) in non-treated Vein-Chips 
while observed at both inner and outer walls (red) in PMA-treated Vein-Chips. d) Fluorescence intensity quantification of fibrin deposition at the inner 
and outer halves of the Vein-Chip. All data presents mean ± s.e.m. of n ≥ 3 independent experiments in duplicate. * = p < 0.05, assessed by unpaired, 
two-tailed Student’s t-test.
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rate (Figure  7c) was correlated with fibrin fluorescent signals 
by confocal microscopy. Notably, zone 3 exhibited a strong cor-
relation between fibrin intensity and shear rate, marked by a 
linear regression of R2 = 0.89, confirming the post-stenosis low 
shear pocket favors coagulation. We then examined the fibrin 
fluorescence intensity at the middle sample lines of each zone, 
and compared it with the shear rate at the same lines. Zones 
1 and 2 showed fluctuating fibrin intensity without a strong 
correlation to hemodynamic patterns (Figure  7d,e). However, 
zone 3 demonstrated an obvious negative correlations between 
fibrin intensity and shear rate (Figure  7f). Intriguingly, fibrin 
signals showed sudden drops when the shear rate reached 
500 and 75 s−1 at zones 2 and 3, respectively (Figure 7e,f). Our 
data consistently showed that the fibrin formation is selectively 
deposited to the vessel wall, but not in the lumen (Figure  6), 
suggesting that fibrin formation requires a vessel wall and 
might also be relevant to platelet margination in whole blood 
perfusion.

Surprisingly, although the venous flow condition in our 
setup results in variations of the average shear rates across 
zones 1, 2, and 3, we did not observe a significant differ-
ence in terms of platelet and fibrin deposition. Neverthe-
less, it is reasonable to apply our approach to arterial vessels, 
and we may predict a more significant difference to arterial 
thrombosis, which is more sensitive to the shear threshold 
and flow patterns regulated by the systemic flow or vessel 
geometry.[40,44]

3. Discussion

The innovation of this study introduced an affordable CVS-on-
a-chip (Vein-Chip) that is a microfluidic model mimicking the 
venous geometry of a CVST patient, where living endothelial 
functionalization and whole blood perfusion recapitulates the 
patient-specific Virchow’s triad–vessel wall morphology, hemo-
dynamic flow disturbance, and coagulability. As a highlight, 
we reconstructed 3D CVS geometry from high-conventionally 
accepted method translated it into a Vein-Chip by 3D stereo-
lithography. Moreover, to rapidly produce the industry-grade 
Vein-Chips in large quantities with various vascular geom-
etries, we were inspired by the Chinese Type and invented a 
movable assembly system for low-cost mass production, with 
the ability to print multiple vascular segments simultaneously. 
Further, with localized shear mapping, the inclusion of the vas-
cular endothelial function, and modulation of coagulability by 
recalcification, we systematically revealed the relative contribu-
tion of Virchow’s triads to CVST on a chip in a personalized 
manner.

Despite the recent advances in clinical imaging modalities, 
thrombotic risk assessment still relies on invasive digital sub-
traction angiography. Although there are recent developments 
in 4D MRI and phase-contract technologies, it is still not pos-
sible to accurately quantify Virchow’s triad in the cerebral 
vasculature. Even worse, these facilities are only available in 
tertiary-level centers and are hard to access for most popula-

Adv. Funct. Mater. 2023, 33, 2214179

Figure 7.  Combine Virchow’s triad to evaluate CVST on a Vein-Chip. a) Illustration of Virchow’s triad effects on the CVS Vein-Chip model and the 
representative photograph of fibrin-rich thrombi in a Vein-Chip after PFA fixation. b) CFD contour map showing shear rate distribution at the bottom 
of the Vein-Chip. Note that the low shear pockets mapped by the CFD contour map (blue area) are highly correlated with the fibrin deposition along 
the Vein-Chip in Figure 6a. Scale bar = 400 µm. c) Correlation of shear rate distribution and fibrin deposition across three rheological zones. Note 
that three lines and fifteen locations were sampled for correlation (crosses in b) for each zone. The fluorescence intensity of fibrin on a sample line 
(magenta) and the shear rate distribution at the same line (black) for zone 1 d), zone 2 e) and zone 3 f).
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tions in underdeveloped regions. Besides the challenges in 
personalized diagnosis, antithrombotic treatment also lacks 
patient-specific assessment. Currently, there is no convention-
ally accepted method for testing the efficacy of antithrombotic 
therapy. This has led to significant stroke recurrence rates of 
up to 8.2% within the first 90  days, despite the implementa-
tion of intensive preventive strategies.[45–47] As the first of 
its kind, our personalized CVS Vein-Chips bridge the gap 
between cerebrovascular imaging diagnostics and patient-
specific blood clot testing. Our CVS Vein-Chips will not only 
provide more accurate diagnostic platforms, but also allow 
short- to long-term monitoring for cardiovascular patients 
with stroke, coronary artery stenosis, arteriovenous malforma-
tion, and aneurysm.

Numerous microfluidic and vessel-on-chip models have 
emerged to mimic vascular anatomies, incorporate hemo-
dynamic parameters, and recapitulate platelet mechanobi-
ology.[25,36,48] These miniaturized microfluidic devices shed 
light on high-throughput,[49,50] rapid and scalable blood clot 
testing,[51,52] cerebral thrombosis diagnosis and prediction.[5] 
Recent breakthroughs in 3D printing can potentially revolu-
tionize the field of microfluidics by overcoming the limita-
tions posed by conventional 2D wafer-based microfabrication 
techniques.[41,53,54] Several studies have also examined progres-
sive endothelial damage through physical techniques.[55,56] For 
instance, optofluidic techniques have been demonstrated to 
elicit interactions with the vascular system.[55] The CVS-on-a-
chip proposed in this paper is anticipated to be utilized in fur-
ther experiments incorporating regional physical stimulation 
on endothelial cells and creating a significant model for the 
study of vascular injury. With this technology, the blood vessel 
geometry can be printed as a chamber or rod. Nevertheless, 
there is still limited capacity for fabricating complex circular 
cross-section channels,[25,48] let alone producing patient-specific 
3D vasculature on a chip with low cost and fast turnover. To 
this end, our movable typed Vein-Chip fabrication solved such 
problems and can recapitulate the cerebral blood vessels con-
taining U-shapes, bifurcations, and even more complex blood 
vessel networks. Besides, our methods overcame the bottleneck 
that comes with low-resolution 3D printers, which usually have 
a poor surface finish compared with silicon wafer-based lithog-
raphy, resulting in leakage of the microfluidics and uneven 
focal plane during microscopy.

Last but not least, our movable typing enabled large-scale 
production of multiple blood vessel segmentations, thus sig-
nificantly reducing fabrication time and cost. Specifically, the 
final products cost only $5 for materials per chip and requires 
<  10  h fabrication time from a clinical image (Figure  2; Step 
2: 1  h; Step 3: 4  h; Step 4: 2  h; Step 5: 2  h). These affordable 
chips enabled large-scale personalized thrombotic assessment 
from one to several at-risk patients for long-term monitoring at 
multiple time points. In an ideal future, our scaled-up, low-cost, 
and fast-turnover biofabrication capability by movable typing 
will not only provide a more accurate early prediction of throm-
bosis, but also enable personalized antithrombotic therapies. 
Future development of these personalized chips holds signifi-
cant potential to help expand the Telehealth systems that link 
regional populations with central medical facilities and well-
trained practitioners.

4. Experimental Section
MRV Image Acquisition: The MRV data of a patient were acquired with 

a dual-echo MRV pulse sequence on a Philips Medical Systems (Achieva) 
with a standard birdcage head coil. The standard consent procedure 
was followed. The readout bandwidth was equal to ±15.6 kHz, and the 
flip angle was 20°. The matrix size for MRV data was 209 × 239 × 239 
(kx  ×  ky  ×  kz), FOV  =  240  mm, the slice thickness  =  1.4  mm, the slice 
increment = 0.7 mm, 58.6% partial echo was used to decrease the TE1 of 
the first echo and maximize TE2 in the second echo.

Image reconstruction and post-processing were implemented in 
Mimics Research 21.0 with a personal computer (3.40 GHz CPU, 8 GB 
Memory). In order to suppress the serious artifacts caused by signal 
wrap-around along the slice direction, the reconstructed area was 
manually divided into vessel geometry used in this paper. A venogram 
was produced after implementing a minimum intensity projection 
(named as mIP to distinguish MIP) along the slice direction.

Printing and Material Selection: The vessel chip was manufactured 
using 3D stereolithography and soft lithography techniques (Figure S4, 
Supporting Information).

For the first step, the Standard Triangle Language (STL) file of blood 
vessel was extracted from the raw MRV images of the sigmoid sinus 
(Figure  2a). The image points were directly converted into STL format 
for digital reconstruction using a DICOM viewer.

For the second step, the STL file was converted into curvature-based 
continuous surfaces using the SpaceClaim software (ANSYS Inc. 2020) 
(Figure 2b). Manual adjustments in SpaceClaim were optional to modify 
the sharp edges and branches caused by image noise. The “smooth” 
function was then used to make a smooth vessel lumen, with the 
settings of “200% faces” and “60° angle” threshold. Finally, the “auto-
skin” function generated the curvature-based continuous 3D vessel 
anatomy. In order to transfer the vessel geometry into a microfluidic 
device, the reconstructed sigmoid was first cut along the middle axial 
plane. Then a 30 × 20 × 6 mm block was virtually created, followed by a 
Boolean subtraction to obtain the inner lumen of the vascular geometry 
(cf. Figure 2c).

From steps 3 to 5, several attempts were made to optimize each 
process. For the third step, a SLA 3D printer (Form 3B; FormLabs, 
Boston, USA) was utilized to fabricate a mold incorporating the vessel’s 
details, using the “Clear V4” resin at a resolution of 25 µm. A supportive 
structure was designed to increase the success rate and the z-direction 
precision (cf. Figure  S1a, Supporting Information). The post-print 
treatment was performed using UV light oven produced by Formlabs 
under room temperature for 30 min (Video S1, Supporting Information). 
The principle for Step 3 of the manufacturing process was to choose 
an easily polished material. Two different resins, “Clear V4” and “Rigid 
4K,” were utilized to print the negative mold. “Rigid 4K” offers superior 
mechanical properties, making it less susceptible to deformation. 
However, its opaque white color makes it challenging to inspect post-
processing and it was discovered during experiments that the contact 
surface between other materials and “Rigid 4K” was difficult to cure, 
making it more challenging to create the intermediate positive mold.

“Clear V4” on the other hand, was transparent, and easier for visual 
inspection and diagnosis after post-processing. Additionally, the mold’s 
transparency allows for the contact surface between the negative mold 
and other UV-cured material to be easily cured by applying UV light at 
the bottom of the mold when creating the intermediate positive mold. 
Furthermore, a thinner layer thickness of ≈25  µm could be achieved 
using “Clear V4” resin, which enabled the recovery of more vascular 
details. Therefore, “Clear V4” resin was selected to produce the negative 
mold.

For the fourth step, the major objective was to make the top surface 
mirror flat and smooth. To achieve this, a multi-staging polishing 
technique was used. In detail, the surface was first filed using 1200 grit 
sandpaper. To control the depth of filing, a rectangular trench with a 
controlled depth was designed in the printed mold. The desired depth 
was achieved when the trench started to vanish, and the first stage of 
polishing could stop. Then the 2500  grit sandpaper was used in the 
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second stage of polishing. The process was repeated until the grit 
number increased to 8000. Then the surface was polished to mirror 
smooth using an acrylic polish paste and a polishing cotton wheel. To 
control the flatness of the surface during polishing, another glass panel 
was placed underneath the sandpaper to ensure even contact between 
the surface and the sandpaper. The sandpaper was soaked in water to 
reduce the damage to the surface from the residual powder. After all the 
processes, the mold was washed in the ultrasonic cleaner to remove 
the jammed polishing paste inside the vessel and then dried with 
compressed air (Video S2, Supporting Information). At step 4, selecting 
the material for the intermediate positive mold was the most challenging 
aspect of the manufacturing process. First, the material must be fluid 
before curing to be poured into the negative mold. Second, the material 
must be soft after curing to be able to peel off from the solid negative 
mold. Lastly, the material must be able to separate from the PDMS for 
the final casting step. To meet these requirements, various materials 
were used to create the intermediate positive mold, including “Clear V4” 
resin, “Flexible” resin from Formlab, Loctite 385 UV cured epoxy, SU8 
UV cured epoxy, and PDMS. The liquid “Clear V4” resin is too viscous 
to fill the entire negative mold, making it unable to recover all vessel 
details, and the cured part was filled with bubbles, rendering it unusable. 
Attempts using “Flexible” resin, Loctite 385, and SU8 UV cured epoxy 
also failed as it was difficult to peel off the cured mold from the negative 
mold, even after treating the negative mold with silane. Ultimately, 
PDMS was chosen as the material to produce the intermediate positive 
mold as it met all requirements and could be easily peeled off from 
the negative mold after silane treatment. After treating the PDMS 
intermediate positive mold with silane, it was possible to produce the 
negative PMDS vessel chip that met all requirements with a success rate 
greater than 90%.

Microfluidic Chip Fabrication: The polished chips from the last 
step were assembled into a large plate and treated with silane vapor 
(tridecafluoro 1,1,2,2-tetrahydrooctyle-1-trichlorosilane; Sigma–Aldrich). 
To fabricate the positive mold, polydimethylsiloxane (PDMS) (Sylgard 
184 by Dow Corning) was mixed with the curing agent at a 10:1 ratio 
(w/w). Then the PDMS was poured on the assembled plate and heated 
in the oven at 60  °C for 4  h. After it was solidified, the cured PDMS 
was peeled off from the assembled plate and treated with silane vapor. 
To fabricate the microfluidic device, mixed PDMS was poured on the 
positive mold, and heated in the oven at 60  °C for 4  h. After it was 
solidified, the PDMS was peeled off from the positive mold and cut into 
pieces. Then the inlets and outlets of the PDMS chips were punched 
with Ø6 and Ø1  mm biopsy punchers (World Precision Instruments) 
for static and flow experiments, respectively. Lastly, the PDMS chip 
was permanently bonded to 0.17 mm glass slides after 3 mins plasma 
treatment for 3 min (Video S3, Supporting Information). In step 5, the 
selection principle was to find a biocompatible and transparent material. 
As PDMS has been widely accepted in the field and proven to be suitable 
for Lab-on-chip approaches, it was selected as the final microfluidic 
channel material.

Computational Fluid Dynamics Simulation: CFD simulation on the 
CVST geometry was performed using the commercially available ANSYS 
Fluent 2020 R1 software (version 20.1; Canonsburg, PA, USA) to map 
the flow field and calculate the shear rate in the domain. Given the 
abnormal shape of the cerebral venous sinus geometry, a tetrahedral 
dominant meshing method was selected with the maximum element 
size being 50 µm. A smooth transition inflation layer was applied to the 
entire body with the vessel walls acting as the boundary with the default 
transmission ratio used and growth rate of 1.1 with a maximum of 25 
layers. Finally, edge sizing conditions were applied to have 50 elemental 
divisions for both left and right edges stemming from the inlets and 
outlets. The flow was assumed to be steady and laminar, and the fluid 
was considered Newtonian with constant properties. The flow rate was 
selected to be 81 µL min−1 to achieve bulk shear rate γ0 = 150 s−1. Finally, 
edge sizing conditions were applied to have 50 elemental divisions for 
both left and right edges stemming from the inlets and outlets.

Governing Equations and Numerical Formulation: Reynolds number 
(Re) was calculated to determine if the flow was laminar or turbulent:

µRe hρ= QD
A

	 (1)

where ρ and µ denote the density and viscosity of the fluid, respectively. 
Q is the outflow rate, Dh and A are the hydraulic diameter and surface 
area of the cross-section of the domain, respectively. As a result, the 
Re numbers were 140.9 for the MRV scale vessel geometry and 1.32 for 
the microfluidic scale channel, indicating that the flow was laminar for 
both cases. Following the laminar assumption of flow and considering 
the fluid as Newtonian with constant properties, the continuity 
equation, and the well-known Navier Stokes equations can be used for 
computational fluid dynamics simulation:

· 0∇ =u 	 (2)

µ· 2ρ ( )∇ = −∇ + ∇u u P u 	 (3)

where u is the 3D velocity vector, ρ is the density, P is the pressure, and 
τ is the shear stress term. For the boundary conditions, a mass-flow 
outlet, a zero-gauge pressure inlet, and a non-slip wall were applied in 
CFD to comply with the experiments.

Endothelialization of CVST Chips: Human umbilical endothelial 
cells (HUVECs) were obtained from Thermo Fisher Scientific and 
cultured with EGM-2 medium (EGM-2 BulletKit, Lonza). Once 
reached 80–90% confluency, HUVECs (passages 3–7) were washed 
with phosphate-buffered saline (PBS, ThermoFisher) and trypsinized 
using trypsin/EDTA solution (ThermoFisher). After centrifuge, 
HUVECs were resuspended in EGM-2 medium at a seeding density of 
≈5  ×  106  cells  mL−1. Prior to HUVECs seeding, the microfluidic chip 
was sterilized with 80% ethanol for 20  min and washed three times 
with PBS. Then the microfluidic channels were coated with 100 µg mL−1 
human plasma fibronectin (Thermo Fisher) and incubated at 37  °C 
for one hour. The channels were then rinsed with PBS twice, and then 
8  µL of prepared HUVECs suspension was injected from the outlet 
into the microchannel. The microfluidic chip was then immediately 
flipped upside down to allow HUVECs attachment to the dome of the 
microchannel for 15  min. Then the chip was flipped again to allow 
HUVECs to attach to the bottom surface for 20  min. After that, the 
EGM-2 medium was added to the inlet reservoir to culture HUVECs 
statically overnight, and the endothelialization of the microfluidic chip 
was completed.

In the study of the effect of endothelial cell inflammation on platelet 
and fibrin deposition, the microvessels were activated with phorbol 
myristate acetate (PMA, 50 ng  mL−1 in serum-free medium EBM-2) 
for 1.5 h at static conditions. Then the microvessels were washed with 
complete medium EGM-2 twice. Then the microvessels were ready for 
further examination.

Microfluidic Chip Immunofluorescence Staining: Proceeding PMA 
treatment, devices were fixed with 4% formaldehyde solution, followed 
by a 1 h blocking period in 5% Bovine Serum Albumin (BSA) in PBS. The 
microfluidic chips were then incubated with a primary antibody solution 
containing 2% BSA overnight at 4 °C. Afterwards, secondary antibodies 
were delivered at room temperature for 1–2 h in 2% BSA/PBS, followed 
by nuclei staining for 10 min in PBS alone.

E-selectin (CD62E) immunofluorescence was performed using a 
primary mouse anti-human monoclonal antibody (CL2; dilution 1:200, 
eBioscience) and polyclonal, Alexa Fluor 555 conjugated donkey anti-
mouse secondary (dilution 1:500, Invitrogen). ICAM-1 (CD54) staining 
was performed using Alexa Fluor 488 conjugated anti-human ICAM-1 
(HA58; dilution 1:200, Stock In-House). Nuclei were stained using 
Hoechst33342 (dilution 1:4000, Invitrogen) for cell identification within 
the channel.

Immunofluorescence images of local zones 1, 2, and 3 were taken 
using Olympus confocal microscope FV3000, and z-projections were 
obtained using max intensity projection on ImageJ software. Signal 
overlaps between channels were removed using ImageJ’s LUMos Spectral 
Unmixer Plugin (https://imagej.net/plugins/lumos-spectral-unmixing) 
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with 1 fluorophore, 50 replicates, and 100 iterations. Individual channels 
were then converted to an 8 bit binary scale and measured for their mean 
grey value using a randomized Region of Interest (ROI) ImageJ macro 
with more than 50 regions for each image in both non-treated and PMA-
treated conditions.

Blood Collection: All procedures involving blood collection from 
healthy donors were approved by the University of Sydney Human 
Research Ethics Committee (HREC, project 2014/244). All human donor 
blood samples were obtained with written informed consent.  Blood 
was collected from healthy donors with written informed consent 
and  anticoagulated in 3.2% sodium citrate vacutainers (Becton 
Dickinson) or preloaded syringe tubes as previously described.[24,58,59]

Whole Blood Perfusion and Imaging Procedure: Whole blood was 
stained for platelets with anti-CD41-Atto555 (SZ22) (0.5  µL  mL−1) 
and fibrin with anti-fibrin (0.5  µL  mL−1). The anti-CD41 antibody was 
from Beckman Coulter. The Fibrin antibody 59D8 was from Freda 
Passam, labeled with AlexaFluor 594 using protein labeling kit A10239 
(Invitrogen). Currently, there are no standardized recalcification 
concentrations or methods for microfluidic assays to evaluate the 
circulating physiology and hypercoagulation Ca2+ levels that allow for 
reproducible thrombi generation across in vitro assays. Here, the whole 
blood perfusion protocol was optimized on the Vein-Chip to model 
thrombosis by performing a recalcification titration in the citrated blood 
and modeling the coagulability Blood was collected from healthy donors 
and labeled with platelets and fibrin markers.

After staining, whole blood was recalcified in 1  mL aliquots 
immediately before use in the assay with one in 100 dilutions of the 
relevant concentration of CaCl2 to achieve the desired concentration. 
Blood was introduced at the channel inlet of the PDMS block, which was 
cut into a 200 µL reservoir. The flow was induced with a 2 mL syringe 
connected to the outlet, withdrawn by a PHD ULTRA pump (Harvard 
Apparatus). Platelet aggregation, fibrin expression, and EC presentation 
were monitored with combined three-color confocal microscopy with 
concurrent DIC imaging (Olympus FV3000RS confocal microscope with 
a ×30 silicon oil objective). Fluorescent images were captured using 
FLUOVIEW software, version 2.6 (Olympus). Blood flow was observed 
within a focal plane ≈30 µm above the coverslip bottom of the channels. 
Fluorescently labeled platelet aggregates were quantitatively analyzed 
on a frame-by-frame basis offline using IMARIS (Bitplane AG, Oxford 
Instruments).

To examine the endothelial and thrombosis biomarkers, the Vein-
Chip was fixed with 4% paraformaldehyde after blood perfusion, and 
then thoroughly washed with PBS. Subsequently, the Vein-Chip was 
imaged using an Olympus FV3000RS confocal microscope and operated 
by FLUOVIEW software.

Endothelial Cell Morphology Quantification: To quantify the influence 
of PMA on the endothelium, the circularity of the endothelial cell body, 
the F-actin positive area, and the F-actin length were calculated. The 
circularity of the endothelial cell body was automatically calculated by 
IMARIS (Bitplane AG, Oxford Instruments) using the cell segmentation 
technique. The circularity of a cell was defined by the ratio of the cell 
surface area of a sphere (with the same volume as the given particle) 
to the cell surface area of the particle (Wadell 1932). To compare the 
influences of PMA treatment on F-actin, the F-actin positive area was 
calculated, defined as the percentage of the area of the single cell 
F-actin, with an intensity value over 650 measured by ImageJ, to the 
area of a cell body (n ≥ 30). Then the length of the F-actin in a single 
cell was manually measured. The histogram graphs are plotted in 
Figure 4d–f.

Statistical Analysis: All graphical data were presented by GraphPad 
Prism 9.0. Statistical differences between each group were tested by the 
unpaired, two-tailed Student’s t-test. A p-value below 0.05 was accepted 
as significant.
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