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1. Introduction

Independent parallel production of tunable blood
clot analogues in hourglass-profiled circular PDMS
fluidic channels

*ab

Chun-Hsin Hsu,7® To-Wen Chen,7® Wei-Jen Soong @2? and Chihchen Chen

Rapid
thrombectomy, can be life-saving. Yet recanalization is not always successful, and the determinants remain

removal of occluding blood clots, whether by intravenous thrombolysis or endovascular

incompletely understood. Thrombi exhibit heterogeneous compositions, while clinical samples and animal
models are costly, variable, and often lack reproducibility. To address these challenges, we present a blood
clot analogue production system capable of generating tunable clot analogues in parallel under precisely
regulated flow and calcium ion conditions. The platform integrates one or multiple pressure-controlled
fluidic loops operating independently with a single pump and multiple hourglass-profiled circular devices
fabricated from poly(dimethylsiloxane) (PDMS), a gas-permeable material that replicates vascular occlusion
hemodynamics. Using this system, clot analogues measuring approximately 0.8 cm to over 2.5 cm in
length were generated, displaying heterogeneous upstream-constriction-downstream architectures in
which the red blood cell (RBC)-fibrin fraction could be tuned between 23% and 76%, closely mirroring
clinical thrombi. The composition was modulated through recalcification under various CaCl,
concentrations (1.8-16.5 mM) and shear rates (10*-10° s73). At higher Ca®" levels (=6.6 mM), compact
RBC-fibrin-dominated clots formed rapidly (<10 minutes), displaying laminar “Zahn line” structures. In
contrast, lower Ca®" conditions (1.8-2.3 mM) delayed occlusion (>40 minutes) and yielded diffuse
neutrophil extracellular trap (NET)-platelet networks. The system operates stably for >1000 minutes with
recirculating blood, ensuring reproducibility and cost-effectiveness while reducing reliance on animal
thrombosis models in accordance with the 3R (replacement, reduction, and refinement) principles.
Collectively, this platform provides a controllable, ethically responsible, and physiologically relevant model
for thrombogenesis and thrombectomy research.

studies suggest that thrombus composition plays a critical role
in determining procedural efficacy. RBC-rich thrombi are

Ischemic heart disease has remained the leading cause of
mortality worldwide since 1990, according to Global Burden of
Disease studies."” Thrombus formation and subsequent
embolization are central pathological processes underlying
ischemic heart disease, stroke, and pulmonary embolism,
underscoring the urgent need for deeper mechanistic insights
and therapeutic innovation.*® Endovascular thrombectomy has
emerged as a highly effective treatment for large-vessel
occlusion strokes, offering substantial clinical benefit regardless
of prior or concomitant pharmacological thrombolysis.®®
Despite its success, outcomes remain variable, and recent
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associated with higher rates of successful recanalization and
shorter procedure times, whereas plateletrich thrombi,
characterized by dense fibrin networks interspersed with
leukocytes and extracellular DNA, may contribute to therapeutic
resistance.” > These observations highlight the importance of
understanding thrombus heterogeneity and its impact on
treatment response, with peri-interventional compositional
assessment offering potential prognostic value and guidance for
therapeutic optimization.

Nevertheless, the direct incorporation of thrombus
composition into clinical decision-making remains poorly
defined.""* Addressing this gap requires the development of a
stable and reproducible in vitro platform capable of generating
thrombi for systematic investigation and translational
applications. Given that thrombectomy outcomes are strongly
influenced by thrombus composition, the creation of
physiologically relevant human clot analogues that recapitulate
the heterogeneous phenotypes observed in patients, and their
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validation within controlled in vitro thrombectomy platforms,
represents a critical step toward standardizing device efficacy
comparisons and refining interventional strategies. We reviewed
clot formation methods, as detailed below and summarized in
Table S1.

Previous attempts to reproduce clinically relevant thrombi
in vitro have typically relied on combining red blood cells,
platelets, and plasma under static or rotational conditions.
However, histological analyses and mechanical tensile testing
revealed notable deviations from native thrombi, underscoring
the need for improved models that more faithfully capture the
structural and compositional complexity of patient-derived
specimens.">"® Other approaches have employed extracorporeal
circulation systems, in which whole blood was perfused through
closed-loop circuits incorporating glass segments with stenotic
constrictions to mimic atherosclerotic narrowing. While these
systems induced high shear stress, the intrinsic
thrombogenicity of glass tubing confounded interpretation,
making it difficult to discern whether thrombus formation was
driven primarily by shear forces or by the substrate itself.'®

These limitations highlight the wurgent need for a
reproducible in vitro platform capable of generating clot
analogues under physiologically relevant hemodynamic
conditions, thereby enabling clinically translatable models
for systematic investigation and establishing a standardized
framework for evaluating thrombectomy devices.

Dozens of microfluidic devices have been engineered to
study hemostasis, with PDMS widely adopted for its ease of
fabrication, versatility, biocompatibility, gas permeability,
optical transparency, and elastomeric flexibility."”*° PDMS-
based microfluidic systems have advanced experimental
thrombosis research by allowing precise control of geometry
and shear stress under physiological flow conditions. For
example, Tovar-Lopez et al demonstrated that PDMS
microchannels could quantitatively capture platelet deposition
and fibrin formation kinetics under controlled shear rates,
establishing one of the first standardized “thrombosis-on-a-
chip” assays.”® Ramaswamy et al later adapted PDMS
microfluidics for point-of-care coagulation testing, enabling
activated partial thromboplastin time (aPTT) measurements
directly from whole blood.*" Building on these frameworks,
Berry et al. developed an “occlusive thrombosis-on-a-chip” for
real-time visualization of platelet and fibrin dynamics under
physiological flow, facilitating drug evaluation.”* Endothelial
cell-coated channels have also been devised to study
compression injury,”® though their rectangular cross-sections
introduced flow distribution artifacts, particularly at corners
where shear rates and leakage flows are most sensitive.>*>*

In this study, we address the need for consistent blood clot
analogues by employing hourglass-profiled circular PDMS
fluidic devices. Multiple devices can be operated in parallel with
a single pump using one or more blood batches. Clot formation
is monitored in real time using microscopic imaging and flow-
rate sensors. The hourglass profile enables shear-rate
transitions from ~10* s at the inlet to >10° s at the
constriction and back to 10" s~ downstream. Beyond flow
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Fig. 1 Comparison between the physiological in vivo vascular
environment and the in vitro hourglass-profiled circular fluidic channel.
In vivo, elevated shear rates at stenotic regions promote platelet
activation and aggregation, while reduced shear rates downstream
support thrombus growth and stabilization. The hourglass-profiled
circular fluidic channel replicates this hemodynamic transition,
enabling controlled blood clot analogue formation under defined flow
and ionic conditions. A) High calcium chloride (CaCl,) concentrations
in circulating blood induce the rapid formation of thrombus-like, RBC-
fibrin-rich clot analogues. B) Low CaCl, concentrations favor the
formation of embolus-like clot analogues enriched in neutrophil
extracellular traps (NETSs), platelets, and fibrin.

control, varying calcium chloride (CaCl,) concentrations allow
precise modulation of clot phenotype to simulate thrombus and
embolus formation (Fig. 1). This combination of tunable shear
and ionic environments provides a unified microfluidic
platform for reproducing and comparing physiologically distinct
thrombus types in vitro. Furthermore, elongated thrombi
generated in the PDMS fluidic channel can be readily retrieved
for downstream analysis, facilitating studies on mechanical
thrombectomy while adhering to the principles of replacement,
reduction, and refinement (3Rs).>® This approach reduces
reliance on animal models and offers a reproducible, ethically
responsible platform for translational thrombosis and
thrombectomy research.

2. Experimental
2.1 Materials and equipment

Fluidic channels were fabricated from poly(dimethylsiloxane)
(PDMS; Sylgard 184, Dow Corning, USA) using polymethyl
methacrylate (PMMA; Kunchuan, Taiwan) master molds
precision-milled with a computer numerical control (CNC)
system (EGX-400, Roland DG, Japan) to define the three-
dimensional channel geometry.

The experimental setup included a roller pump (C9ES-
DG600LNE, DGS, Taiwan), flow-rate sensors (FD-XS8, Keyence,
Japan), digital microscope imaging modules (TM4K, TOMLOV,

This journal is © The Royal Society of Chemistry 2026
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China; UM20, Vitiny, Taiwan), adjustable-height platforms, and
a microplate shaker (MX-M, DLAB, China).

Fresh porcine whole blood was obtained from the
Agricultural Technology Research Institute (ATRI, Taiwan)
and used on the day of collection. Samples were stored in
citrate phosphate dextrose adenine-1 (CPDA-1) anticoagulant
blood bags (JMS, Taiwan) until use.

Calcium chloride (CaCl,; SI-C5670, Sigma-Aldrich, USA),
phosphate-buffered saline (PBS, 1x; 10010023, Gibco, USA),
and 4% paraformaldehyde (PFA; J60401, Alfa Aesar, USA)
were used in the experiments. For histological analysis,
hematoxylin (TA0O1IMH, BIOTnA Biotech, Taiwan), eosin
(TAO1ES, BIOTnA Biotech, Taiwan), Martius scarlet blue
(MSB; ScyTek, USA), and Oil Red O (TASS06, BIOTnA Biotech,
Taiwan) staining kits were employed.

2.2 Blood clot analogue production system

A blood clot analogue production system was developed to
replicate the hemodynamic conditions of arterial blood flow
under continuous circulation. The system incorporated a
pressure-controlled fluid network designed for long-term stable
operation, with regulation of both flow rate and calcium
concentration. This configuration enabled independent
operation of each device; even during gradual clot formation,
the flow rate in parallel devices remained unaffected.>”

The overall system configuration is illustrated in Fig. 2A. A
roller pump recirculated blood from the downstream to the
upstream reservoirs, which were positioned on adjustable-
height platforms. This arrangement allowed fine tuning of the
hydrostatic pressure head, while calibrated flow-rate sensors
(Fig. S1 and Table S2) ensured precise modulation of flow rate
and shear stress. The upstream reservoir was gently agitated
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using a shaker module at 72 rpm to prevent sedimentation of
blood cells, and the hydrostatic height difference between
reservoirs generated the pressure driving blood through the
tubing network. The network incorporated switching valves,
hourglass-profiled fluidic channels, and flow-rate sensors, with
real-time imaging of clot development provided using a digital
microscope unit.

The system could be configured flexibly as either a single-
loop (Fig. S2) or dual-loop recirculation network (Fig. 2B). In the
dual-loop configuration, two independent loops, each
consisting of paired upstream and downstream reservoirs
linked to fluidic channels, could share the same blood source
but operate in parallel under distinct flow or ionic conditions.
This design enabled simultaneous experiments while reducing
variability associated with biological differences.

An injection port in the upstream reservoir allowed
controlled addition of CaCl, to initiate coagulation under
defined ionic conditions. The time of injection was designated
as time zero. A tubing switch permitted temporary flow
interruption for sample retrieval or device adjustment.

2.3 Design, simulation, and fabrication of hourglass-profiled
circular fluidic channels

The central component of the system was the hourglass-
profiled circular fluidic channel, engineered to replicate the
hemodynamic microenvironment of a stenosed artery under
controlled flow conditions. Each channel featured a smoothly
converging-diverging circular geometry. A tubing with a wall
thickness of 0.5 mm and an inner diameter of 3.0 mm was
used; accordingly, the fluidic channel incorporated regions
with a diameter of 4.0 mm for tubing insertion, followed by a
diameter gradient ranging from 3.0 mm at the inlet to 0.6

Loop 2

/, —{ ROller pump
Loop 1

Loop] Loop 2

Injection port 1

t Upstream [ -a—) Downstream
Loop 1
Reservoir 1 --am—X)— Reservoir 1
Upstream --am—X) Downstream
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I Reservoir 2 —--an—X) Reservoir 2

Hourglass-profiled
Injection port 2 circular channels

Fig. 2 Clot analogue production system. A) Photograph of the system. A roller pump recirculates blood from the downstream to the upstream
reservoirs, which are mounted on adjustable-height platforms. The upstream reservoirs are gently agitated using a shaker module to reduce
sedimentation of blood cells. The hydrostatic height difference between reservoirs generates the pressure driving blood through the tubing
network, which includes switching valves, hourglass-profiled fluidic channels, and flow-rate sensors. Reagents can be introduced into the loop at
any time via the injection port, and real-time imaging is provided using a digital microscope unit. B) Schematic diagram of the system, illustrating
four hourglass-profiled circular channels that can operate in parallel to produce four clot analogues under two distinct experimental conditions,

enabling flexible and comparative analyses.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Hourglass-profiled circular channel design and flow simulation. A)
CAD drawing of the hourglass-profiled circular channel showing the
converging-diverging geometry with a 3.0 mm inlet and a 0.6 mm
constriction (20% of the inlet diameter), simulating severe arterial stenosis.
B) Photograph of the PDMS device. C) Cross-sectional view of the CFD-
simulated shear-rate distribution obtained using the k-w turbulence
model. The shear rate increased from approximately 10* s at the inlet to
over 10° s at the constriction, then decreased downstream, reproducing
the transition from stenotic to post-stenotic flow.

mm at the constriction (Fig. 3A and B), corresponding to
20% of the inlet diameter and representing severe arterial
stenosis.

The hourglass geometry was optimized using computational
fluid dynamics (CFD) simulations performed in COMSOL
Multiphysics with the k-w turbulence model. The analysis
revealed a shear-rate gradient ranging from approximately 10*
s at the inlet, rising beyond 10° s™ at the constriction wall,
and decreasing again to ~10* s™* downstream (Fig. 3C). These
findings confirmed that the device could generate a localized
high-shear region and reproduce the physiological transition
from stenotic to post-stenotic flow, which could enable the
controlled initiation and propagation of blood clot analogues
under physiologically relevant flow conditions.

Fluidic channels were fabricated by casting PDMS twice from
the same CNC-machined PMMA mold. Following a brief oxygen
plasma treatment, the PDMS layers were aligned and bonded to
form a circular channel with a central constriction.

2.4 Blood sample preparation and CaCl, concentration
modulation

Prior to each experiment, a complete blood count (CBC)
analysis was performed to verify hematological parameters
and ensure consistency across different blood batches.

Before introducing blood, the clot analogue production
system was filled with 1x phosphate-buffered saline (PBS) at a
low flow rate (<5 mL min", driven by a pressure head of 9.5
cm) to establish steady flow and remove trapped air bubbles.
Porcine blood was then gradually infused, replacing the PBS
buffer to achieve a stable low-flow baseline in a similar manner.
Subsequently, the height difference between the upstream and
downstream reservoirs was adjusted to 23 cm to achieve a target
flow rate of ~20 mL min™" per channel. The actual flow rate
varied depending on the viscosity of the blood sample.
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Coagulation was initiated by injecting a CaCl, solution
into the circulating blood. The CaCl, concentration was
varied between 1.8 and 16.5 mM (1.8, 2.3, 6.6, 12.6, and 16.5
mM) to examine the effect of calcium levels on clot formation
kinetics and composition.

To evaluate the influence of calcium concentration on clot
composition, the dual-loop clot analogue production system
was operated under identical flow conditions but with different
CaCl, concentrations. Both loops were supplied with the same
batch of porcine blood, ensuring equivalent hematocrit and
minimizing biological variability. Clot formation was monitored
in real time using flow-rate sensors positioned downstream of
each fluidic channel. A clot analogue was considered fully
developed when the measured flow rate decreased to the sensor
baseline (no-flow condition), indicating complete obstruction
within the channel.

After perfusion, the fluidic channels were rinsed with PBS to
remove residual blood, and the clot analogues were retrieved for
histological analysis.

2.5 Clot analogue characterization and staining analysis

After perfusion, the PDMS fluidic channels were carefully
disassembled, and clot analogues formed within the hourglass-
profiled channels were gently retrieved using fine tweezers. The
samples were immersed in PBS for 5 minutes, fixed in 4%
paraformaldehyde (PFA) at 4 °C for 12 hours, and subsequently
dehydrated and embedded in paraffin. Sections with a
thickness of 3 um were prepared for histological analysis.

For general structural characterization, sections were stained
with hematoxylin and eosin (H&E) and Martius scarlet blue
(MSB) to differentiate RBC-rich, fibrin-platelet, and leukocyte/
neutrophil extracellular trap (NET)rich regions. NET-rich
regions were identified using a combination of color, structural
characteristics, and spatial localization. Because NETs are
composed of extracellular DNA and histones, they typically
appeared as strands or smears with staining properties similar
to nuclei and were consistently observed in association with
leukocyte aggregates. Oil Red O staining was additionally
performed to identify lipid components within the clot
analogues.

Bright-field images of stained clot analogue sections were
acquired under standardized illumination and exposure
conditions, and quantitative analysis was performed. For
H&E-stained sections, color separation was conducted in
Image]/Fiji using the Colour Deconvolution plugin with the
built-in H&E vector. For MSB-stained sections, color
deconvolution followed the method of Ruifrok et al, with
stain vectors of each chromogenic component to match the
spectral characteristics of the applied stains.*® Following
color separation, mean intensity values were calculated for
each stain-specific channel derived from MSB staining,
corresponding to erythrocyte-rich, fibrin-rich, and nucleus/
NET-enriched regions. These values were used to represent
the relative staining intensity of the respective clot analogue
components.

This journal is © The Royal Society of Chemistry 2026
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3. Results and discussion

3.1 Clot analogue formation under controlled flow

Under continuous circulation, progressive clot formation was
observed within the hourglass-profiled fluidic channel, typically
initiating near the constriction region where local shear was the
highest. The downstream flow-rate sensor recorded a gradual
reduction in flow velocity corresponding to clot analogue
growth, and the channel was considered fully occluded when
the flow decreased to the sensor baseline.

Real-time flow-rate profiles are shown in Fig. 4. Stable flow
conditions were typically established, followed by a sharp
drop to baseline, indicating complete occlusion of the fluidic
channel. With the exception of 2.3 mM CacCl,, where all six
flow-rate traces are displayed, and 1.8 mM CaCl,, where only
a single trace is shown, averaged flow-rate traces (N = 2) are
presented for clarity, as replicate results were nearly identical.
The occlusion time, defined as the point at which the flow
rate reached half of its initial value, together with individual
flow-rate traces from each blood sample, are provided in Fig.
S3. Occlusion time decreased progressively with increasing
CaCl, concentration (1.8-16.5 mM), underscoring the role of
ionic calcium in modulating coagulation kinetics. At lower
concentrations (1.8 and 2.3 mM CaCl,), only about half of
the devices exhibited occlusion within the perfusion period,
which typically exceeded 300 min.

Comparisons between the fluidic channel and 3.0 mm
diameter tubing configurations revealed distinct clot analogue
formation behaviors. At higher CaCl, concentrations (6.6-16.5
mM), the tubing group reached occlusion more rapidly than the
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fluidic channel group. This difference suggested that the
constricted geometry and associated high-shear region within
the hourglass-profiled fluidic channel likely exerted an initial
scouring effect, in which excessive shear (>10° s™) detached
nascent aggregates and delayed the establishment of a stable
clot analogue nucleus. In contrast, the straight-tube
configuration, with a more uniform and moderate shear
environment of approximately 10* s, facilitated earlier platelet
adhesion and continuous clot analogue growth.

At 2.3 mM CaCl,, which approximates the concentration
used in clinical blood transfusion preparations, the occlusion
time varied considerably among replicates. Under this
condition, no occlusion occurred in the tubing group. In the
fluidic channel group, however, small, mobile aggregates
were intermittently observed lodging and dislodging from the
constriction region, as shown in Movies S1 and S2, indicating
that clot formation was limited to transient, embolus-like
fragments rather than stable occlusion.

These findings demonstrated that clot analogue formation
was readily modulated by ionic calcium levels. At higher
calcium concentrations, clot analogues formed rapidly and
produced stable occlusion, whereas near-physiological calcium
levels resulted in slow, shear-sensitive coagulation and the
generation of transient, embolus-like aggregates.

3.2 Effect of CaCl, concentration on clot analogue formation
and composition

For spatially resolved histological analysis, clot sections were
subdivided according to the geometric features of the hourglass

100 1000

Time (min)

Fig. 4 Flow-rate profiles during clot analogue formation under various CaCl, concentrations using the dual-loop clot analogue production
system. Real-time flow-rate traces were recorded by downstream sensors for CaCl, concentrations ranging from 1.8 to 16.5 mM. Data are shown
as averaged traces (N = 2 for each concentration), except at 1.8 mM (N = 1) and 2.3 mM (N = 6, derived from four blood samples). Warm-colored
curves represent experiments with the hourglass-profiled circular channel (1.8-16.5 mM CacCl,), while grayscale curves represent experiments with
3.0 mm inner-diameter (I.D.) circular tubing (2.3-16.5 mM CaCl,). In the hourglass-profiled channel, occlusion time increased progressively as
CaCl, concentration decreased, indicating slower clot analogue development under reduced calcium ion conditions. At 2.3 mM, the CaCl,
concentration typically used in clinical transfusion preparations, occlusion times were highly variable, and complete occlusion was not observed in
the tubing group at or below this level. Asterisks (“*”) denote the lodging and dislodging events of clot analogues at the constriction region shown
in Movies S1 and S2. By contrast, at high CaCl, concentrations (6.6-16.5 mM), occlusion occurred more rapidly in the tubing than in the hourglass-
profiled channel. Note the logarithmic scale on the x-axis. These results underscore the combined influence of calcium concentration and
geometric confinement on coagulation dynamics.

This journal is © The Royal Society of Chemistry 2026 Lab Chip
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channel. The narrowest segment, with a diameter smaller than
3.0 mm, was defined as the constriction region. The segment
proximal to the constriction in the upstream flow direction was
designated as the upstream region, while the segment distal to
the constriction in the downstream flow direction was
designated as the downstream region.

Clot analogues formed under different CaCl, concentrations
(1.8-16.5 mM) exhibited distinct compositional and structural
characteristics, as revealed by histological staining (Fig. 5). At
high CaCl, concentrations (6.6-16.5 mM), clot analogues
formed rapidly, typically within 10 minutes, and exhibited
compact RBC-fibrin-dominated cores surrounded by thin
platelet shells (Fig. 5F-H and K-M), morphologically resembling
the laminar “Zahn line” structures characteristic of arterial-type
thrombi.>® At lower CaCl, concentrations (1.8 and 2.3 mM), the
coagulation pathways were likely not activated initially, and the
resulting clot analogues exhibited mechanically unstable
structures with limited cohesion. Within the constricted region,
small aggregates gradually merged into a loosely organized clot
analogue, consistent with incomplete polymerization under
low-calcium conditions. MSB staining revealed platelet-fibrin-
rich regions with sparse RBC inclusion and occasional
leukocyte/NET-positive zones near the periphery, indicating a
shift toward a NET-platelet-fibrin composition (Fig. 5I and J).

3.3 Effect of shear rate on clot analogue formation and
composition

Within the hourglass-profiled fluidic channel, regional variation
along the upstream, constriction, and downstream regions
influenced fibrin packing density. Fibrin fibers at the
constriction appeared more tightly bundled and aligned
compared with those in the upstream and downstream regions,
consistent with the higher local shear rate that promotes fibrin

Upstream region Constriction

Downstream region
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elongation and compaction during polymerization. This spatial
gradient suggests that geometric confinement and shear jointly
modulate fibrin assembly, leading to region-dependent clot
density and mechanical stability.

As shown in the constriction regions of Fig. 5H and M, fibrin
fibers within the 6.6 mM CaCl, clots appeared highly
condensed and interwoven, forming a laminar network that
firmly encapsulated entrapped red blood cells. The downstream
regions displayed more open fibrin bundles and larger
interstitial spaces, reflecting the effect of decreased shear and
local flow recirculation. The upstream region exhibited an
intermediate morphology, with partially aligned fibrin strands
surrounding RBC clusters. These spatial variations in fibrin
density and orientation demonstrate that, even under identical
ionic conditions, localized shear gradients modulate fibrin
polymerization kinetics and fiber compaction.

Representative sections from the 6.6 mM CaCl, tubing
group (Fig. 6A) showed loosely packed fibrin networks and
fragmented platelet aggregates, consistent with reduced
compaction in the absence of geometric constriction. In
contrast, MSB staining of the corresponding fluidic channel
clot analogue (Fig. 6B) revealed a compact organization
consisting of a dense fibrin network and tightly packed
erythrocytes, surrounded by a thin platelet-rich layer. This
structure resembles the canonical arterial-type thrombus, in
which the RBC-fibrin core provides mechanical rigidity while
the platelet shell reinforces surface stability.

Notably, the peripheral NET-rich layer observed in the 6.6
mM CaCl, fluidic channel group was much less pronounced in
the tubing samples (Fig. 6A and B), suggesting that high shear
and local flow recirculation within the constricted geometry play
critical roles in promoting neutrophil activation and NET
release. Under higher shear conditions, platelet activation and
degranulation can further stimulate neutrophils to extrude

Upstream region Constriction Downstreamregion

L -m Py, Tud

Fig. 5 Morphological and histological characterization of clot analogues formed under different CaCl, concentrations. Representative images
show a single continuous clot analogue formed within the hourglass-profiled circular PDMS channel at five CaCl, concentrations: 16.5 mM, 12.6
mM, 6.6 mM, 2.3 mM and 1.8 mM. A-E) In-channel clot analogues prior to retrieval; F-J) Martius scarlet blue (MSB) staining and K-O) hematoxylin
and eosin (H&E) staining of upstream, constriction, and downstream regions. Clot analogues formed at 2.3 mM and 1.8 mM CaCl, were loosely
structured and easily separated into segments. A-E are shown in the same magnification and F-O are also shown at the same magnification.
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Fig. 6 Morphological and histological characterization of representative clot analogues formed under different shear rates and CaCl,
concentrations. MSB staining of clot analogues formed with 6.6 mM CaCl,: A) inside the 3.0 mm |.D. tubing and B) in the hourglass-profiled
circular channel. The clot formed in the tubing displayed looser layers and a distinct RBC-dominant core (R). In contrast, the clot analogue formed
around the constricted region exhibited a concentric structure composed of an outer neutrophil extracellular trap (NET)-rich shell (N), a platelet-
rich zone (P), and an inner RBC-fibrin-rich core (R + F) consisting of densely packed erythrocytes interwoven with compact fibrin fibers. C) The
clot analogue formed at 1.8 mM CaCl, showed a peripheral NET-rich shell (N), followed by a NET-fibrin zone (N + F), and an inner platelet-fibrin
matrix with sparse RBC inclusion (#). D) Oil Red O staining of a clot analogue formed at 2.3 mM CaCl, revealed a lipid-rich zone (arrowhead)

within the peripheral NET-rich region.

chromatin networks that intertwine with fibrin, forming the
outer NET-platelet-fibrin shell characteristic of arterial-type
thrombi.

At reduced calcium levels, such as 1.8 mM CacCl,, clot
analogues generated in the fluidic channel exhibited a more
diffuse NET-platelet-fibrin architecture (Fig. 6C), indicating
that under low-calcium conditions, clot analogue formation is
primarily governed by platelet-neutrophil inflammatory
crosstalk rather than fibrin polymerization. These diffuse, NET-
rich architectures, composed of platelet-fibrin-DNA networks
with sparse RBC inclusion, may recapitulate the inflammatory,
hypocalcemic clot phenotype frequently described in stroke
specimens.**** A similar structural pattern was observed in the
2.3 mM CaCl, group (Fig. 6D), reinforcing that even in
hypocalcemic environments, inflammatory activation can
substitute for classical fibrin crosslinking to stabilize the clot
framework.

Although fibrin was still detectable within NET-rich
regions under low-Ca*>" conditions, its distribution appeared
sparse and discontinuous, suggesting that fibrin formation
occurred secondary to NET scaffold development rather than
being the primary driver of clot assembly.

Oil red O staining (Fig. 6D) revealed lipid accumulation
within the peripheral NET-rich region, indicating the
coexistence of membrane-derived vesicles and extracellular
chromatin networks. This suggests that the NET-platelet-fibrin
scaffold can entrap lipid components under low-calcium, high-
shear conditions, further contributing to the loose and
heterogeneous morphology of the clot.

To quantitatively compare the major components of the clot
analogues, image analysis was performed on chromogen-
specific colors from MSB-stained sections. As shown in Fig. 7,
the percentage of RBCs increased with increasing CaCl,
concentration, while the proportion of nuclei/NET decreased. At
6.6 mM CaCl,, the in-tube clot analogues contained higher

This journal is © The Royal Society of Chemistry 2026

percentages of RBCs and fibrin compared with those formed in
the hourglass-profiled channel.

Collectively, these observations reveal a continuum in clot
architecture: from compact, RBC-fibrin-dominated thrombus-
like analogues formed under high-calcium, high-shear conditions
to loose, NET-fibrin-rich networks generated under low-calcium
environments. This demonstrates that clot analogue morphology
can be tuned within the same fluidic system by adjusting calcium
ion concentration and shear conditions.

3.4 Clot analogue retrievability and translational relevance of
the PDMS fluidic channel

The PDMS fluidic channel enabled the formation of elongated
clot analogues along the constricted region under continuous
flow for more than 1000 minutes, if desired. Upon termination
of perfusion, clot analogues could be readily retrieved using fine

100%
80% I
60% [
40%
20%
0%

16.5mM 126 MM 6.6 MM 23mM 1.8mM 6.6 mM, [caCl,]
tubing

W NETs, nucleus
B Fibrin
[J RBC

Fig. 7 Quantification of clot analogue composition. Image analysis of
MSB-stained sections was used to compare major clot components.
The percentage of RBCs increased with higher CaCl, concentrations,
while nuclei/NETs decreased. At 6.6 mM CaCly, in-tube clot analogues
contained greater proportions of RBCs and fibrin compared with those
formed in the hourglass-profiled channel (N = 1).
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tweezers (Fig. S4). The harvested clot analogues remained
structurally intact, without rupture or deformation, as
confirmed by histological staining.

This straightforward retrieval capability allows the direct use
of clot analogues for subsequent mechanical thrombectomy
testing, including aspiration and stent-retriever procedures. By
integrating parallel clot analogue production and harvesting,
the system provides a reproducible and physiologically relevant
platform to study clot-device interactions.

Importantly, the platform adheres to the ethical 3R
principles (Replacement, Reduction, and Refinement) by
replacing animal-based thrombosis models with a fully
in vitro system, reducing animal usage through repeated
trials from a single blood batch, and refining experimental
control over biochemical and hemodynamic parameters.****

3.5 Clinical relevance and compositional heterogeneity

The PDMS hourglass-profiled fluidic channel enables precise and
reproducible modulation of clot analogue composition by
simultaneously controlling calcium ion concentration and flow
shear conditions. By tuning CaCl, levels from 1.8 mM to 16.5
mM, the system can generate clot analogues with distinct
phenotypes, ranging from RBC-fibrin-dominated to platelet-
NET-fibrin-enriched architectures, thus recapitulating the
compositional heterogeneity observed in patient-derived thrombi.

Clinical histopathological analyses have demonstrated
that ischemic stroke thrombi are highly heterogeneous in
both composition and structure. In a systematic study of 177
retrieved clots, two principal domains, RBC-rich and platelet-
rich zones, were identified as interwoven within the same
thrombus.” The platelet-rich regions consisted of dense
fibrin-von Willebrand factor (vVWF) scaffolds enriched with
leukocytes and extracellular DNA, while the RBC-rich areas
contained compact erythrocyte aggregates embedded within
thin fibrin strands. NETs were predominantly localized at the
interfaces between these domains, forming DNA-platelet-
fibrin hybrid layers that confer resistance to both
recombinant tissue plasminogen activator (rt-PA)-mediated
thrombolysis and mechanical thrombectomy.

These clinical findings indicate that the biochemical and
structural heterogeneity of thrombi governs their mechanical
stability and therapeutic responsiveness. Our in vitro clot
analogue production system provides a controllable platform to
systematically reproduce these heterogeneous architectures,
enabling direct investigation of how clot composition, shear
environment, and ionic milieu influence thrombus maturation
and treatment outcomes.

3.6 Shear gradients as mechanistic drivers of thrombus
stratification

Shear forces are recognized as key determinants of thrombus
architecture.’® Under physiological arterial flow (10*-10° s™),
high shear promotes platelet adhesion and fibrin compaction,
resulting in mechanically robust RBC—fibrin cores.*® Conversely,
localized shear gradients and recirculation zones stimulate
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platelet-neutrophil interactions and NET formation, particularly
when coagulation is partially inhibited.>” Nesbitt et al.*® further
demonstrated that thrombus formation is driven by
microgradients of shear, where alternating acceleration and
deceleration zones induce platelet aggregation independent of
soluble agonists.

These findings align with the observed behavior in the
hourglass-profiled fluidic channel, where the
constricted region reproduces high-shear acceleration, and the
downstream expansion generates localized recirculation.
Together, these dynamics promote the formation of distinct clot
analogue architectures under various calcium concentrations
and shear regimes.

circular

3.7 Implications and future applications

By integrating chemical and hemodynamic control, this clot
analogue production system bridges the gap between clinical
pathology and mechanistic experimentation. The ability to
precisely tune Ca®" concentration and shear profiles enables
the reproducible generation of both RBC-fibrin-rich and
NET-rich clot analogues, providing a physiologically relevant
in vitro model for investigating clot stability, fibrinolytic
resistance, and device-clot interactions.

In particular, the dual-loop configuration allows multiple
clot fluidic channels to operate simultaneously under distinct
hemodynamic and biochemical conditions using the same
blood batch, eliminating donor variability and enabling
direct side-by-side comparison of clot phenotypes. This
parallel design provides an efficient framework to study how
subtle changes in calcium levels or shear gradients dictate
thrombus composition and mechanics within a single run.
Future studies may explore surface modification, tissue
culture integration, and diverse channel constriction profiles
to establish more specific, biomimetic environments for
advancing our understanding of thrombotic processes.

This clot analogue production system offers a reusable,
closed-loop platform that reduces animal use, avoids whole-
animal procedures, and refines experimental variability through
standardized geometry and flow conditions. Beyond
thrombectomy simulation, it enables precise evaluation of
fibrinolytic therapies, anti-NET interventions, and device
performance across heterogeneous clot phenotypes. Ultimately,
it provides a unified mechanistic and translational framework
to guide the design of more effective thrombolytic and
interventional strategies.

4. Conclusions

This study demonstrates that calcium ion concentration and
local hemodynamic shear are decisive regulators of clot
analogue phenotype. Using the hourglass-profiled circular
PDMS fluidic channel, we reproduced the full spectrum of clot
morphologies observed clinically—from compact, RBCfibrin-
dominated cores to loosely structured, NET-enriched networks
—within a controllable in vitro environment. The dual-loop
configuration further enables parallel clot formation under

This journal is © The Royal Society of Chemistry 2026
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distinct conditions from the same blood source, minimizing
variability and allowing direct comparison of phenotypes.
Overall, this platform provides a physiologically relevant and
reproducible framework for investigating clot maturation,
fibrinolytic resistance, and thrombectomy device performance,
thereby supporting the rational design of next-generation
thrombolytic and interventional strategies.
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