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Red blood cell (RBC) transfusion is a core clinical intervention. However, hypothermic storage induces
progressive biochemical, structural, and functional impairments collectively termed the RBC storage lesion
(RSL), which compromises post-transfusion efficacy and safety. Conventional RSL detection relies on bulk
population-averaged indicators with low physiological relevance and no single-cell resolution, failing to capture
cellular heterogeneity and microcirculatory dysfunction. Lab-on-a-chip (LOC) platforms are established
with microfluidic technology, and organ-on-a-chip represents a biomimetic and advanced extension of such
systems. Together, they enable biomimetic reconstruction of the invivo microcirculatory microenvironment,
high-throughput single-cell analysis, and quantitative assessment of RBC mechanical phenotypes under
physiological shear conditions. Distinct from fragmented prior reviews that separate microfluidic engineering
from transfusion clinical demands, this work systematically outlines the molecular mechanisms and clinical
impacts of RSL alongside unresolved detection bottlenecks, and builds an integrated LOC-endothelium-on-
a-chip technical framework covering structural design, biocompatible material screening, and standardized
fabrication workflows. It further summarizes microfluidic core applications including single-cell deformability
quantification, stiffness evaluation, hemolysis susceptibility testing, microvascular occlusion simulation,
and RBC-endothelial interaction analysis. Uniquely, it constructs a tiered translational roadmap integrating
microfluidics with multi-omics, artificial intelligence, vascularized multi-organ chips, and function-centered
pre-transfusion surveillance, and proposes microfluidic strategies to optimize RBC storage regimens. In
summary, microfluidic technology overcomes the limitations of conventional assays for RSL quality control,
provides an emerging technical platform for RSL mechanistic research, pretransfusion quality evaluation,
and donor-specific precise matching, and promotes the transformation of transfusion medicine from time-
based empirical management to function-oriented precision practice.
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Introduction

Red blood cell (RBC; also known as erythrocyte) transfusion is one
of the most frequently performed medical interventions in clinical
practice, playing a fundamental role in improving tissue oxygen
supply and saving lives in trauma resuscitation, surgery, intensive
care, and the treatment of various hematological disorders [1]. To
meet clinical demands for large-volume blood product supply
across time and space, clinical blood supply systems rely on hypo-
thermic storage (1 to 6 °C) of RBCs in additive solutions for up

Lei et al. 2026 | https://doi.org/10.34133/research.1405

to 35 to 42 d [2]. While this storage strategy resolves supply-
demand contradictions and ensures transfusion accessibility,
the ex vivo hypothermic storage of RBCs—placed outside the
donors circulation—inevitably induces cumulative biological altera-
tions collectively referred to as the RBC storage lesion (RSL) [3].
During storage, RBCs develop substantial time-dependent
biochemical and structural abnormalities, including pro-
gressive depletion of adenosine triphosphate (ATP) and 2,3-
diphosphoglycerate (2,3-DPG), oxidative damage to membrane
lipids and proteins, decreased deformability, phospholipid
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externalization, and microvesicle release, accompanied by
accumulation of free hemoglobin and iron. These alterations
impair the ability of stored RBC:s to traverse the microcirculation
and modify their interactions with the endothelium and immune
system [4]. As storage duration extends, free hemoglobin released
from RBCs efficiently scavenges nitric oxide (NO) and, through
oxidative stress mediated by free heme and non-transferrin-
bound iron, activates endothelial and innate immune pathways,
ultimately leading to vasoconstriction, enhanced neutrophil
adhesion, microthrombosis, and impaired organ perfusion [4,5].

Currently, fundamental research and clinical quality control
regarding RSL remain predominantly dependent on bulk rheo-
logical measurements, ektacytometry, and morphological and
biochemical indices. These techniques typically yield population-
averaged readings under simplified shear fields or static con-
ditions, rendering them insufficient for comprehensively
characterizing the functional status of stored RBCs and predict-
ing their post-transfusion performance [6,7]. To address these
limitations, high-throughput platforms capable of character-
izing mechanical and rheological phenotypes of stored RBCs
at single-cell resolution under near-physiological shear condi-
tions and complex geometries have emerged as critical tech-
nological approaches [8]. As a core platform for biomimetic
microscale fluid analysis, microfluidic chips can simulate the
physiological shear environment and complex geometries of
in vivo microcirculation, enabling high-throughput, single-cell
precision analysis of the mechanics and rheological phenotypes
of stored RBCs. This provides unprecedented technical support
for elucidating single-cell mechanisms underlying RSL, accu-
rately assessing pretransfusion functional status of RBCs, opti-
mizing blood bank storage strategies, and enhancing clinical
transfusion safety [7,9,10] (Fig. 1).

Nevertheless, existing review papers lack systematic, full-
coverage collation of microfluidic chip design, material match-
ing, and manufacturing processes tailored to RSL testing. In
addition, prior summaries fail to comprehensively link micro-
fluidic single-cell biophysical readouts to the multi-layer molec-
ular mechanisms and clinical adverse outcomes of RSL, and
rarely integrate cross-cutting technologies such as multi-omics
and artificial intelligence (AI) alongside forward-looking trans-
lational schemes including multi-organ biomimetic systems
and functional pre-transfusion quality management. Grounded
in the research progress documented in current literature, this
review fills the above gaps and delivers targeted innovations:
It systematically sorts microfluidic testing functions covering
RBC mechanical phenotyping, hemolysis detection, and micro-
circulation occlusion simulation; it further explores the trans-
lational value of microfluidics in donor-specific blood screening
and refined storage strategy improvement.

Overview of RSL

RSL refers to the combined, time-dependent pathological changes
in RBCs occurring at multiple levels—including structure, mem-
brane skeleton, metabolism, and function—during routine
hypothermic storage in blood banks with additive solutions
[2]. Morphologically, preserved RBCs undergo a progressive
transformation from the characteristic biconcave discoid mor-
phology toward echinocytes, spheroechinocytes, and ultimately
nearly spherocytic forms, accompanied by progressive reduc-
tion in surface area and declining surface area-to-volume ratios
[11]. This morphological evolution exhibits strong chronologi-
cal dependence, with extended storage correlated with increas-
ing RBC density, rising osmotic fragility, and progressively
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Fig. 1. Microfluidic chips for RSL quality control and precision transfusion. Schematic illustrating the framework of microfluidic chip (LOC and OOC) applications in quality
control of RSL and precision transfusion. It highlights the limitations of traditional assays, core advantages of microfluidic platforms, and key outcomes under standard
hypothermic storage conditions. Created in BioRender. Lei, Y. (2026) https://BioRender.com/ryvwgzw.
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declining deformability—parameters quantifiable via rheo-
logical methodologies and collectively indicating progressive
deterioration of RBC mechanical properties [11]. Furthermore,
storage triggers continuous microvesiculation, characterized
by exponential changes in both the quantity and biochemical com-
position of released vesicles as storage duration progresses. Notably,
microvesicles in the advanced storage phase exhibit characteristics
highly similar to those generated by intracellular Ca®* loading
in vivo, suggesting a temporal convergence between the progression
of storage-induced damage and physiological RBC aging [12].

Key mechanisms of RSL

Membrane and cytoskeletal remodeling

During storage, the RBC membrane skeleton undergoes pro-
found structural reorganization, encompassing conformational
alterations in spectrin, ankyrin, and band 3 protein complexes,
resulting in compromised membrane stability and increased
mechanical fragility [11]. In RBCs subjected to prolonged
storage under CPDA-1 (citrate phosphate dextrose adenine)
conditions, progressive accumulation of cytoskeleton-bound
hemoglobin monomers, multimers, and high-molecular weight
crosslinked aggregates becomes detectable. Concurrently, the
oxidative index of cytoskeletal proteins, particularly spectrin
carbonylation, demonstrates a marked elevation from approxi-
mately day 10 of storage, with further exacerbation observed
after day 35, indicative of progressive oxidative injury to the
membrane skeleton induced by storage [13].
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Band 3 protein undergoes aggregation and proteolytic frag-
mentation under conditions of oxidative stress and altered
phosphorylation status, generating novel conformational epitopes
that facilitate binding to denatured hemoglobin and autoanti-
bodies. These molecular events not only drive microvesicula-
tion but also establish the structural prerequisite for subsequent
immune recognition and macrophage-mediated clearance [14].
Such remodeling of membrane proteins and the cytoskeleton
ultimately manifests as impaired RBC deformability and increased
osmotic fragility, which can be quantified through various
in vitro indices including ektacytometry, density gradient frac-
tionation, and morphological scoring [11] (Fig. 2A).

Energy metabolism impairment

Mature RBC:s rely exclusively on glycolysis for ATP generation.
During storage, progressive decline in glycolytic flux leads to
sequential depletion of ATP and 2,3-DPG during early and
mid-to-late storage phases, respectively, representing a central
metabolic characteristic of RSL [3].

Under standard blood bank conditions, gradual glucose con-
sumption coupled with intrabag lactate accumulation induces
pH reduction, thereby inhibiting glycolytic and associated meta-
bolic enzyme activities and exacerbating energetic insufficiency
[15]. ATP depletion is intimately linked to impaired function
of transmembrane pumps such as Na*/K*-ATPase (adenosine
triphosphatase), resulting in intracellular potassium eftlux,
sodium influx, and disruption of cation homeostasis. These
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Fig. 2. Key mechanisms underlying RSL. (A) Membrane and cytoskeleton remodeling involves structural damage of spectrin ankyrin and band 3 protein complex. (B) Energy
metabolism disorder presents declined glycolysis flux ATP depletion and pH reduction in stored red blood cells. (C) Oxidative stress and protein damage cause ROS accumulation,
methemoglobin formation, and decreased membrane stability. (D) lonic homeostasis disturbance and apoptosis-like changes lead to calcium overload phosphatidylserine
externalization and “eat-me” signal exposure. Created in BioRender. Lei, Y. (2026) https://BioRender.com/ru4zlae.
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ionic perturbations coincide with morphological transitions of
RBCs from biconcave discs to echinocytes and spherocytes,
accompanied by increased microvesiculation [16].

Large-scale metabolomic and genetic analyses of donor cohorts
further demonstrate that polymorphisms in genomic regions
encoding key glycolytic enzymes—including phosphofructo-
kinase platelet (PFKP) and hexokinase 1 (HK1)—markedly
influence end-of-storage ATP and hypoxanthine levels. These
metabolic phenotypes correlate with the degree of hemolysis
both in vitro and in vivo, indicating that the severity of energy
metabolism impairment is donor-specific and may affect post-
transfusion outcomes [17] (Fig. 2B).

Oxidative stress and hemoglobin/cytoskeletal damage
Omics and biochemical investigations consistently demonstrate
that RBCs undergo progressive oxidative deterioration during
cold storage, characterized by escalating reactive oxygen species
(ROS) accumulation, lipid peroxidation, and protein carbon-
ylation, concurrent with the gradual exhaustion of antioxidant
defenses including glutathione and nicotinamide adenine dinu-
cleotide phosphate (NADPH) [3].

In long-stored RBCs, substantial quantities of oxidatively
modified hemoglobin species—notably methemoglobin and
hemichromes—accumulate and form covalent, nonreducible
crosslinks with cytoskeletal components, generating hemoglobin-
spectrin crosslinked adducts that compromise membrane
mechanical stability and promote microvesiculation [13].
Oxidative injury further induces extensive posttranslational modi-
fications of membrane proteins, particularly evident as aggrega-
tion, proteolytic fragmentation, and altered phosphorylation status
within the band 3 (AE1) complex, changes that align with the
observed restructuring of band 3-centered interactomes [18].

Time-course correlation analyses reveal that elevated levels
of glutathione precursors, extracellular antioxidant capacity,
and proteasomal activity during early storage phases negatively
predict subsequent lipid peroxidation and hemolytic indices,
indicating that oxidative stress coupled with impaired protein
quality control constitutes a principal mechanistic driver under-
lying RSL progression [19] (Fig. 2C).

lonic homeostasis disturbance and

“apoptosis-like” changes

With prolonged storage, RBCs gradually lose the Na*/K* gradi-
ent, and the potassium (K*) concentration in the storage bag
rises in an approximately linear manner. Meanwhile, increased
transmembrane influx of calcium (Ca®") further drives intracel-
lular signaling imbalance and morphological alterations [20].

Elevated Ca** load is closely associated with phosphatidylserine
(PS) externalization, membrane blebbing, and microvesicle release,
exposing more negatively charged phospholipids on the RBC sur-
face and creating procoagulant surfaces for the assembly of throm-
bin complexes [20]. In both in vitro and in vivo aging models, band
3 clustering, spectrin degradation, PS externalization, and confor-
mational changes in CD47 collectively constitute “eat-me” signals,
which are recognized by multiple macrophage receptors and auto-
antibodies. Similar molecular markers emerge progressively during
storage and enhance the propensity for RBC clearance [12].

A systematic review of “aging and death signaling” in
mature RBCs demonstrates that storage-induced oxidative
damage, membrane-skeleton remodeling, and phospholipid
distribution disorder overlap extensively with physiological
RBC aging across multiple pathways, thereby linking the RSL
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to accelerated “eryptosis-like” or “senescence-like” clearance
processes [21] (Fig. 2D).

Clinical harms of RSL

Following transfusion of RBCs stored under standard blood bank
conditions, approximately 5% to 10% of the cells are cleared within
24 h; for RBC concentrates nearing their expiration date, this early
clearance rate can rise to more than one quarter, directly reducing
the effective RBC dose provided per unit transfusion [11].

Autologous transfusion studies in healthy volunteers demon-
strated that transfusion of RBCs after 1 to 6 weeks of refrigerated
storage resulted in a significant linear increase in serum indirect
bilirubin and ferric iron levels, directly reflecting that extravascular
hemolysis of storage-lesioned RBCs (mediated by the hepatic and
splenic mononuclear phagocyte system) is exacerbated with pro-
longed storage. Notably, 78% of subjects in the 6-week storage
group developed circulating non-transferrin-bound iron that per-
sisted for >10 h, indicating that the rate of iron release from RBCs
at this storage duration exceeded the binding capacity of transfer-
rin, overwhelming the physiological capacity of systemic iron
metabolism and increasing iron burden release [22].

Murine model studies further confirmed that transfusion
of long-stored RBCs induces the production of non-transferrin-
bound iron and exacerbates inflammatory responses and adverse
outcomes when combined with “second hits” such as infection, sug-
gesting a potential role for storage-related iron overload in increas-
ing susceptibility to infection and aggravating organ injury [23].

The accumulation of free hemoglobin and RBC-derived
microvesicles in storage supernatants can rapidly scavenge intra-
vascular NO, thereby inducing vasoconstriction and elevated
pulmonary circulatory resistance, which is associated with pul-
monary hypertension and microcirculatory dysfunction in
multiple animal models [24]. Free hemoglobin and free heme
can be filtered into renal tubules and deposited, mediating oxi-
dative stress, cast formation, and renal tubular epithelial injury,
both of which are linked to an increased risk of renal function
deterioration in clinical and experimental studies, particularly
prominent in multiple or high-volume transfusions [16].

Furthermore, PS-enriched microvesicles released by stored
RBCs, as well as RBCs themselves with externalized PS, can pro-
vide a highly procoagulant membrane surface for thrombin gen-
eration, potentially promoting the formation of thrombin-fibrin
networks in vivo and exacerbating thrombotic tendency [21].

The concentration of potassium ions in the supernatant of
long-stored RBCs is markedly elevated. In isolated rat heart
models and human induced pluripotent stem cell (iPSC)-
derived cardiomyocyte models, exposure to supernatant from
aged RBCs results in bradycardia, prolonged sinus node recov-
ery time, and slowed atrioventricular conduction, indicating
that storage-associated hyperkalemia has the potential to directly
induce arrhythmias [25].

Studies based on human pulmonary artery endothelial cells
demonstrate that, compared with fresh RBCs, long-stored
RBCs suppress HIF-1a homeostasis, impair mitochondrial
respiratory function, shift endothelial cell metabolism from
oxidative phosphorylation to glycolysis, and reduce NADPH
and ATP levels, revealing that storage lesions may disturb pul-
monary vascular oxygen sensing and energy metabolic homeo-
stasis from an organ-specific perspective [18].

Retrospective analyses of cardiac surgery and pediatric patients
suggest that the use of RBCs with longer storage duration (e.g.,
exceeding 4 weeks or 25 to 38 d) in some high-risk populations
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is associated with adverse outcomes such as an increased post-
operative infection rate, indicating that storage lesions may
have a dose- and population-dependent relationship with prog-
nosis in specific clinical settings [26].

Detection challenges and technical requirements
Although traditional blood bank management uses storage
duration as a key reference for RBC quality, large randomized
controlled trials have not observed differences in all-cause mor-
tality or multiple organ dysfunction at the population level when
comparing fresher versus standard-issue leukoreduced RBC
concentrates, indicating that storage time is a crude surrogate
rather than a reliable biological phenotypic marker for RSL [2].

Additionally, the extensive existing experimental data on
storage conditions and lesion severity primarily focus on the
characterization of in-bag metabolism, oxidative stress, and
membrane structural alterations, with insufficient quantitative
mapping between these in vitro test results and 24-h post-
transfusion recovery, organ function changes, and long-term
clinical outcomes, which limits the translation of detection
indicators into clinical risk stratification tools [27].

Current routine quality control in blood banks still heavily
relies on global biochemical parameters such as hemolysis rate,
in-bag potassium concentration, and partial RBC indices. Such
average indicators fail to reflect the heterogeneity within the
cell population and cannot promptly identify small but biologi-
cally severely damaged RBC subpopulations [16].

In contrast, experimental methods for assessing morphol-
ogy, deformability, microvesicle burden, PS externalization, and
multi-omics characteristics often require specialized equipment
and cumbersome operations, with limited throughput and
mostly being endpoint or destructive assays, making them
unsuitable for routine screening of every unit of RBCs in large-
scale blood supply systems [11].

Although metabolomics and proteomics have uncovered
multi-pathway remodeling in RSL, these methods are associ-
ated with high costs, long analytical cycles, and complex data
interpretation, and are currently mainly used in research set-
tings, failing to meet the demand for real-time or near-real-
time quality monitoring in blood banks [3].

Against this backdrop, achieving highly sensitive, multi-
parameter detection of RSL with single-cell or subpopulation-
resolution while ensuring throughput and operational feasibility,
and tightly coupling these detection results with post-transfusion
function and clinical outcomes, has become a critical technical
bottleneck driving the transition of RSL assessment from research
to precise clinical application [28].

Overview of Microfluidic Chip Platforms

As an emerging analytical and biomimetic system integrating mul-
tidisciplinary technologies, microfluidic chip platforms break
the limitations of traditional experiments and models through
micrometer-scale fluid manipulation and the integration of func-
tional modules [29]. With microchannel networks based on precise
hydrodynamic design, compatible material systems, and flexible
fabrication processes, microfluidic chips enable high-throughput,
low-consumption analysis of biological samples and reconstruct
the in vivo physiological microenvironment, supporting diverse
scenarios ranging from basic research to clinical applications [30].

From the perspective of technological evolution and applica-
tion expansion, microfluidic chip platforms have followed a
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trajectory of increasing biological complexity, from lab-on-a-chip
(LOC) to organ-on-a-chip (OOC). LOC, as the basic form, realizes
the miniaturization and integration of traditional laboratory func-
tions. In recent years, this has advanced to OOC, which reproduces
the physiological and functional characteristics of organs through
biomimetic structural design and multicellular system integration
[31]. Together, the core concepts, design logics, and technological
correlations of the 2 platforms underpin the application of
microfluidic technology in relevant research [30,31].

LOC and 0O0C: Concepts and relationships
Microfluidic technology manipulates trace fluids within enclosed
microscale channels, integrating fluid dynamics, chemical reac-
tions, and biological processes into a single device to achieve
high-throughput, low-reagent-consumption, and fast-response
analysis and manipulation [32,33]. LOC is generally defined as
a miniaturized analytical system that integrates multiple unit
operations—including sample pretreatment, reagent manipula-
tion, separation, reaction, and detection—onto a single micro-
fluidic chip. Its core objective is to accomplish “sample-to-answer”
integrated detection from raw samples to analytical results within
a confined volume [34]. In such systems, modules including
sampling, mixing, reaction, and signal readout are arranged on
the same substrate to form a compact fluidic and reaction net-
work, thereby reducing analysis time and enhancing automation
[35]. LOC platforms can perform quantitative or qualitative
detection of diverse targets such as nucleic acids, proteins, and
cells within a limited space, providing miniaturized and inte-
grated solutions for in vitro diagnostics and on-site testing.

Building on the general microfluidic integration framework
provided by LOC, OOC further reconstructs tissue or organ
microenvironments with functional phenotypes and, in certain
models, specific anatomical structures, inside the chip [36-39].
By precisely regulating parameters such as shear stress, solute
gradients, and extracellular matrix (ECM), OOC simulates
in vivo physiological or pathological processes at the microscale
[30,40]. OOC typically adopts a multi-chamber or multi-channel
layout combined with porous membranes and hydrogel scaffolds
to enable substance exchange and signal transduction between
different cell populations. It has been used to reproduce the
structure—function units of a wide range of organs, including
the lung, liver, intestine, and blood vessels [41,42].

From a technical lineage perspective, LOC offers the founda-
tion for fluid manipulation and modular integration based on
microchannel networks, whereas OOC superimposes require-
ments such as multicellular coculture, long-term perfusion, and
biomimetic mechanical stimulation on this basis, representing
a highly specialized and biomimetic extension of LOC in the
fields of biomedicine and tissue engineering [43]. At the sys-
tematic methodological level, OOC is classified as a microphysi-
ological system formed by the intersection of microfluidic
systems and tissue engineering. Its fluid control and material
selection directly inherit the engineering foundation of LOC
while undergoing deeper customization around specific organ
functions in terms of structure and operating conditions [44,45].

Structural design of microfluidic chips

Design of LOC

Unit operation modules and channel topology

A LOC consists fundamentally of inlets for sample and reagent
introduction, multi-segment functional microchannels and
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chambers, and integrated detection zones. Geometric intercon-
nection and fluidic resistance design between individual units
form a fluidic network with specific spatiotemporal sequences
[34]. In a typical structure, a sample enters the pretreatment
region via the inlet, where operations such as filtration, enrich-
ment, or lysis are completed before being delivered to mixing
and reaction chambers. Target analytes are then separated and
detected through separation channels or detection chambers,
enabling a full analytical workflow within a closed microenvi-
ronment [35]. Diagnostic LOCs often sequentially couple steps
including nucleic acid amplification, immunoreaction, and
signal amplification within microchannel networks to reduce
manual operation and improve sensitivity and the reproduc-
ibility of results [34].

Driving modes and structural types

In LOC systems, driving mode and structural format determine
flow stability, controllability, integration strategy, reagent con-
sumption, and the division of functions between the disposable
chip and the external instrument, making them more informa-
tive classification axes than application labels alone [46-48].
Pressure-driven continuous-flow platforms, centrifugal micro-
fluidics, electrokinetic systems, droplet microfluidics, and
digital microfluidics therefore represent distinct engineering
solutions rather than interchangeable implementations of the
same concept [46,48,49].

Pressure-driven continuous-flow LOCs remain the most
general architecture for assays that require sustained perfusion,
defined residence time, and quantitative control of flow velocity
and shear stress [46,48,50]. Their main advantage is the ability
to support stable, nonpulsatile transport over a broad opera-
tional range with straightforward coupling to channel net-
works, mixers, separators, and downstream detectors [48,50].
This format is also well suited to multistep analytical workflows
because continuous injection and collection facilitate real-time
monitoring and sequential processing [49]. However, these
systems usually rely on external syringe, peristaltic, or pneu-
matic hardware, which increases instrument footprint, tubing
dead volume, bubble sensitivity, and system-level complexity
[50,51]. Reproducibility is therefore often limited less by chip
geometry than by backpressure, tubing compliance, connector
quality, and incomplete reporting of operating conditions, all
of which can shift the actual on-chip hydrodynamic environ-
ment away from the nominal pump setting [51,52]. From a
translational perspective, pressure-driven LOCs are technically
mature but less attractive for portable or low-infrastructure
deployment unless peripheral hardware is substantially simpli-
fied [47,50].

Centrifugal microfluidics addresses integration more directly
by using rotationally generated body forces to move liquids
through radially distributed chambers and channels, enabling
transport, metering, mixing, aliquoting, switching, and valving
on asingle disc [53,54]. Because propulsion is generated without
external fluidic interfaces, the format supports closed cartridges,
pulse-free liquid handling, and straightforward multiplexing
across many assay units on the same substrate [53,55]. Processed
volumes are readily scalable from nanoliters to milliliters, which
broadens compatibility with clinical chemistry, immunoassays,
blood handling, and nucleic acid workflows [53]. This high level
of unit operation integration makes centrifugal platforms one
of the most clinically advanced LOC formats for sample-to-
answer diagnostics [53,55]. Their limitations arise from the need
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for rotational instrumentation, the difficulty of implementing
certain flow patterns within a spinning geometry, and the sen-
sitivity of burst-valve behavior to fabrication tolerances and
surface finish [53,55,56]. Clinical readiness is therefore strong
at the platform level, but further progress still depends on manu-
facturable valving, environmental robustness, and cost-effective
deployment hardware [55].

Electrokinetic microfluidics, including electroosmotic pump-
ing, offers a different balance of advantages by generating pulse-
free flow without moving mechanical parts and by integrating
naturally with planar microfabrication [57,58]. In these systems,
fluid transport is controlled electrically rather than mechanically,
which enables compact architectures, low reagent consump-
tion, and precise manipulation in analytical chips [50,57,58].
Electrokinetic methods are particularly attractive where minia-
turization, integration density, and accurate low-volume handling
are more important than high volumetric throughput [50,57].
Their main limitations follow directly from the driving mecha-
nism: Performance depends strongly on surface charge, ionic
strength, pH, and electric field strength, so flow can drift when
channel chemistry or sample composition changes [58]. High-
voltage requirements, electrode electrolysis, gas formation, local
pH shifts, and material degradation further complicate robust
operation, especially in assays involving complex biological matri-
ces [57,58]. Reproducibility can therefore be high under well-
controlled analytical conditions but poorer in heterogeneous
real-world samples, which has slowed broad clinical deployment
relative to more mechanically robust LOC formats [50,58].

Droplet microfluidics replaces continuous single-phase streams
with discrete compartments in an immiscible carrier phase,
thereby reducing Taylor dispersion, suppressing wall-mediated
cross-contamination, and accelerating mixing and mass transfer
at very small volumes [59]. This architecture is especially powerful
for ultrahigh-throughput screening, reagent economy, single-cell
encapsulation, and statistically rich assays in which each droplet
functions as an isolated microreactor [59,60]. Droplets can be
generated at very high frequencies, and operations such as merg-
ing, splitting, spacing, sorting, and pico-injection provide a versa-
tile liquid-handling toolkit at picoliter-to-nanoliter scale [59,61].
The main limitation is that high-performance droplet workflows
often depend on complex peripheral infrastructure for droplet
generation, synchronization, incubation, reinjection, and coupling
to downstream detectors or off-chip analytics [59,62]. Translation
is further constrained by the difficulty of interfacing oil-phase
droplets with external workflows and by the gap between proof-
of-concept manipulation and robust end-to-end assay automation
[59,61]. Reproducibility can be excellent when droplet size and
frequency are tightly controlled, but passive droplet systems
remain sensitive to surface chemistry and ambient fluctuations,
whereas active control improves consistency at the cost of through-
put and setup simplicity [61,62].

Digital microfluidics also operates on discrete droplets, but
instead of relying on immiscible-flow compartmentalization,
it manipulates droplets directly on electrode arrays, most com-
monly through electrowetting-on-dielectric actuation [63-65].
The core strength of this format is programmability: Transport,
dispensing, merging, splitting, and mixing are executed through
software-defined addressing, allowing multiple assay sequences
to be reconfigured on the same planar chip [64-66]. This recon-
figurability, combined with low reagent consumption and com-
patibility with integrated sensing, has made digital microfluidics
attractive for nucleic acid testing, immunoassays, blood analysis,
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and other multistep LOC applications [65-67]. Relative to
channel-based continuous-flow systems, digital microfluidics
offers greater protocol flexibility and simpler logical reprogram-
ming of liquid-handling steps [63,65]. Its limitations are pri-
marily interfacial and materials-based: Protein and lipid fouling
can degrade droplet mobility, evaporation can alter concentra-
tion, routing becomes more difficult as parallel assay density
increases, and volumetric throughput remains modest [65,68].
Clinical translation has progressed in portable assay formats,
but broader deployment still requires more durable surfaces,
reliable sample-loading interfaces, and tighter integration
between disposable fluidic layers and reusable control electron-
ics [65-67].

Taken together, these platforms occupy different positions
in the LOC design space rather than forming a simple hierarchy
of advancement [46,48]. Pressure-driven systems remain the
most versatile choice for general continuous-flow manipulation
and quantitative hydrodynamic control [48,50]. Centrifugal
platforms offer the strongest route to compact workflow inte-
gration and sample-to-answer automation in diagnostic LOCs
[53,55]. Electrokinetic methods are advantageous when com-
pactness, pulse-free flow, and planar integration are prioritized,
but they remain constrained by electrochemical and buffer-
dependent instability [57,58]. Droplet microfluidics is unmatched
for throughput and compartmentalized microscale reactions,
yet its real-world adoption is still limited by interfacing and
peripheral complexity [59,61]. Digital microfluidics provides
the highest degree of software-level liquid-handling program-
mability, but its broader clinical readiness depends on solving
fouling, evaporation, durability, and workflow-integration bot-
tlenecks [65-67]. Accordingly, LOC platform selection should
be based on the required balance among flow control, integra-
tion density, assay programmability, reproducibility, and trans-
lational robustness rather than on microfluidic miniaturization
alone [46-48].

Design and construction of 00C

Tissue interface and spatial compartmentalization

By employing multi-chamber or multi-layer microchannel con-
figurations, OOC platforms establish spatially separated yet
mass-permeable tissue interfaces, allowing fluidic networks to
fulfill not only substance transport tasks but also the reconstruc-
tion of physiological microenvironments [40,69]. In models of
blood-tissue or epithelial-endothelial interfaces, porous poly-
meric membranes are commonly embedded between upper and
lower flow channels, allowing distinct cell types to be seeded in
the upper and lower chambers, respectively. This reconstructs
barrier functions and transmembrane transport properties,
simulating in vivo tissue interfaces at the microscale [40]. By
perfusing culture medium or blood-mimicking fluid separately
in different chambers, OOC can maintain channel connectivity
while providing differentiated chemical and mechanical envi-
ronments for diverse cell populations, achieving independent
regulation of different microenvironments [41].

Mechanical microenvironment and long-term perfusion

In terms of fluidic design, OOC can apply continuous perfusion
in one channel to simulate blood flow-induced shear stress while
maintaining a static or low-shear environment in the adjacent
channel. This mirrors the mechanical disparity between tissue-
facing and blood-facing surfaces in vivo, realizing precise regula-
tion of shear stress and solute gradients exerted on cells [41].
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Unlike most OOCs dominated by epithelial-mesenchymal
structures, endothelium-on-a-chip (EOC) impose higher require-
ments on perfusion conditions. Stable and controllable intra-
luminal perfusion and trans-wall pressure gradients must be
maintained throughout the culture period, thereby simultane-
ously driving shear responses, convective-diffusive transport,
and hemorheological behaviors [70]. Within the design frame-
work of vascularized tissue construction, flow velocity and
channel dimensions not only determine shear stress and pres-
sure drop but also directly influence oxygen and nutrient dif-
fusion distances. Consequently, EOC must simultaneously
satisfy the dual constraints of mechanics and mass transport—a
balance that is not prominent in many static culture-dominant
chips [71,72].

Based on the above characteristics, the design of EOC typi-
cally targets the geometric and hemodynamic parameters of
specific vascular beds. By adjusting channel diameter, length,
and branching topology, wall shear stress and residence time
close to the in vivo scenario are reconstituted at a given volu-
metric flow rate [71]. Under laminar flow conditions, the shear
stress can be estimated from the analytical relationship between
channel radius and flow rate. EOC mimicking microvessels
mostly constrain shear stress within the range of 1 to 10 dyn/
cm” to match the physiological shear load of the microcircula-
tion while avoiding endothelial detachment [73].

In prepatterned vascularized devices, tailored ranges of wall
shear stress and pressure gradients can be achieved at distinct
locations by adjusting channel cross-sections and branching
resistances. This enables the simulation of different flow envi-
ronments, such as those found in arteries, venules, or sinusoidal
vessels [74]. For instance, the AngioChip achieves similar shear
levels across all branches by designing primary and secondary
branching channels as 50 X 200 pm and 50 X 100 pm, respec-
tively, and balancing hydraulic resistance in the network layout,
thereby facilitating uniform mechanical stimulation through-
out the entire network [75]. Hemodynamics-oriented design
practices demonstrate that modeling pathological vascular
environments requires the generation of spatially nonuniform
shear and recirculation zones within the same chip. This is
achieved through stenotic, curved, or bifurcated geometries,
which recapitulates the local stress characteristics at predilec-
tion sites for atherosclerosis and aneurysms [76].

In addition to regulating shear stress, biomimicry of the
mechanical microenvironment also encompasses the simula-
tion of cyclic strain. Some OOCs are equipped with deform-
able chambers, and periodic deformation of thin walls can be
achieved via negative-pressure traction or mechanical loading,
thereby applying in vivo-mimetic cyclic strain at the microscale.
This design could simulate alveolar respiratory movements or
vascular pulsations, extending static channels in LOCs into
biomimetic systems with dynamic mechanical dimensions [40].

For long-term culture scenarios, OOCs require structurally
reserved pathways for culture medium replacement and gas
exchange to support stable perfusion and cell function main-
tenance over days or even weeks. This demand has driven the
systematic optimization of chamber volume, pathway layout,
and connection modes based on LOC channel networks [43].

Blood cell manipulation geometries

In the design of blood-related structures, a variety of passive
separation geometries developed in LOC systems provide refer-
able basic units for the upstream blood cell processing modules
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of OOC platforms. For instance, size- and hydrodynamics-based
structures such as branched channels, step structures, and pillar
arrays are employed to achieve physical sorting and enrichment
of RBCs and other blood cells [77]. In such passive blood cell
separation chips, the cross-sectional shape of channels and array
layout directly determine the trajectories of different blood cells
in the flow field, thereby affecting the separation efficiency and
shear exposure of RBCs and other cell populations. This lays a
geometric design foundation for the precise control of blood cell
states entering organ models in subsequent OOC systems [77].

In cell and microbead sorting devices, mechanisms includ-
ing filtration, hydrodynamic focusing, dielectrophoresis, acous-
tophoresis, and magnetophoresis are utilized to design sorting
modules with specific resolution and throughput. These unit
operations can either serve as independent analytical modules in
LOCs or be integrated upstream or downstream of OOCs to
selectively control cell populations involved in organ models [78].

In studies on the blood-endothelium interface, EOCs are
required to carry intact blood components and maintain stable
flow fields under non-Newtonian rheology and cell-cell inter-
action conditions, which substantially exceed the general
requirements of many OOC systems that only use culture
media or cell-free fluids [79]. When the size of RBCs is com-
parable to the diameter of microvessels, the Fahraeus-Lindqvist
effect and cell margination occur within the chip, leading to
alterations in local viscosity and wall shear stress distribution.
Such hemorheological effects are regarded as key physical char-
acteristics that distinguish EOC from other fluidic chips [73].

Common materials and their selection criteria
Material systems for LOC

Inorganic substrates

In LOC devices, glass and silicon substrates serve as a founda-
tion for fabricating high-precision microchannel networks by
leveraging mature microelectronic manufacturing processes.
High-aspect-ratio and highly reproducible channel geometries
can be achieved via photolithography and etching, making
them suitable for analytical systems sensitive to fluidic resis-
tance and mass transfer processes [80].

Glass exhibits excellent optical transparency in the visible
and near-ultraviolet (UV) bands with low autofluorescence,
providing a high-quality optical path for on-chip fluorescence
and absorption spectroscopy detection and facilitating the inte-
gration of diverse optical readout modules on LOCs [80].

In terms of chemical stability, glass and silicon demonstrate
strong resistance to most aqueous systems and some organic
solvents, adapting to multi-step analytical workflows requiring
organic-phase extraction or complex buffer systems, and offer-
ing stable interfaces for integrated chemical and biological
detection [81].

Elastomeric materials

Elastomeric materials, typified by polydimethylsiloxane (PDMS),
are extensively used in LOC prototype development, owing to
their low cost, facile moldability, and excellent optical transpar-
ency [72,82]. PDMS precursors can be cross-linked and cured
at room or moderate temperatures without high-pressure or
high-temperature equipment, enabling researchers to complete
the full process chain from mold replication to chip packaging
in conventional biological laboratories, thereby lowering the
threshold for iterative LOC design [82].
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After oxygen plasma treatment, PDMS layers can form irre-
versible bonds with glass or another PDMS layer to create
sealed microchannel networks. Electrodes or flexible mem-
branes can be pre-embedded during molding to construct
microvalves, micropumps, and electrochemical detection units,
realizing the integration of fluid manipulation and signal acqui-
sition [82].

In cell-related LOC applications, the gas permeability of
PDMS facilitates the diffusion of oxygen and carbon dioxide
through the chip walls, improving gas exchange in the local
culture environment. However, the marked adsorption and
permeation of hydrophobic small molecules and drugs may
alter solute concentrations in channels over time, posing chal-
lenges to the accuracy of quantitative analysis and drug efficacy
evaluation [83]. Rapid water evaporation occurs in open PDMS
microfluidic systems, which may cause solute concentration
and osmotic pressure changes in small-volume channels; this
effect must be mitigated through packaging and environmental
control in diagnostic chips involving high-concentration pro-
tein solutions or blood samples [83].

Thermoplastic polymers

Thermoplastic polymers including polymethyl methacrylate
(PMMA), polycarbonate (PC), polystyrene, and cyclic olefin
copolymers (COC) enable high-fidelity replication of micro-
channel structures via hot embossing and injection molding.
They support the mass manufacturing of disposable diagnostic
cartridges at low material costs and with high mechanical
strength, facilitating the transition of LOCs from laboratory
prototypes to clinical product formats [80].

Such polymeric materials have been widely adopted in con-
ventional cell cultureware and diagnostic consumables. Their
fundamental biocompatibility and mature manufacturing pro-
cesses lay a foundation for their application in LOCs, ensuring
good compatibility between chip architectures and existing
laboratory infrastructure [82].

Regarding surface properties, plasma or UV/ozone treat-
ment can substantially enhance the hydrophilicity of polymer
surfaces, improving channel wettability and reducing bubble
formation to guarantee stable continuous-flow operation [82].
Further modification through grafting hydrophilic polymers
or coating protein-repellent layers can reduce nonspecific pro-
tein adsorption, thereby improving analyte recovery and signal-
to-noise ratios in immunoassays and nucleic acid detection
[82]. For whole-blood sample analysis, the introduction of
anti-protein and anticoagulant coatings on polymer surfaces
helps suppress plasma protein deposition and platelet adhesion,
enhancing the hemocompatibility of microchannels and lower-
ing clogging risks, which makes LOCs more suitable for han-
dling complex blood samples [84].

Material extension from LOC to 00C
PDMS system optimization
OOC predominantly adopts the well-established PDMS system
from LOC to ensure the fabrication precision of microchannels
and meet the requirements for optical imaging. Meanwhile,
additional constraints and modifications are imposed on this
material due to the demands of long-term culture, biomimetic
mechanical stimulation, and blood contact [43].

PDMS exhibits excellent gas permeability, which can pro-
vide sufficient oxygen supply for high-density cell culture and
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the construction of thick-layer tissues in microscale structures,
enabling it to support more complex 3-dimensional (3D) physi-
ological systems based on the traditional LOC channel architecture
[40]. Furthermore, the favorable flexibility and elasticity of PDMS
allow for the construction of vacuum chambers or elastic support
structures outside the chip. Periodic negative pressure drives the
controllable deformation of the membrane structure and channel
sidewalls, thereby applying cyclic mechanical strain within the
physiological range to cell layers and simulating organ-specific
mechanical microenvironments such as alveolar respiration and
vascular pulsation. This mechanical design dimension is generally
not a core consideration for traditional diagnostic LOC [40].

Nevertheless, under long-term in vitro culture conditions,
the nonspecific adsorption of hydrophobic small molecules and
signaling molecules by PDMS alters the local concentration
distribution of substances, further compromising the accuracy
of drug efficacy and toxicity evaluations. Therefore, while inher-
iting the mature fabrication processes of LOC, OOC design
requires more rigorous quantitative characterization and regu-
lation of the material's adsorption behavior [83].

To address the aforementioned issues, current studies pri-
marily adopt strategies such as elastomer material substitution,
surface modification coating, and composite substrate con-
struction to reduce small-molecule adsorption and enhance
the chemical stability of materials [85]. Additionally, some
studies have utilized stretchable cellulose ester films to replace
traditional PDMS membranes, which markedly suppresses small-
molecule adsorption while retaining favorable optical proper-
ties and mechanical elasticity [86].

Rigid substrates

To enhance the mechanical stability of tissue-mimetic systems and
facilitate scalable manufacturing, OOC platforms have adopted
glass and thermoplastic polymers—well-established materials in
LOC devices—as substrates and channel layer materials. These
rigid materials enable the fabrication of microchannels and cham-
bers with higher pressure resistance and reduced deformation,
thereby supporting continuous perfusion for days to weeks [80].

In OOC systems, glass substrates not only offer excellent
optical transparency and chemical stability but also provide a
robust window for high-resolution real-time imaging and mul-
tiple rounds of medium replacement, enabling the integration
of more sophisticated biomimetic structures onto conventional
LOC detection platforms [80].

Thermoplastic polymers can be mass-produced with com-
plex microchannel architectures via validated LOC fabrication
techniques such as hot embossing or injection molding, align-
ing OOC material and manufacturing pathways with the
industrial chain of diagnostic LOC devices. However, under
long-term culture and repeated sterilization conditions, greater
attention must be paid to the impacts of material leaching and
surface aging on the cellular microenvironment [82].

In multi-chamber OOC configurations, these rigid materials
typically serve as supporting layers to carry flexible layers (e.g.,
PDMS or hydrogels). Interlayer bonding constructs multilayer
microfluidic systems with well-defined interfaces and stable
geometries, enabling structural reinforcement of biomimetic tis-
sue interfaces based on traditional LOC channel networks [43].

Porous membranes and hydrogels

Building on the planar channel-dominated material system
of LOC devices, OOC platforms further incorporate tissue
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engineering materials such as porous polymer membranes and
cross-linkable hydrogels to reconstruct tissue interfaces with
selective permeability and 3D ECM environments. These mate-
rials are rarely used or only serve as supplementary components
in conventional analytical LOC devices [43,87].

Porous polymer membranes (e.g., polycarbonate) act as physi-
cal barriers at blood-tissue interfaces in epithelial-endothelial
coculture models. As a classic research model of biological
barriers, the blood-brain barrier (BBB) is an essential structure
that maintains homeostasis within the central nervous system
[88,89]. The pore size and thickness of these membranes deter-
mine the transmembrane migration of small molecules, pro-
teins, and cells between separated chambers, which directly
controls barrier integrity and substance transport efficiency—
rendering such membranes irreplaceable for in vitro BBB mod-
els [40,90].

Cross-linkable hydrogels are injected into designated cham-
bers and cross-linked in situ to form 3D ECM scaffolds with
tunable elastic modulus and porous architecture, which helps
maintain the functional phenotypes of parenchymal cells (e.g.,
hepatocytes and cardiomyocytes). This endows OOC systems
with an in vivo-like 3D microenvironment on the basis of LOC
fluidic control [43].

In OOC systems involving blood perfusion, hydrophilic or
anti-protein adsorption coatings applied to channel and mem-
brane surfaces reduce the adhesion of plasma proteins and
platelets, lowering the risk of microthrombosis and mechanical
damage to RBCs. This enables controllable regulation of blood-
material interactions in LOC-derived organ systems [84].

3D printing and photosensitive resins

Stereolithography-based 3D printing typically employs resins
containing photosensitive functional groups as structural mate-
rials, which are used to fabricate complex 3D channels and
scaffolds via layer-by-layer photopolymerization, enabling the
rapid prototyping of OOC housings, fluidic channels, and sup-
porting structures [91].

For applications in OOC systems, 3D printing materials must
satisfy requirements for mechanical strength and resolution
while also maintaining optical transparency and biocompatibil-
ity; the currently available compatible material systems remain
relatively limited [92]. Existing studies have constructed perfus-
able tubular structures via 3D printing and embedded them
within injectable ECM hydrogels to mimic the renal proximal
tubule and microvascular interface, demonstrating the applica-
tion potential of photosensitive resins in the fabrication of 3D
microstructures [93].

Main fabrication methods

Typical methods for LOC fabrication

The fabrication of LOC devices relies on a suite of mature, scal-
able microengineering techniques. These methods balance
resolution, cost, and throughput to support everything from
rapid prototyping to mass clinical manufacturing. Below are
the 4 core fabrication routes for LOC platforms (Fig. 3A).

Photolithography and soft lithography

In LOC fabrication, photolithography combined with soft litho-
graphic replication represents the core technical route for con-
structing PDMS-based microchannel networks [94]. This approach
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Fig. 3. Fabrication technologies for LOC, 00C, and EOC platforms. (A) Core fabrication processes for LOC include photolithography and soft lithography, 3D printing, hot
embossing, and micromilling. (B) Advanced manufacturing strategies for OOC encompass multilayer construction, numerical simulation, 3D (bio)printing, and multi-material
integration. (C) Specialized fabrication approaches for EOC include the use of sacrificial templates and prepatterned microchannels. Created in BioRender. Lei, Y. (2026)
https://BioRender.com/2xbstnb.

enables the production of high-resolution microstructures without The process typically involves photolithography and etching
the need for expensive mass-production molds, providing a critical ~ on silicon or glass substrates to form raised structures of pre-
process foundation for rapid design iteration [80]. defined geometry. PDMS precursor is then cast or spin-coated
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onto the mold surface, cross-linked, cured, and peeled off to
yield an elastomeric sheet with negatively replicated channels
[82]. PDMS sheets activated by oxygen plasma treatment can
be bonded to glass or another PDMS layer to form sealed
microchannel networks. Electrodes or flexible membranes can
be pre-embedded during fabrication to enable the integration
of microvalves, micropumps, and electrochemical detection
structures, thereby accomplishing fluid manipulation and sig-
nal acquisition within a single LOC platform [82].

In microfluidic chemical analysis and biosensing research,
soft lithography is widely employed for rapid iteration from
proof-of-concept to functional optimization, laying the micro-
fabrication foundation for the subsequent adoption of analo-
gous channel, valve, and pump structures in OOC systems [95].

3D printing

With the advancement of additive manufacturing technologies,
3D printing has been increasingly incorporated into LOC fab-
rication workflows to construct complex 3D channels and mul-
tilayer structures that are difficult to achieve via conventional
planar processing [80].

Stereolithography-based 3D printing can fabricate multi-
layer intersecting and tortuous microchannel networks in a
single process by layer-by-layer exposure and curing of photo-
polymer resins. This reduces repetitive alignment and bonding
steps, enhances structural design flexibility, and offers new
geometric space for the construction of complex mixing and
separation modules [96].

In microfluidic system studies combined with numerical
modeling, 3D printing is frequently used to rapidly validate the
effects of different channel layouts and mixing structures on
flow field and mass transfer behaviors. This provides geometric
design support for subsequent large-scale production using
conventional processes [96].

For digital microfluidic platforms, additive manufacturing
is also utilized to fabricate modular carriers incorporating elec-
trode arrays and packaging structures. This facilitates the com-
pact integration of droplet manipulation units with optical or
electrochemical biosensing modules and offers structural sup-
port for highly programmable droplet operation within the
LOC system [28,97].

In blood-related microfluidic research, the combination of
3D printing and conventional fabrication processes is regarded
as a potential approach for constructing complex pretreatment
modules and vascular tree-like networks, providing transplant-
able structural blueprints for blood flow pathways and micro-
circulation models in subsequent OOC systems on the LOC
architecture [77].

Hot embossing

For thermoplastic polymers such as PMMA, PC, and COC, the
hot embossing process enables high-fidelity replication of
microstructures in medium-volume production, offering a
scalable manufacturing pathway for clinically oriented LOC
devices [80].

In the hot embossing procedure, target microstructures are
first fabricated on a metal or silicon mold. Pressure is then
applied at a temperature above the glass transition temperature
of the polymer, causing the sheet to soften, flow, and fill the
mold cavities. Upon cooling and solidification, demolding
yields a chip substrate with precisely defined channel geome-
tries [82].
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Compared with soft lithography, hot embossing imposes
stricter requirements on mold precision as well as temperature
and pressure control. However, within an appropriate process
window, it markedly improves interdevice uniformity and
mechanical strength, making it suitable for diagnostic chips
that demand rigorous control of fluidic resistance and reaction
time [81].

Injection molding involves injecting molten polymer into a
microstructured mold cavity followed by cooling and solidifica-
tion. This enables the mass production of highly consistent
microfluidic chips under continuous manufacturing condi-
tions, supporting large-scale fabrication of disposable diagnos-
tic cartridges and kits and facilitating the translation of LOC
from laboratory settings to clinical and commercial applica-
tions [80].

As these large-scale manufacturing processes mature, identi-
cal mold and material systems can also be employed for the
batch fabrication of rigid support layers and interface modules
in OOC devices, achieving integrated layout with LOCs at the
manufacturing level [82].

Micromilling

In the fabrication of microengineered physiological systems, sub-
tractive manufacturing techniques, such as mechanical machin-
ing and cutting, are frequently cited alongside lithography, laser
processing, soft lithography, and other methods. Current perspec-
tives suggest that subtractive processes can serve as an effective,
low-cost supplementary approach for rapid prototyping within
specific material systems and dimensional ranges [91].

From the evolution of early micromachining technologies
to emerging additive manufacturing, mechanical cutting pro-
cesses such as xurography are regarded as viable alternatives
for applications with relatively relaxed feature size require-
ments. Meanwhile, the limitations of such methods in terms of
reproducibility and throughput remain to be further investi-
gated and improved [98].

Fabrication of 00C structures

OOC fabrication is developed from the mature microfabrica-
tion system of LOC and further integrates tissue engineering
requirements to form a complete technical route including
multilayer construction, 3D bioprinting, multi-material inte-
gration, and numerical simulation-aided design. These tech-
nologies balance biomimetic fidelity, long-term operational
stability, and scalable manufacturing, supporting the reliable
reconstruction of organ-level physiological functions (Fig. 3B).

Multilayer PDMS 00C

The fabrication process of OOC is largely built on the mature
soft lithography and multi-layer bonding technologies of LOC
[99]. By replicating microchannels in PDMS and bonding them
to glass or polymer substrates, 3D networks comprising mul-
tiple perfusion channels and cell culture chambers are con-
structed, combining the channel integration capability of LOC
with the requirements of tissue engineering [43].

Among these, PDMS soft lithography is widely recognized
as the standard method for OOC fabrication. Its advantages lie
in the mature and stable process, precise realization of micro-
scale structures, and excellent compatibility with techniques
such as microimaging and flexible actuation [44]. However,
this method typically requires photolithographic masks and
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multi-step processes, the replication step is highly dependent
on manual operation, and it is mostly limited to the fabrication
of single-sided microstructures, making it difficult to meet the
demands of complex 3D structure construction and large-scale
production [91]. Therefore, PDMS devices fabricated by soft
lithography are more suitable for the early-stage research and
development and functional verification of OOC; for the
advancement to large-scale applications, integration with other
high-throughput molding technologies is still required [93].

In a typical process, the geometries of the upper and lower
microchannels and culture chambers are first defined on silicon
or glass molds via photolithography. PDMS is then cast and
cured to fabricate multilayer elastomeric structures. The layers
are subsequently embedded into an integrated device through
plasma bonding, enabling the ordered distribution of fluidic
and cellular compartments at the microscale. This superim-
poses vertical tissue architectures onto the channel framework
of OOC [82].

In PDMS-based platforms, plasma activation and oxygen
plasma treatment not only achieve irreversible bonding between
PDMS and glass or thermoplastic substrates but also effectively
enhance the hydrophilicity of the inner substrate surfaces,
providing favorable conditions for cell seeding and fluid
wetting [93].

In organ interface models, porous polymeric membranes are
commonly sandwiched between the upper and lower micro-
channels, allowing separate seeding of epithelial cells and endo-
thelial cells in adjacent chambers to recapitulate tissue barriers and
transmembrane transport functions [40,100,101]. This multilayer
composite structure, serving as a core structural unit in OOC, is
rarely utilized in LOC systems [40]. Such PDMS membrane-
incorporated multilayer structures have been employed to
construct various organ models including the lung, intestine,
and BBB. Precise regulation of shear stress and solute gradients
is achieved by perfusing culture medium or blood-mimicking
fluid into separate chambers, providing a tunable platform for
investigating the behaviors of blood cells within organ micro-
environments [40].

In certain OOC devices, the elasticity of PDMS is further
utilized to realize controllable mechanical stimulation. Vacuum
chambers are placed adjacent to the channels, and cyclic nega-
tive pressure is applied to induce bending of the thin mem-
branes and sidewalls, thereby imposing cyclic strains within
the physiological range on cell layers. This simulates alveolar
respiratory motions or vascular pulsations. Such integrated,
mechanically actuated multilayer structures represent a distin-
guishing feature of OOC from conventional LOC [41].

3D (bio) printing

3D printing accomplishes the formation of 3D structures
through layer-by-layer deposition and curing of materials,
enabling the direct construction of complex spatial channels
and integrated fluidic pathways in a single fabrication process
[102]. This confers unprecedented design and manufacturing
flexibility for the development of intricate vascular networks,
multi-chamber housings, and other structures within OOC
systems [91,103].

Within the microfabrication framework of OOCs, represen-
tative 3D printing technologies—including stereolithography,
material jetting, and extrusion-based printing—all fall under
the category of additive manufacturing [104,105]. Their distinct
advantages lie in high geometric complexity, elimination of
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costly mold fabrication, and rapid iterative optimization of
design schemes [98]. Nevertheless, 3D printing exhibits certain
limitations in terms of processing resolution, surface morphol-
ogy control, as well as the optical properties and biocompat-
ibility of available materials. Consequently, it is currently
predominantly employed for fabricating the macroscopic
frameworks or molds of OOCs, whereas the precise construc-
tion of the core cellular microenvironment inside the chips still
relies on conventional microfabrication approaches such as soft
lithography and hydrogel molding [92].

For applications involving living constructs, 3D bioprinting
and traditional multi-step microfabrication are regarded as 2
distinct technical routes. 3D bioprinting holds remarkable
potential for one-step formation to simultaneously realize tissue
architecture and spatial cell arrangement [106-108]. However,
its application is constrained by multiple factors, including criti-
cal issues such as shear/thermal stress-induced cell damage dur-
ing the printing process and suboptimal hydrogel crosslinking
conditions [109].

Existing studies have fabricated 3D microtissues via 3D bio-
printing technology and integrated them with microfluidic
channels to construct OOC systems, validating the promising
application of this technology in the integrated manufacturing
of complex 3D tissues and perfusion interfaces [86]. Furthermore,
different 3D bioprinting techniques exhibit distinct compatibil-
ity; among them, coaxial printing enables the one-step formation
of bilayer tubular structures with an inner endothelial layer and
an outer smooth muscle layer, representing the core fabrica-
tion technique for artery-like vascular chips [110,111]. Other
studies have successfully fabricated multilayered artery-like bio-
mimetic channels using Pluronic F-127 sacrificial ink and coaxial
nozzles [112].

In contrast, the 3-step fabrication strategy consisting of
mesoscale cavity printing, microvascular sprouting induction,
and perfusion mechanical maturation allows the gradual for-
mation of biomimetic microvascular networks with distinct
trunk-branch hierarchies in a single chip [113].

In the construction of specific functional models, 3D print-
ing has also been employed to directly form perfusion channels
inside hydrogels, thereby enabling the fabrication of biomimetic
structures such as the proximal renal tubule-microvascular
interface. This demonstrates the important value of combining
additive manufacturing technology with ECM engineering in
the construction of 3D OOC architectures [93].

Multi-material integration

Building on the fabrication basis of LOC systems, which pri-
marily focus on planar channels and simple chambers, OOC
systems further adopt multi-material integration processes.
They combine materials such as porous membranes, hydrogels,
and biodegradable scaffolds with microfluidic channels to
reconstruct complex tissue interfaces and 3D microenviron-
ments [43].

Porous polymer membranes (e.g., polycarbonate) act as
selective permeability barriers in epithelial-endothelial cocul-
ture models. Their pore size and thickness determine the trans-
membrane migration capacity of small molecules, proteins, and
cells between different chambers, thereby directly affecting
barrier function and transport efficiency. This plays a critical
role in models of the BBB and gut-blood barrier [40].

Crosslinkable hydrogels are injected into specific chambers
and gelled in situ to form 3D ECM scaffolds with tunable elastic
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modulus and pore structure. These scaffolds facilitate the main-
tenance of functional phenotypes of parenchymal organ cells
(e.g., hepatocytes and cardiomyocytes), enabling OOC systems
to possess in vivo-like 3D microenvironments based on the
fluidic control capabilities of LOC systems [43].

Coating the surfaces of membranes and hydrogels with
ECM proteins (e.g., collagen and fibronectin) improves the
adhesion, spreading, and differentiation of specific cell types,
enhancing the reconstruction of organ-specific structures and
functions. This provides a reliable biomimetic foundation for
subsequent introduction of RBCs and plasma components to
study interactions after storage injury [43].

In OOC systems involving blood or RBC perfusion, the
introduction of hydrophilic or anti-protein adsorption coatings
on channel and membrane surfaces reduces the adhesion of
plasma proteins and platelets, lowering the probability of
microthrombosis and mechanical cell damage. This enables
controllable regulation of blood-material interactions in organ
systems extended from LOC systems [84].

Numerical simulation-aided design

Compared with LOCs that mainly perform single-use or short-
term analytical tasks, OOCs typically require the maintenance
of continuous perfusion and stable cellular functions over a
time scale of days to weeks, which imposes higher requirements
on structural durability and the anti-clogging capability of
channels [43].

Under long-term perfusion conditions, multi-layer PDMS
structures may undergo slight deformations due to stress relax-
ation or solvent permeation. Therefore, a balance between geo-
metric parameters and material thickness must be struck
during the device design phase to reconcile overall rigidity with
the required elasticity, ensuring long-term stable biomimicry
on the basis of the channel network inherited from LOCs [40].

For blood-related OOC models, channel cross-sectional
dimensions and bending radii directly affect local shear stress
distribution and the residence time of blood cells near inter-
faces. Surface burrs or geometric discontinuities generated
during fabrication can act as triggers for mechanical damage
to RBCs and platelet activation, rendering precise control over
processing accuracy and surface quality particularly critical.
This provides a reliable geometric prerequisite for the subse-
quent simulation of mechanical exposure of stored RBCs in the
microcirculation [77].

Based on the microfabrication foundation shared by both
LOC and OOC, numerical simulation has become a critical
auxiliary approach for the structural design and process opti-
mization of OOC. By computing the velocity field, shear stress,
and solute concentration distribution under different channel
layouts and flow rate conditions, design schemes closer to the
target physiological range can be screened prior to fabrication,
enabling quantitative bionic optimization of the channel frame-
work inherited from LOC [96].

In OOC research, including lung, liver, and tumor models,
computational fluid dynamics and multiphysics simulations
are employed to determine the width, height, and layout of
perfusion channels. This ensures shear stress levels and gradi-
ent distributions close to those in vivo, thereby providing a
basis for maintaining cell functions and controlling drug expo-
sure [96].

In models involving blood and RBCs, simulation-driven
optimization of channel geometries helps reduce local extreme
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shear zones and stagnant regions. This minimizes the disrup-
tion of nonphysiological mechanical stress on cell morphology
and function and provide a quantitative design tool for subse-
quent studies on the mechanical environment of stored RBCs
during reperfusion and circulation [96].

Under long-term culture conditions, phenomena such as
material leaching, surface aging, and biofilm formation may
alter the on-chip microenvironment. The selection of low-
leaching materials, optimization of surface treatment processes,
and development of appropriate pre-rinsing and sterilization pro-
tocols can to a certain extent improve the stability and reproduc-
ibility of OOC in simulating complex blood—organ interactions,
laying a platform foundation for the systematic characteriza-
tion of RSL [43].

Fabrication of EOC

Building upon the aforementioned processes for OOC, includ-
ing multilayer structure construction, multi-material inte-
gration, and 3D printing, EOC—as a typical specialized
application of OOC in vascular biomimicry—requires process
customization and personalized construction tailored to vas-
cular physiological characteristics and hemodynamic require-
ments (Fig. 3C).

Prepatterned microchannel endothelialization

Using mature soft lithography processes for LOC/OOC, rect-
angular microchannels are molded on PDMS or glass sub-
strates, coated with ECM, and then seeded with endothelial
cells. This enables the rapid construction of perfusable vascular
channels with a continuous endothelial lining, which is suitable
for basic research such as shear stress response, barrier perme-
ability, and drug delivery [114].

Such on-chip channels can provide stable laminar flow at
low Reynolds numbers and precisely controllable solute gradi-
ents while being compatible with high-resolution imaging.
They represent the most commonly used fabrication format in
early EOC models [115].

In addition, high-resolution stereolithography and 2-photon
lithography techniques enable direct engraving of complex
3D microscaffolds within photosensitive hydrogels. Following
seeding and coating with endothelial cells, these techniques
achieve high-precision reconstruction of organ-specific vascu-
lar geometries such as brain microvessels [116].

Sacrificial template-based cavity formation

The sacrifice template method is a core process for fabricating
bionic circular cross-section channels in EOC. Metal needles,
wires, or reversible gel inks are embedded as sacrificial templates
into hydrogel matrices such as collagen and gelatin methacryloyl
(GelMA). After cross-linking and solidification of the matrix,
circular cross-section or branched microchannels are formed by
extracting or dissolving the templates, followed by endothelializa-
tion of the cavity walls to complete the construction of EOC [73].

Collagen-based circular cross-section cavities prepared using
needle-shaped templates can stably control diameters at 50 to
120 pm; after endothelialization, they maintain an intact endo-
thelial layer and measurable barrier permeability under con-
tinuous perfusion for multiple days [117].

Sugar glass scaffolds fabricated via 3D printing and embed-
ded in GelMA hydrogels can form multilevel branched perfus-
able networks inside the hydrogel after sugar glass dissolution.
This approach establishes a unified bionic blood supply pathway
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for multi-organ-on-a-chip (MOC) systems and represents a
key process for achieving hierarchical vascular networks [118].

Micromolding, 3D printing, and microfluidic spinning are
3 representative techniques for preparing perfusable channels
in hydrogels, which can be flexibly selected according to
requirements for channel scale, geometric complexity, material
compatibility, and cell adaptability [119].

Cell sources and configuration

The biomimetic functions and application value of OOC sys-
tems are ultimately realized through appropriate cell systems
and rational cell configuration strategies. This constitutes the
core step in transitioning OOC platforms from engineering
design to biological function implementation.

Cell sources for 00C

Immortalized cell lines

Immortalized epithelial or endothelial cell lines are widely used
to construct monolayer cell barriers in barrier-type OOC sys-
tems. Their stable availability, straightforward expansion, and
lenient culture conditions make them particularly suitable for
early process optimization and high-throughput preliminary
drug screening [86].

In practical applications, these cell lines present distinct
advantages in cost control and operational convenience, yet
they deviate from primary cells in terms of gene expression
profiles and functional maturity. Both immortalized cell lines
and primary cells require precise matching with the on-chip
microenvironmental conditions, and the functional discrepan-
cies between them can be partially compensated for through
approaches such as coculture or microenvironmental regula-
tion [109].

Primary cells

Primary human-derived cells better recapitulate the in vivo
physiological state in physiological relevance, transporter expres-
sion, and drug-metabolizing enzyme profiles, making them
widely used in OOC construction demanding high predictive
performance [109,120].

Nevertheless, primary cells suffer from pronounced batch-
to-batch variability and limited proliferative capacity, and they
are highly sensitive to microenvironmental conditions (e.g.,
shear stress, substrate stiffness, and ECM composition). This
necessitates precise matching of their on-chip applications with
the functional requirements and structural design of specific
organs [121].

Adult stem cells and iPSCs
Human iPSCs and other adult stem cell sources enable the con-
struction of patient-specific disease models and drug response
platforms in OOCs, allowing the establishment of multiple tissue
modules with distinct genetic backgrounds under the same micro-
fluidic architecture [93]. These cells exhibit remarkable advantages
in source accessibility and genetic editability, but they also face
challenges including complex differentiation protocols, insufficient
functional maturity, and poor batch-to-batch stability [109].
Furthermore, when culturing iPSC-derived organoids and
3D tissue constructs on OOCs, dedicated optimization is required
for chamber dimensions, oxygen and nutrient transport pathways,
and imaging channels to prevent central necrosis of tissues and
achieve long-term online monitoring [121,122].
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Cell selection for EOC

EOC represents a specialized vascular-biomimetic subtype of
OOCs. Cell type selection and configuration directly govern
their structural biomimetic fidelity and functional authenticity.
This necessitates rational, goal-oriented cell selection tailored
to specific research objectives and application scenarios.

Endothelial cell selection
Human umbilical vein endothelial cells (HUVECs) are exten-
sively used for endothelialization of macro/meso-scale vascular
channels due to their easy acquisition and strong expansion
ability. However, they differ substantially from organ-specific
microvascular endothelia (e.g., those of the brain, liver, and
kidney) in transporters and tight junction protein profiles [123].
Human brain microvascular endothelial cells can develop a
barrier phenotype characterized by high electrical resistance and
low permeability when cultured under suitable shear stress
within a 3D matrix. For this reason, these cells serve as the pri-
mary cell source for BBB models built on EOC platforms [116].
Pluripotent stem cell-derived endothelial cells can acquire
phenotypes close to specific organ vascular beds through directed
differentiation and microenvironmental regulation, serving as
promising cell resources for constructing patient-specific and
organ-specific EOC [124].

Blood/immune component configuration

Whole blood, platelet-rich plasma, or reconstituted cell suspen-
sions can be introduced into the perfusion system to investi-
gate the interactions between blood/immune components and
vascular endothelium under quantified shear conditions. This
is applicable to simulating vascular physiological and patho-
logical processes such as thrombosis, leukocyte adhesion, and
complement-related reactions [79].

Application of Microfluidic Chips in RSL Studies

During cold storage, the morphology of RBCs undergoes sub-
stantial alterations; however, their deformability and relaxation
capacity may not exhibit a marked decline within the routine
blood bank storage period under conditions approximating
capillary dimensions and physiological blood flow. This indi-
cates that morphological observation alone is insufficient to fully
reflect the functional RSL, and more sophisticated functional
detection methods are required [6]. In transfusion medicine
practice, the reduction in RBC deformability during storage
impairs the microcirculatory passage ability of transfused RBCs
and may exacerbate transfusion-related complications, thereby
rendering quantitative assessment of the mechanical property
changes of RBCs during storage of great importance [125].

Currently, the storage and transfusion of RBCs predomi-
nantly adopt the “first-in-first-out” principle, i.e., blood prod-
ucts are selected solely based on storage duration. Nevertheless,
multi-omics studies have confirmed that the storage quality of
RBC:s presents remarkable heterogeneity, which is manifested
in multiple aspects including donor individual differences, stor-
age time, and processing conditions. This has also driven the
transformation of transfusion medicine toward a precision
transfusion model based on functional indicators and novel
detection technologies [126].

Existing studies have formed a systematic understand-
ing of the quality assessment methods for RBC products.
Traditional assessment indicators cannot comprehensively cover
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the multidimensional storage lesion characteristics of RBCs in
terms of mechanical properties, rheological properties, and
microcirculatory function. In contrast, emerging microfluidic
and chip technologies are regarded as potential supplementary
tools to remedy the deficiencies of traditional indicators and
improve the quality assessment system [127].

Applications of LOC in RSL

Single-cell biophysical characterization

LOC techniques enable high-throughput, single-cell, and label-
free quantitative analysis of the biophysical properties of stored
RBCs under near-physiological conditions. These methods
overcome the drawbacks of traditional bulk assays and support
comprehensive, accurate characterization of RSL from multiple
biophysical dimensions (Fig. 4A).

RBC quantification by impedance microfluidics

Microfluidic impedance chips based on polyelectrolytic gel
electrodes (PGEs) enable rapid and precise quantification of
RBCs, providing basic quantitative indicators for storage lesion
research [128]. This technology adopts low-voltage direct-
current (DC) impedance as the detection principle, capturing
impedance signals when RBCs pass through PGEs on micro-
channel walls; the number of impedance peaks corresponds to
RBC count, and peak amplitude reflects cell size. Detection
requires only 2 pl of whole blood diluted 800-fold without pre-
treatments such as centrifugation or filtration. PGEs isolate
metal electrodes from RBCs, avoiding cell damage and elec-
trode fouling caused by high electric field gradients, while
hydrodynamic focusing reduces cell coincidence effects. The
counting results show an error of <10% compared with com-
mercial clinical hematology analyzers, and detection is unaf-
tected by cell flow rate or position in the channel, meeting the
miniaturization and point-of-care rapid testing requirements
of LOC systems [128].

Single-cell deformability and morphology

LOCs integrated with capillary-scale microchannels allow high-
throughput characterization of deformation and relaxation
behaviors of individual RBCs under near-physiological condi-
tions. Morphological information can be captured simultane-
ously, thereby resolving the rheological properties of RBCs
during blood bank storage at the single-cell level [6]. Continuous
time-point detection of RBCs stored under standard blood bank
conditions using such devices revealed no substantial changes
in RBC deformability and relaxation kinetics in microchannels
throughout the storage period, despite obvious morphological
deterioration, indicating that morphological alterations alone
do not necessarily lead to functional stiffening of RBCs in the
microvascular environment [6].

Mechanical analysis of cold-stored RBCs using LOCs with
similar capillary constriction structures demonstrated that the
flow behavior of RBCs in microchannels can quantitatively
characterize storage-related decreases in deformability, estab-
lishing a correlation between the concept of “RSL” and micro-
fluidic mechanical phenotypes [129]. Further studies combining
microfluidic technology with mathematical models deduced
key mechanical parameters such as elasticity and viscoelas-
ticity of RBCs by analyzing their confined flow behavior in
microchannels, confirming that elasticity markedly increases,
while deformability and normalized curvature decrease with
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prolonged storage, providing a parametric mechanical frame-
work for quantifying RSL [130].

A portable LOC detection device named Erysense repre-
sents a typical application of capillary-like microchannel LOC.
It employs 8 pm X 11 pm rectangular cross-section capillary-
mimicking microchannels, combined with high-precision pres-
sure control to achieve physiological flow rates of 0.1 to
10 mm/s. This effectively simulates the in vivo microcirculatory
environment, accurately tracks the flow trajectory and mor-
phological dynamic changes of single RBCs, and requires only
sub-microliter blood samples, greatly reducing sample demand
[131]. Integrated with high-speed imaging and custom image
analysis scripts, this device accurately locates the centroid of
RBCs and calculates flow velocity, thereby constructing an RBC
morphological phase diagram. Healthy RBCs exhibit centrally
flowing croissant shapes at low flow rates and transform into
eccentrically flowing slipper shapes at increased flow rates.
RBCs with storage lesions cannot form stable slipper shapes at
a high flow rate of 10 mm/s due to decreased deformability,
instead presenting more abnormally centrally flowing mor-
phologies [131]. Researchers performed 10-week dynamic
microfluidic detection on RBC concentrates refrigerated at
4 °C using this device, finding that the proportion of eccentric
slipper-shaped RBCs at a high flow rate of 10 mm/s decreased
substantially with prolonged storage, while the proportion of
abnormally centrally flowing morphologies gradually increased,
with obvious interdonor individual differences [131]. This
result further confirms that capillary-like microchannels can
effectively quantitatively characterize storage-related decreases
in RBC deformability and precisely capture the interdonor het-
erogeneity of storage lesions, providing a more accurate techni-
cal approach for single-cell analysis of RSL.

A LOC-based RBC deformability detection system models
peripheral vessel constriction and supports the study of RBC
functions under pathological conditions [132]. This chip estab-
lishes the RBC deformability index (RDI) by measuring the
normalized transit velocity and deformation degree of RBCs,
and both intra-assay and inter-assay detection consistencies of
this index are verified to be at a high level. Research on iron defi-
ciency anemia found that RBC deformability in affected patients
shows a marked increasing trend, and RDI is strongly nega-
tively correlated with ferritin levels. The thinning, elliptical
morphological changes, and reduced internal viscosity of RBCs
induced by iron deficiency are the core causes of the abnormally
increased deformability [132]. This study is the first to clarify
the correlation between iron deficiency severity and RBC
deformability, further expanding the application scenarios and
clinical value of microfluidic chips with vessel-mimicking
channels in the quantitative evaluation of RBC functions in
hematological diseases.

RBC effective stiffness assessment

In a LOC device that mimics the folded transit of RBCs through
capillaries, the introduction of a flow velocity-independent
effective stiffness parameter enables a more robust quantitative
assessment of the overall mechanical degradation of RBCs under
physiological deformation modes [125]. Using this folding-
mode chip, fresh RBCs and RBCs stored in blood banks for
up to 6 weeks were tested separately. The results showed that
the effective stiffness of RBCs increased substantially after
approximately 1 week of storage as compared to fresh samples;
moreover, the rate of stiffness rise accelerated further during
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Fig. 4. Multifunctional applications of LOC in RSL assessment. (A) Single-cell biophysical characterization including RBC quantification, deformation analysis, stiffness
measurement, optical volume detection, and multi-parameter profiling. (B) RBC filtration, deformability-based sorting, and separation modules. (C) Hemolysis and membrane
fragility evaluation based on SAW technology. (D) Stiffness quantification and consistency validation between blood bags and tubing segments. (E) Biomimetic simulation of
microcirculatory obstruction and microvascular perfusion. (F) Integrated intelligent quality control system combining multi-parameter analysis and Al. Created in BioRender.

Lei, Y. (2026) https://BioRender.com/5¢c6hvug.

3 to 6 weeks of storage, indicating that mechanical damage can
be detected in RBCs at the early stage of storage and accumu-
lates substantially with storage time [125]. This study simulta-
neously measured the levels of S-nitrosothiols and ATP, and
found that the time points of elevated effective stiffness were
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highly consistent with the decreasing trends of the above 2
classic biochemical indicators of storage. This establishes an
experimental link between storage-related mechanical deg-
radation of RBCs and impairments in energy metabolism
and NO-associated signaling [125].
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Optical volume characterization

In a microfluidic constriction channel integrated with quantita-
tive phase microscopy and a high-refractive-index medium,
real-time quantitative detection of optical volume changes can
be performed during RBC transit through narrow channels,
thereby indirectly reflecting the dynamic alterations in intracel-
lular water content and internal density [133].

Analysis of RBCs from 2 subjects at different cold storage
durations using this platform revealed that the magnitude of
optical volume changes in RBCs under mechanical stress grad-
ually decreased with prolonged cold storage, reaching a statisti-
cally significant difference by day 29 of storage, suggesting that
storage injury impairs the transmembranous water exchange
capacity and internal density regulation ability of RBCs under
mechanical stress [133]. Based on these findings, the study
proposed that the technical platform combining microfluidic
mechanical stress and quantitative phase imaging can serve as
a potential biophysical detection tool for investigating water
homeostasis and membrane permeability changes during RBC
cold storage, expanding the biophysical research dimension for
characterizing RSL [133].

Multi-parameter biophysical analysis

An LOC system based on an artificial microvascular network,
coupled with an intelligent automated particle tracking algo-
rithm, enables high-throughput analysis of the entire RBC
population at single-cell resolution. It accurately quantifies a
single-cell deformability index derived from cell movement
velocity while simultaneously obtaining effective size informa-
tion for RBCs. Furthermore, it constructs a 2D biophysical map
of RBC deformability versus size, analogous to flow cytom-
etry density plots, through density-colored scatter analysis,
thereby characterizing multi-parameter biophysical proper-
ties of RBCs [134].

This technical system has been successfully applied to RBC
detection in healthy donors, patients with sickle cell disease
(SCD), and patients with severe (3-thalassemia major, as well as
analysis of packed RBC:s after 4 weeks of cold storage. It achieved
high-sensitivity, accurate single-cell deformability measure-
ments in all the above samples. Moreover, studies on stored
RBCs confirmed that cold storage substantially reshapes the
subpopulation distribution of RBCs in 2D deformability-size
analysis, revealing a marked increase in functional heterogeneity
of the RBC population induced by storage injury [134].

Deformability-based RBC sorting

Inherent interdonor variability exists in RBC deformability.
Previous microfluidic studies using funnel-shaped microcon-
striction channels have confirmed that RBCs from different
donors exhibit marked differences in susceptibility to oxidative
damage, laying a solid theoretical foundation for subsequent
RBC deformability sorting, trajectory tracking, and storage
aging evaluation [135]. Supported by this theory, the LOC
ratchet microfluidic device achieves precise single-cell RBC
deformability sorting through a multi-stage microconstriction
array [136]. By distinguishing the resistance differences of RBCs
traversing microconstriction structures, the device diverts RBC
populations from a single sample into different outlets to form
distinct cell distribution profiles. Based on these profiles, a rigid-
ity scoring system is established to enable quantitative charac-
terization of RBC population deformability.
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Using the aforementioned LOC sorting platform, research-
ers conducted the first longitudinal detection of RBCs cold-
stored in standard test tubes to further explore interindividual
differences in deformability. The results demonstrated that the
“aging curves” of RBC deformability over cold storage time
differed markedly across donors, whereas the aging curves of
RBCs from the same donor across multiple donations were
highly reproducible. This confirms that the ability of RBCs to
resist cold storage lesions exhibits clear interindividual specific-
ity [136]. The study also found that RBCs from some donors
maintained deformability near the initial baseline after 2 weeks
of cold storage, indicating the existence of “elite donors” in
clinical practice who can provide long-storage, high-quality
RBC:s for sensitive transfusion recipients, offering a new strat-
egy for precise blood matching [136].

To align with real clinical blood storage scenarios, the
research team further extended the storage model from test
tubes to blood bags. Using the same LOC ratchet device,
deformability of RBC concentrates was evaluated every 14 d
over a 56-d cold storage period. The results showed that within
the current statutory 42-d storage limit, the rigidity scores of
RBCs in most blood bags remained stable overall with no sub-
stantial deterioration in deformability. During the extended
storage phase of 42 to 56 d, the rigidity deterioration rate of
RBCs from different donors displayed marked interindividual
differences, further verifying that inherent interindividual traits
in deformability influence storage stability [137].

Building on these findings and targeting the clinical need
for “purifying” stored blood prior to transfusion, related LOC
research integrates microstructural filtration and hydrody-
namic sorting technologies to selectively remove stiff and frag-
ile RBC subpopulations that accumulate during blood storage.
This technique reshapes the mechanical composition of RBC
populations in vitro and effectively enhances the potential abil-
ity of RBCs to traverse the microcirculation [138]. Studies con-
firmed that the sorting technology exhibits superior purification
efficacy for aged RBCs stored beyond 28 d. Compared with
conventional blood washing methods, this technique not only
minimizes mechanical damage to RBCs but also selectively
eliminates deteriorated RBCs rather than merely removing
plasma components, further highlighting its core application
value in optimizing stored blood quality and improving trans-
fusion safety and efficacy [138] (Fig. 4B).

Hemolysis and membrane fragility assessment
The surface acoustic wave (SAW)-based hemolysis detection
platform applies combined acoustic and thermal stress within
LOC channels. This defines the SAW-induced hemolysis tem-
perature as a quantitative physical indicator of membrane fra-
gility and hemolysis susceptibility in stored RBCs [139]. This
method was used to test human RBCs stored for up to 42 d under
cold conditions. The results showed that the SAW-induced
hemolysis temperature exhibited reproducible changes over
storage time and distinct trajectories across different donors,
reflecting the association between donor-specific membrane
mechanical robustness and metabolic profiles [139].
Integrated metabolomics analysis in the study revealed spe-
cific coupling patterns between SAW-induced hemolysis char-
acteristics and RBC metabolic status. This confirms that the
platform can serve as a candidate tool for on-site rapid assess-
ment of stored RBC quality prior to transfusion, effectively
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bridging the gap between traditional metabolic markers and
functional RBC membrane fragility detection [139] (Fig. 4C).

Clinical consistency validation

Rigidity scores of RBC concentrates in blood bags and their
corresponding tubing segments were determined at various
time points during up to 8 weeks of cold storage using a LOC
“ratchet” device [140]. It demonstrated that deformability indi-
ces of segment samples were highly consistent with those of
RBCs in blood bags at all time points.

Conventional hematological parameters, including mean
corpuscular volume (MCV), red cell distribution width (RDW),
mean cell hemoglobin (MCH), and mean corpuscular hemo-
globin concentration (MCHC), were measured concurrently
in the same study. The results revealed strong correlations of
these parameters between blood bag and segment samples,
whereas hemolysis showed poor correlation between the 2
sample types. This indicates that tubing segments serve as suit-
able nondestructive representative samples for deformability-
and volume-related parameters, but are inappropriate for
evaluating hemolysis indicators [140].

To enhance the reproducibility of microfluidic deformability
measurements, a capillary-mimicking LOC study introduced a
standardized flow standard to calibrate the flow resistance and
operating parameters of the device, thereby markedly improving
the consistency of stored RBC deformability assessments across
different experimental batches and chips [141] (Fig. 4D).

Microcirculation and occlusion simulation

Capillary network-mimicking microfluidic chips represent the
early research foundation for microcirculatory function simula-
tion. Previous studies integrated hydrodynamics and circuit
analysis to establish a motion model of RBCs in capillary net-
works, analogizing fluid pressure drop, flow resistance, and flow
rate to electric potential, electrical resistance, and electric cur-
rent, respectively, enabling quantitative calculation of flow field
changes during microvascular occlusion by RBCs [142]. Based
on this model, the study fabricated a PDMS-based capillary
network-mimicking chip via soft lithography. By simulating
in vivo capillary constraints through biomimetic channel struc-
tures and regulating flow rates, the dynamic processes of
RBC occlusion-deformation-perfusion were visualized [142].
Experiments confirmed that this chip could distinguish healthy
RBCs from those with impaired deformability via changes in
pressure drop, and required only trace blood samples for detec-
tion, laying the core foundation of network modeling and chip
fabrication for the subsequent design and development of chips
simulating microcirculatory occlusion [142].

A biomimetic network LOC constructed based on the “sheet
flow” characteristics of pulmonary alveolar capillaries further
enabled accurate characterization of RBC dynamics at physi-
ological hematocrit. This chip employed staggered array micro-
pillars to simulate the dense mesh structure of pulmonary
capillaries, restoring the physiological capillary scale of 3 to
10 pm. Using RBC tracking velocimetry, 3 heterogeneous migra-
tion patterns of RBCs in pulmonary capillary networks were
identified: quasi-straight flow, local trapping, and lateral trans-
location. Additionally, capillary segment size was identified as
the key determinant of network hydrodynamic resistance. The
chip also verified that despite marked heterogeneity in RBC
dynamics at the microscale, the macroscopic flow rate-pressure
drop relationship of the network remained linear, providing
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critical experimental evidence for hydrodynamic modeling
specific to pulmonary microcirculation [143].

In an LOC channel network composed of multi-scale micro-
pillar arrays, a gradient microcapillary structure was con-
structed in a single path by gradually reducing the pore size
from 20 pm to 4 pm, and arteriovenous anastomotic shunts
were simulated via bypass channels. This allowed quantifica-
tion of RBC occlusion in “capillaries” of different sizes without
blocking the overall pathway [144]. When analyzing abnor-
mally deformable RBCs, this “OcclusionChip” demonstrated
that stiff cells were preferentially retained at larger upstream
pores, while relatively soft pathological cells occluded at smaller
pores, forming a size-dependent “microvascular occlusion
index” that can serve as a functional characterization of RBC-
mediated microcirculatory perfusion impairment [144].

A high-throughput automatic tracking system based on a
microvascular network model can also convert single-cell-level
deformability information into flow field distributions and
transit time spectra in a simulated microcirculatory environ-
ment by measuring the motion trajectories and velocities of
RBCs in complex microchannel structures, thereby resolving
the subpopulation characteristics of impaired microcirculatory
function in stored RBCs [134] (Fig. 4E).

Al-integrated microfluidic quality control

Microfluidic RBC deformability detection and imaging analysis
technologies represent emerging quality control tools for stored
blood in the pretransfusion stage. The integration of Al into
this detection system complements traditional biochemical
indicators and multi-omics detection data in dimensionality,
yielding unique technical value and practical potential in com-
bined applications [7,145,146]. Leveraging Al algorithms such
as deep learning and unsupervised clustering enables intelligent
end-to-end processing of high-dimensional RBC data gener-
ated by microfluidic imaging—from morphological recognition
to functional feature parsing—markedly improving the effi-
ciency, accuracy, and standardization of detection and analysis
while effectively compensating for the limitations of manual
analysis [147].

Label-free imaging based on imaging flow cytometry com-
bined with deep learning allows automated classification of
6 morphological states associated with storage lesions in
RBCs across a 42-d storage period without additional staining.
Analytical models constructed by extracting deep visual features
of RBCs can capture the continuous evolutionary pattern of their
morphology with storage duration, providing core technical sup-
portand data evidence for inferring the remaining effective stor-
age time of stored blood [148].

Using RBC deformability sorted by the LOC “ratchet” device
as the ground-truth label, training a convolutional neural net-
work on single-cell microscopic images achieves approximately
81% accuracy in classifying single-cell deformability. At the
sample level, the prediction error of the overall deformability
score can be controlled within approximately 10% [149].

The open-source Al analysis software iCLOTS provides a
mature tool for intelligent analysis of microfluidic RBC detec-
tion. Integrating computer vision, machine learning, and data
science algorithms, it automates processing of microfluidic
microscopic imaging data of RBCs, enabling single-cell track-
ing, adhesion analysis, velocity profile construction, and
multiscale microfluidic aggregation analysis. The embedded
k-means unsupervised clustering algorithm can naturally group
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high-dimensional detection data, accurately identify RBC sub-
populations, distinguish healthy RBCs from those with storage
lesions, and quantify functional heterogeneity caused by storage
lesions [150]. As a programming-free, standalone open-source
system, the software directly imports microfluidic image and
video data, completes analysis via interactive parameter adjust-
ment, and outputs quantitative values and visual charts. It inte-
grates multidimensional indicators including RBC morphology,
flow velocity, and deformability [150], providing a standard-
ized, high-throughput AT analysis solution for RSL assessment,
and effectively reducing errors and biases in manual analysis.

For clinical applications, a multi-parameter functional eval-
uation platform centered on LOC should incorporate donor
biological characteristics and omics markers to support the
transformation of transfusion strategies from “usage by storage
time” to “allocation by functional quality”, thereby exerting
decision-supporting roles in actual transfusion workflows
[126] (Fig. 4F).

Applications of 00C in RSL

Based on LOC technology, OOC upgrades the conventional
planar fluidic system of LOC into a vascular-mimetic functional
device with reconfigurable blood-endothelium interface (i.e.,
EOC) by constructing a continuous, perfusable endothelial
luminal surface inside microchannels. This enables in-depth
dissection of bidirectional interactions between blood and endo-
thelial cells at scales where RBC size is comparable to vessel
diameter and blood flow exhibits typical microcirculatory char-
acteristics [73]. EOC closely recapitulates the in vivo microcir-
culatory environment in terms of geometric dimensions (vessel
diameter < 100 pm), shear stress range, and cellular composi-
tion, making it suitable for investigating pathophysiological
processes closely associated with RBC function, including RBC-
endothelium interactions, microvascular resistance regulation,
and microthrombus formation [73].

In such devices, microchannels with regular or complex
geometries are fabricated in rigid substrates or hydrogels and
tully endothelialized on the luminal surface. This maintains
precise control over flow field and shear stress while introduc-
ing authentic cellular interfaces and endothelial surface layers,
rendering RBC-related experiments more physiologically rel-
evant to the in vivo vascular milieu [151]. Compared with rigid
microchannels lacking endothelium, the endothelium and its
surface layer in EOC markedly alter RBC near-wall distribu-
tion, hydraulic resistance, and microrheological parameters of
aggregation/disaggregation. It also reconstructs complex phe-
nomena such as RBC adhesion, microvascular occlusion, and
hemolytic injury in disease models, providing a methodological
foundation for extending functional assessment of RBC storage
injury to a near-physiological vascular environment [152].

A variety of EOCs have been developed, and each structural
design exhibits unique advantages alongside intrinsic technical
limitations. To systematically summarize and quantitatively
analyze the core architectures, quantifiable readouts, advan-
tages, and limitations of representative published EOC plat-
forms, a comparative overview is presented in Table 1.

EOC for RBC rheological evaluation

EOC platforms reconstruct the physiological endothelial interface
and luminal microenvironment, enabling quantitative analysis of
RBC rheological behaviors under biomimetic shear conditions.
These systems clarify how the endothelial layer regulates flow

Lei et al. 2026 | https://doi.org/10.34133/research.1405

characteristics, RBC aggregation, and microrheological param-
eters, providing a physiologically relevant platform for evaluating
RBC functional impairments caused by storage lesions (Fig. 5A).

Endothelial surface layer and flow regulation
Confluent endothelial monolayers are established within regu-
lar rectangular microchannels and characterized by confocal
imaging. A continuous endothelial surface layer extending over
the entire luminal surface was clearly visualized, with a thick-
ness of approximately 600 nm—consistent with the thickness
of the glycocalyx in in vivo microcapillaries. This provides a
solid structural foundation for in-depth investigations into
RBC-glycocalyx interactions within chip-based systems [151].
In the same endothelialized microchannels, measurements
of pressure drop-flow relationships and RBC velocity fields
revealed that the presence of endothelium substantially increased
hydraulic resistance compared to non-endothelialized channels.
Additionally, the velocity distribution and motion trajectories
of RBCs in the near-wall region were markedly altered, indicat-
ing that the endothelium and its surface layer reshape near-wall
flow characteristics and apparent viscosity of RBCs at the
micrometer scale [151]. Within EOC systems, these parameters
of hydraulic resistance and near-wall RBC velocity fields are
closely correlated with viscosity and microcirculatory flow
capacity—key indicators targeted in conventional studies of
RBC storage injury. This establishes a bridge linking the read-
outs of EOC assays to the core features of storage injury [151].

RBC aggregation and disaggregation

An EOC was constructed based on a slit-shaped microchannel
with HUVECs cultured on its luminal surface. Combined with
laser aggregometry, the changes in backscattered light intensity
of whole blood containing RBCs under different shear stresses
were recorded. The hydrodynamic strength and disaggregation
behavior of RBC aggregates can be quantitatively evaluated using
a single parameter—the critical shear stress [153]. A comparison
of experimental results between bare channels and endothelium-
covered channels reveals that the presence of endothelial cells
leads to a marked decrease in the critical shear stress of RBC
aggregates, along with a marked improvement in measurement
accuracy. This phenomenon indicates that the authentic endo-
thelial interface and its microscopic morphology alter the local
shear field and the RBC-wall lubrication state, thereby affecting
the microrheological detection results of RBC aggregation based
on microfluidic technology [153].

This critical shear stress index directly reflects the alteration in
aggregation tendency during RSL, providing a novel detection
dimension for quantifying RBC dysfunction induced by storage
lesion [153]. In single-RBC-scale microfluidic studies, multifunc-
tional chip platforms integrating microscopic imaging, tomo-
graphic analysis, spectroscopic analysis, trapping arrays, and
aggregation/agglutination modules have been successfully devel-
oped. These platforms enable precise assessment of key parameters
such as RBC deformability, aggregability, and electrical properties.
Some of these platforms have been applied to detect changes in
the electrical properties of stored RBCs, offering reliable technical
support for quantifying the impacts of storage conditions and stor-
age duration on the physical properties of RBCs [8].

RBC-endothelium interaction analysis

EOC models enable real-time, quantitative, and shear-controlled
analysis of RBC adhesion to the vascular endothelium under
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Table 1. Summary of EOC platforms for RSL and related research

RSL and
Structural Biomimetic functional
Platformtype  design Cell source  parameters readouts Advantages Limitations References
Clinical RSL Rectangular HUVEC 1dyn/cm? RBC adhesion  Standardized Single- [153-155,158]
high-throughput parallel channels, shear; heme/ rate, CSS, clinical dimensional
assay chips fibronectin hypoxia/ endothelial detection; direct RBC index only;
coating, 4-h thrombin adhesion hypoxic storage  no long-term
rapid stimulation; molecule RBC adhesion culture;
endothelialization short expression quantification;  rectangular
perfusion simple workflow nonphysiologi-
cal lumen
Pathological Custom tunable HUVEC, Shear 0- RBC transit Arbitrary Static culture [157159,
geometry microchannels, HAEC, 220 dyn/cm?,  time, micro- pathological cannot mimic 162,188]
modelling stenosis/ HMVEC, adjustable channel vessel long-term
chips bifurcation HLMVEC osmolarity/ occlusion, VWF  geometry; endothelial
geometry hypoxia; morphology, whole bloodand remodeling;
laminar flow  platelet drugscreening;  rectangular
adhesion low-cost PDMS  channel flow
fabrication bias
3D hydrogel- Hydrogel 3D HUVEC, Shear 0.1-10  Endothelial Month-long Hydrogel weak  [152,161,165]
based lumens, HLMVEC, dyn/cmz; permeability,  chronic injury mechanical
long-culture multi-cell hiPSC-EC, sustained RBC fragmen-  simulation; ECM  strength;
chips coculture space pericytes, perfusionup  tation, remodeling; minimum
THP to30d thrombus, immune- channel 20 pm;
macrophages angiogenesis  endothelial matrix
sprouting crosstalk degradation
risk
Patient-derived Conventional Human/ Tunable Platelet/fibrin  Autologous Short culture [163,189]
autologous microchannels,  porcine arterial/ deposition, blood-derived window; no
endothelial fibronectinfor ~ BOEC, venous shear; endothelial EC, no biopsy; dedicated RSL
chips primary cell patient TNF-a/ gap leakage personalized testing;
adhesion, whole  PAEC, histamine inflammation rectangular
blood perfusion HUVEC stimulation; modeling lumen
control max 18-h mismatch
culture
Hierarchical Self-assembled  HUVEC, lung Dual pressure  Vascular Unique Self-assembled [166]
microcircula- artery—capillary— fibroblast, gradient permeability,cell complete capillary
tion chips vein integrated  smooth (capillary bed  extravasation, microcirculation heterogeneity;
network muscle 200 Pa, vasoconstriction  architecture; low arterial
arteriole multi-scalecell  flow; no RSL
channel 60 Pa) behavior analysis  research

EOC, endothelium-on-a-chip; RSL, red blood cell storage lesion; RBC, red blood cell; CSS, critical shear stress; VWF, von Willebrand factor; HUVEC, human
umbilical vein endothelial cells; HLMVEC, human lung microvascular endothelial cells; HAEC, human aortic endothelial cells; HMVEC, human microvascular
endothelial cells; hiPSC-EC, human induced pluripotent stem cell-derived endothelial cells; HBVPCs, human brain vascular pericytes; BOECs, blood-derived
endothelial outgrowth cells; PAEC, human pulmonary artery endothelial cells; THP-1, human acute monocytic leukemia cell line; NHLFs, human lung fibro-
blasts; SMCs, human lung smooth muscle cells; ECM, extracellular matrix; TNF-c, tumor necrosis factor-o

physiological and pathological conditions. These platforms
reveal how vascular geometry, endothelial activation, bio-
physical properties of RBCs, and external interventions
regulate RBC-endothelium interactions, offering a physiologi-
cally relevant tool for evaluating adhesion abnormalities caused
by RSL (Fig. 5B).
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RBC adhesion under physiological and pathological conditions

The EOC based on linear microchannels enables the perfusion
of RBCs under physiological shear conditions. By quantitatively
counting the number of adherent cells per unit area, a func-
tional evaluation system applicable to the microvascular scale
is established, which can characterize RBC adhesion phenotypes
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Fig. 5. Applications of OOC (EOC) in evaluating RSL. (A) RBC rheological property detection. (B) RBC-endothelium interaction analysis. (C) Modeling of microvascular
thrombosis, mechanical shear injury, and hemolysis. (D) Multiparameter comprehensive evaluation of RSL. Created in BioRender. Lei, Y. (2026) https://BioRender.com/vljgb7u.

and individual differences [154]. When endothelial cells in the
same chip platform are exposed to pathological concentrations
of free heme, the adhesion of RBCs to the endothelium is mark-
edly enhanced. Moreover, the adhesion intensity varies among
patients and correlates with plasma hemolytic marker levels
and clinical disease severity, demonstrating that this EOC
can sensitively reflect functional differences in the hemolysis—
endothelial activation-RBC adhesion pathway [154].

The standardized EOC platform allows for the quantitative
analysis of the adhesion behavior of stored RBCs to human
microvascular endothelial cells under controlled shear condi-
tions. Studies have confirmed that different oxygen environ-
ments during storage alter the endothelial adhesion properties
of RBCs, which are directly associated with the storage lesion
phenotype [155]. This method provides an experimental basis
for evaluating the adhesiveness of stored RBCs under physio-
logically relevant conditions and can also be used to screen
RBC storage strategies that reduce the risk of post-transfusion
endothelial activation and microvascular occlusion.

Vascular geometry-mediated adhesion regulation

Endothelial monolayers were established in complex vascular
geometries (including stenoses, aneurysms, and bifurcations)
fabricated with PDMS [156]. Combined with fluid dynamic
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analysis and immunofluorescence imaging, a correlation was
established between the local wall shear stress distribution and
the spatial expression of adhesion molecules such as vascular
cell adhesion molecule-1. It was revealed that the shear envi-
ronment dictated by vascular geometry can modulate the adhe-
sion potential of blood cells including RBCs by regulating
endothelial adhesion molecule expression [156]. In identical
stenosis-bifurcation EOC, the presence of endothelial cells
reduced platelet adhesion at stenotic sites while increasing RBC
adhesion in bifurcation regions, indicating that the same endo-
thelial layer exhibits cell-type and spatial-position specificity
in regulating the adhesion behavior of different blood cells
under distinct geometries and shear environments [156].

Biophysical property—adhesion correlation

Another category of EOC models for RBC research enables
quantitative correlation of RBC biophysical properties and
adhesive function within a single system by modulating extra-
cellular fluid tonicity to alter RBC volume and deformability
and measuring corresponding adhesive behaviors on endothe-
lial surfaces under flow. This highlights the advantage of EOC
in simultaneously resolving cellular biophysical properties and
functional phenotypes [157]. This technical framework is also
applicable to stored RBC research, allowing precise correlation
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of morphological and deformability changes during storage
with adhesive and passage performance of RBCs in the micro-
vascular environment [157].

Intervention effects on RBC-endothelium adhesion

Thrombin stimulation assays performed in EOC allow direct
observation of thrombin-mediated endothelial contraction and
injury, accompanied by quantitatively enhanced RBC adhesion
to the damaged endothelium. Conversely, combined treatment
with human antithrombin III markedly reduces RBC adhesion,
validating that EOC can be used to evaluate the regulatory
effects of anticoagulant and anti-inflammatory interventions
on RBC-endothelium adhesion [158].

Microvascular thrombosis and occlusion modeling

EOC systems enable in vitro recapitulation of pathophysiologi-
cal processes including microvascular occlusion, thrombosis,
and mechanical damage under controlled hemodynamic condi-
tions. These platforms clarify the roles of stored RBCs in throm-
botic events and endothelial barrier dysfunction, providing a
reliable experimental system for evaluating microcirculatory
risks associated with RSL (Fig. 5C).

In vitro recapitulation of occlusion and thrombosis
By perfusing patient-derived RBCs or whole blood through
microchannels with stenotic and bifurcated geometries in EOC,
and monitoring channel patency and thrombotic progression
in real time, disease-relevant microvascular occlusion and
thrombosis can be recapitulated in vitro. This enables system-
atic dissection of the mechanisms by which RBCs contribute
to microvascular obstruction under controlled conditions [159].
Hydrogel-based thromboinflammation EOC models inflam-
matory microenvironments to investigate thrombus formation
and resolution, defining the regulatory roles of inflammatory
factors in thrombus progression and endothelial injury. Studies
in SCD using this platform confirm that neutrophil-platelet
aggregates in patient blood directly trigger microvascular occlu-
sion and impair endothelial barrier function [160].

3D EOC constructed from interpenetrating polymer net-
work hydrogels support the formation of reversible focal flow
obstructions by SCD RBCs or Plasmodium-infected RBCs in
localized microchannels under flow conditions. Combined with
transendothelial permeability assays using fluorescent tracers,
delayed and reversible endothelial hyperpermeability induced
by exogenous free heme can be visualized. This single platform
directly presents the coupled relationships between pathologi-
cal biophysical properties of RBCs, release of hemolytic prod-
ucts, and endothelial barrier dysfunction [152]. This approach
simultaneously captures RBC-induced reversible microvascular
occlusion and time-dependent endothelial permeability altera-
tions elicited by free heme, offering a readily translatable exper-
imental paradigm for introducing stored RBCs into engineered
chip architectures and systematically assessing their microcir-
culatory function [152].

Thrombotic mechanisms and RBC mechanical injury

Engineered 3D endothelialized microvessels constructed on
collagen scaffolds have enabled in vitro studies of intravascular
thrombosis and associated microvascular processes under con-
trolled flow fields and complex geometries, laying a foundational
model for further delineating shear-dependent thrombotic
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mechanisms [161]. In EOC with curved and sharp-turn structures
fabricated within 3D collagen matrices, von Willebrand factor
(VWE) secreted by activated endothelial cells self-assembles into
fibrous and web-like structures in regions of high shear stress or
abrupt flow velocity changes, with enhanced assembly in micro-
vessels <300 pm in diameter. This provides an in vitro platform
with high spatial resolution for investigating macromolecule-
mediated thrombosis at the microvascular scale [162].

Within these chips, the fibrous and web-like structures
formed by VWF simultaneously capture platelets, leukocytes,
and RBCs, triggering focal blood flow obstruction. Under cer-
tain conditions, they also inflict mechanical shear damage on
passing RBCs, successfully recapitulating microvascular throm-
bosis and RBC mechanical disruption under high shear and
geometric discontinuity in vitro [162]. Observing this process
permits precise evaluation of RBC mechanical tolerance
and hemolytic susceptibility in pathologically relevant environ-
ments characterized by high shear and geometric discontinuity.
These measurements directly correlate with the functional con-
sequences of increased mechanical fragility of RBCs following
storage lesions, further refining the assessment system for stor-
age lesions [162].

Diverse EOC models for thrombosis research

Perfusion of whole blood containing RBCs through linear
microchannel EOC lined with primary human endothelial cells
induces platelet-rich thrombus formation at physiologically
relevant shear rates. Real-time imaging-based quantitative
analysis of platelet adhesion area and fibrin deposition extent
enables systematic assessment of thrombotic dynamics in the
presence of endothelium, providing a reliable platform for anti-
thrombotic drug screening involving RBC [163].

EOC constructed with chemically fixed human vascular
endothelium that retains core hemostatic regulatory functions
allow rapid detection of thrombosis and platelet function using
small volumes of whole blood. This platform can be applied to
analyze antiplatelet drug effects, demonstrating the clinical
diagnostic feasibility of fixed endothelialized chips [164].

Perfusion of whole blood with RBCs through 3D EOC inte-
grated with macrophages effectively induces intravascular
coagulation and fibrin clot formation [165]. This model resolves
the intercellular crosstalk among immune cells, endothelial
cells, and blood components in the thrombo-inflammatory
cascade on a single platform, providing a physiologically rel-
evant in vitro system for exploring the synergistic mechanisms
of thrombo-inflammation.

Hierarchical EOC for multidimensional assessment

The hierarchical EOC constructed by combining viscous finger
patterning and self-assembly enables compartmentalized func-
tional detection of different microvascular segments (arterioles,
capillaries, and venules) [166]. This model can precisely mea-
sure the hydraulic resistance and transendothelial permeability
of the entire microvasculature and each compartment, and
quantitatively analyze the arrest and extravasation efficiency of
circulating cells in vascular segments with distinct shear stress
levels under tunable flow fields and shear stress conditions.
Furthermore, it can synchronously record the regulatory effect
of vascular smooth muscle cell-mediated vasoconstriction on
microvascular flow fields and the microcirculatory behavior of
circulating cells [166]. This technique extends the functional
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evaluation of RSL from a single vascular scale/single detection
index to a multi-segment, multi-parameter comprehensive
assessment within a hierarchical microvascular network. It can
more comprehensively simulate the overall flow behavior of
stored RBCs in the in vivo microcirculation, establishing a
more systematic technical platform for correlating storage
lesions with functional abnormalities of RBCs in different
microvascular segments.

In EOC research centered on the blood-endothelium inter-
face, reconstructing perfusable microvasculature with precisely
defined geometric structures and shear conditions has fully
demonstrated the core capability of such chips in dissecting
bidirectional signal transduction between blood and endothelium
under homeostasis. This lays a solid methodological foundation
for the future comprehensive evaluation of the interactions
between stored RBCs and endothelium, as well as the resulting
microcirculatory functional changes, under near-physiological
in vivo conditions [79] (Fig. 5D).

Future Outlook

Current platforms possess prominent merits across core evalu-
ation dimensions including physiological mimicry, multi-index
detection, quantitative measurement, experimental through-
put, and manufacturing reproducibility (Table 2). However,
multiple interwoven unresolved technical and translational
obstacles remain, including limited long-term coculture dura-
bility, incomplete biomimetic vascular topology, low detection
sensitivity for trace injury biomarkers, insufficient experimen-
tal throughput, absence of unified quantitative grading thresh-
olds, and nonstandardized chip fabrication workflows. Further
technical iteration and systematic optimization are therefore
required to fully unlock the translational potential of EOC and
related microfluidic systems for RSL research and clinical trans-
fusion practice, with multiple promising developmental direc-
tions elaborated below.

Vascularized MOC for RSL research

As an advanced form of microfluidic biomimetic technology,
vascularized MOC provide an innovative platform for simu-
lating in vivo interorgan physiological and pathological interac-
tions by constructing a multi-tissue/organ connection system
with selectively permeable endothelial barriers [167-169]. Studies
have successfully achieved long-term stable in vitro culture
of mature tissues such as heart, liver, bone, and skin using MOC
systems [170-172]. Its core advantages lie in connecting tissue-
specific microenvironments through vascular channels and
maintaining tissue phenotypic stability via endothelial barriers,
enabling accurate recapitulation of in vivo pharmacokinetic/
pharmacodynamic profiles of drugs and interorgan signal com-
munication [170,173,174]. The capabilities of this system, including
simulating trans-tissue substance exchange, regulating selective
infiltration of immune cells, and maintaining long-term pheno-
types, provide critical technical support for dissecting the systemic
effects of RSL and are expected to break through the bottleneck
of traditional single-organ models in simulating multi-organ
interactive effects after RBC transfusion.

Current EOC used for RBC-related research are mostly con-
structed based on single-cell or single-tissue interfaces. Although
they can simulate local microcirculatory mechanical environ-
ments and barrier functions, they have obvious limitations.
Notably, they cannot recapitulate multi-organ cascade reactions
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induced by RSL, fail to simulate the synergistic effects of mul-
tiple systems such as liver metabolism, vascular endothelial
response, and immune cell clearance, and lack the ability to inte-
grate systemic physiological and pathological feedback after RBC
transfusion [175]. Such single-cell chips can only characterize
local mechanical or barrier interaction properties of storage-
lesioned RBCs, and cannot comprehensively reveal critical clini-
cal issues such as systemic oxidative stress, iron overload, and
multi-organ functional impairment caused by these cells.

In the future, vascularized MOC technology, and further
advanced body-on-a-chip (BOC) systems, can be extrapolated
to the field of RSL research. Leveraging the advantages of multi-
tissue coculture of this technology, an integrated model contain-
ing key organs such as vascular endothelium, liver, kidney, and
lung can be constructed to simulate the interactions between
storage-lesioned RBCs and multiple organs after transfusion.
Modular stacked MOC architectures with decoupled indepen-
dent perfusion loops will be developed to extend continuous
stable coculture cycles, alongside integrated hierarchical arteriole—
capillary-venule channel networks that fully reconstruct the
complete multi-scale vascular topology missing from conven-
tional single-channel chips, resolving the short culture window
and oversimplified vessel geometry that restrict comprehensive
long-term pathological observation. Embedded dual-circuit sub-
stance enrichment modules will also be incorporated into the
systemic circulation loop to boost the capture and measurable
concentration of low-abundance circulating injury mediators,
allowing sensitive tracking of subtle molecular damage signals
generated during RBC storage. Leveraging its capabilities of
endothelial barrier regulation and trans-organ signal communi-
cation, MOC platforms can accurately dissect the pathogenic
mechanisms of injury products, such as free hemoglobin and
RBC-derived microvesicles, and their distribution. By regulating
the mechanical microenvironment and integrating multiple tis-
sues in MOC, complex RSL-induced pathological processes, such
as vasoconstriction, microthrombosis, and organ perfusion
abnormalities, can be recapitulated in vitro. This technological
expansion will advance RSL research from the local cellular level
to systematic mechanistic dissection, providing a novel technical
pathway for optimizing blood bank storage strategies and estab-
lishing a precise transfusion evaluation system (Fig. 6A).

Integration with multi-omics and machine learning

The rapid advancement of multi-omics technologies has estab-
lished systematic associations among donor genetic back-
grounds, environmental exposure factors, and RBC storage
quality. Through multidimensional analyses including genom-
ics, metabolomics, proteomics, and lipidomics, key molecular
signatures and regulatory pathways influencing RBC hemolysis
rate and post-transfusion in vivo recovery have been identified
[176]. Machine learning, a cross-learning method integrating
computer science and statistics, boasts unique strengths in pro-
cessing complex datasets [177,178]; so, leveraging its capacity
to decipher high-dimensional omics data, this analytical frame-
work accurately screens molecular patterns associated with RSL
and transfusion clinical outcomes from massive metabolic and
proteomic features. Meanwhile, algorithms such as random
forest and lasso regression enable efficient identification of stor-
age quality biomarkers. Furthermore, machine learning pro-
vides targeted design strategies for the development of novel
blood storage additives via high-content screening of on-chip
cell morphology and simulation models of RBC membrane
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Table 2. Performance evaluation of EOC in RSL research

Evaluation dimension

Current status

Physiological fidelity

Detection dimensions

Quantification capability

Throughput and clinical
adaptability

Technical standardization
and reproducibility

In vivo physiology
recapitulation; core RSL
pathologies reproduc-
tion; multi-factor process
integration; vascular
biomechanics mimicry
Multi-indicator simulta-
neous detection; RSL
core indicator measure-
ment; multi-level
functional analysis;
dynamic cell behavior
visualization

Core RSL indicator
quantification; RSL
difference quantification;
intervention effect
quantification

Clinical sample compat-
ibility; micro-sample
detection support;
clinical RSL scenario
recapitulation

Standardized protocol
establishment; reproduc-
ible chip fabrication;
good assay reproducibil-

Advantages Limitations References
Higher physiological Short-term culture [152,154,155,159,166]
relevance; precise system; incomplete

pathological recapitula-  vascular structure

tion; multi-cell source

compatibility

Integrated multi-pathology Endpoint-based [154,155,159,163,188]
detection; synchronized  detection majority;

multi-function detection;  low-abundance indicator

real-time pathological insensitivity; trace factor

visualization detection challenge

Higher quantification Unified threshold [154,155,159]
accuracy; clinical absence

phenotype correlation;

minimal sample volume

requirement

Direct clinical sample Low throughput property; [154,155]
interface; pre-transfusion high technical requirement;

quality assessment; long detection cycle

individualized suscepti-

bility evaluation

Reduced experimental Insufficient fabrication [154,155]

variability; superior
reproducibility; guaran-
teed batch consistency

standardization; unified
standard absence

ity; standardized assay
formulation

EOC, endothelium-on-a-chip; RSL, red blood cell storage lesion; RBC, red blood cell; SOP, standard operation procedure; QC, quality control

mechanics [176], emerging as a core technological pillar driving
transfusion medicine from empirical to precision practice.

As an advanced subfield of machine learning and an indis-
pensable backbone of health data science, deep learning pro-
vides a critical technical layer for the integrated analysis of
multi-omics data [179-181]. Intelligent models based on region-
based convolutional neural networks (RCNN) enable high-
precision automated identification and classification of RBCs
in microscopic images, effectively overcoming analytical chal-
lenges such as cell adhesion and overlap [182]. Recent studies
have further established a low-cost, label-free strategy that
integrates microfluidics with optimized deep learning for multi-
class morphological classification of RBCs, allowing quantita-
tive assessment of stored blood quality through morphological
indices [183]. These approaches convert hard-to-quantify
phenotypic features such as RBC morphology into digitized,
model-ready data, filling the gap left by conventional multi-
omics in the quantitative analysis of cellular morphological
phenotypes [182]. By further coupling deep learning with
microfluidic platforms [184], researchers can enrich the data
dimensions for RSL phenotypic characterization, forming a
robust closed loop of multidimensional feature data.

Lei et al. 2026 | https://doi.org/10.34133/research.1405

Nevertheless, such analytical pipelines remain unidirec-
tional, lacking feedback loops for iterative experimental opti-
mization. A bidirectional closed-loop architecture defined as
OOC-ATlvirtual cell (OOC-AIVC) system has been proposed
to mitigate this limitation; this framework realizes reciprocal
calibration between microphysiological chips and multi-
scale computational models, facilitating multi-modal data
fusion and longitudinal individualized prediction of RSL pro-
gression [185].

Building upon the bidirectional calibration mechanism of
the OOC-AIVC system, the deep convergence of microfluidic
platforms, multi-omics technologies, and machine learning is
expected to constitute the core technical system of a “digital
twin blood bag”, enabling precise prediction and dynamic
monitoring of the entire RBC storage cycle. The specific techni-
cal concept is detailed as follows. In the early stage of blood
donation, a small number of RBCs are extracted from donor
samples. On one hand, single-cell deformability distribution,
membrane mechanical characteristics, and morphometric quan-
titative phase images are obtained via microfluidic chips, with
digitized analysis of morphological and mechanical features
completed by deep learning models. On the other hand, limited
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multi-omics data (genomics, metabolomics, proteomics, etc.)
of the sample are collected synchronously, and multi-modal
data fusion is performed on digitized morphological/mechani-
cal features and multi-omics molecular signatures. A multi-
modal machine learning model is trained using large-sample
tull-cycle data of RBC storage. Parallelized single-cell tracking
algorithms will be embedded into the unified analytical pipeline
to realize simultaneous profiling of hundreds of individual RBCs,
greatly lifting the limited sample processing capacity of tradi-
tional chip observation workflows; meanwhile, the trained multi-
modal model will generate universal standardized scoring cutoffs
for RSL severity, eliminating inconsistent comparative results
caused by the lack of unified quantitative evaluation criteria
across different experimental batches. The model can not only
predict traditional regulatory endpoints such as hemolysis rate
and 24-h in vivo survival rate but also further forecast functional
endpoints closer to clinical transfusion outcomes, including
early splenic clearance ratio and magnitude of microcirculatory
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resistance elevation. Thereby, an “expected performance curve”
for the unit is generated during blood product manufacturing,
realizing early prediction of storage quality.

On a broader scale, massive chip readings and omics data
from diverse regions and populations can be aggregated into a
shared model, continuously enhancing the model’s adaptability
to different races, diets, disease spectra, and storage practices.
Ultimately, a cross-population and cross-system predictive
engine will be formed, driving transfusion medicine toward
full-chain precision management (Fig. 6B).

Functional quality control for precision transfusion

Traditional quality control of RBC units in blood banks centers
on storage duration, supplemented by a small number of bio-
chemical indicators. It only enables basic safety screening and
fails to precisely characterize storage-induced impairment of
RBC deformability and its actual impact on microcirculatory
perfusion. Thus, it is inadequate to meet the clinical transfusion
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Fig. 6. Future development directions of microfluidic technology in RSL quality control and precision transfusion. (A) Vascularized MOC for systemic pathophysiological simulation.
(B) Integration with multi-omics and machine learning for intelligent quality prediction. (C) Shift from time-based to function-based management for stratified precision
transfusion. (D) Microfluidic-optimized storage strategies and intelligent blood storage microreactors. Created in BioRender. Lei, Y. (2026) https://BioRender.com/6fmh65e.
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needs of diverse recipients. Studies using microfluidic capillary
network technologies—including the artificial microvascular
network and multiplexed microcapillary network—have con-
firmed that these platforms exhibit markedly higher sensitiv-
ity to storage-induced decline of RBC deformability than
conventional ektacytometry. They can not only identify func-
tional differences of RBCs under distinct storage conditions at
an early storage stage but also quantify capillary plugging-
related metrics to accurately reflect the actual traversal capabil-
ity of RBCs in physiological microcirculation, providing clinically
relevant core indicators for the functional quality assessment
of RBCs [186].

Driven by the high sensitivity and functional relevance of
microfluidic technologies, the future quality control system of
blood banks is expected to undergo a pivotal transformation
from time-based management to function-based scoring,
establishing functional quality control standards for RBCs cen-
tered on microvascular traversal capacity. Specifically, prior to
clinical release, each unit of RBCs may undergo a standardized
microfluidic testing panel for comprehensive detection and
scoring of multidimensional functional indicators—including
microvascular network perfusion rate, single-cell rigidity spec-
trum distribution, and capillary plugging risk—replacing the
traditional single-evaluation model to achieve precise quanti-
fication of RBC functional status.

Industrialized pre-endothelialized disposable chip cartridges
pre-coated with anti-fouling ECM will be developed to remove
complex on-site cell culture steps and shorten total testing dura-
tion, lowering the professional operation threshold for routine
blood bank staft. This functional quality control system will
directly facilitate the implementation of precision transfusion
matching, enabling risk-sensitive transfusion strategies tailored
to the clinical characteristics of recipients. For microcirculation-
vulnerable populations such as patients with cardiovascular and
cerebrovascular diseases, premature infants, and critically ill
patients in intensive care units, RBC units with high perfusion
rate, low rigidity percentile, and low plugging risk in microflu-
idic tests may be preferentially selected to minimize the adverse
effects of storage-damaged RBCs on the recipient’s microcircula-
tion. For non-microcirculation-sensitive populations such as
patients undergoing elective surgery, under the premise of meet-
ing functional safety thresholds, blood bank inventory turnover
efficiency and transfusion costs may be balanced to achieve
optimal resource allocation (Fig. 6C).

Microfluidic optimization of storage strategies

Microfluidic technologies exhibit great application potential in
optimizing RBC storage systems by virtue of precise fluid
manipulation, micro-volume sample detection, and automated
regulation capabilities. Studies have confirmed that a semi-
autonomous glucose delivery system based on microperistaltic
pumps combined with Wi-Fi wireless control enables periodic
bolus glucose supplementation in the modified AS-1N normo-
glycemic storage system, stably maintaining glucose concentra-
tion in the storage system at a physiological level (normoglycemic
state). Compared with the traditional hyperglycemic storage
solution (AS-1), this method can markedly reduce the RBC
lysis rate and hemoglobin glycation damage, enhance the ATP
release capacity of RBCs, and improve the deformation perfor-
mance related to single-cell Young’s modulus, realizing the syn-
chronous optimization of chemical and physical-mechanical
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properties of RBCs during storage [187] . This technical practice
proves that active regulation of the RBC storage microenviron-
ment via microfluidic technologies can effectively alleviate stor-
age lesions and provide critical technical support for the precise
design of storage strategies.

On the basis of microfluidic-mediated precise regulation of
the storage microenvironment, future RBC storage systems can
break through the passive storage mode of traditional blood
bags and upgrade to integrated and programmable “microfluidic
smart blood storage microreactors”. The blood storage system
will be embedded with microfluidic channels, high-precision
microperistaltic pumps, gas exchange membranes, and micro-
sensor modules. This could enable dynamic and programmed
adjustment of key parameters of the storage microenvironment
using automated control algorithms. For example, in the early
stage of storage, glucose supplementation rate can be precisely
regulated through micropumps to maintain a physiological nor-
moglycemic environment and inhibit non-enzymatic glycation;
oxygen tension can be adjusted through gas exchange mem-
branes to reduce oxidative stress damage. In the middle stage,
intermittent and low-amplitude shear stress can be introduced
and regulated to simulate the mechanical environment of in vivo
microcirculation through microfluidic hydrodynamics, main-
tain the plasticity of RBC membrane-cytoskeleton, and delay
cell stiffening. In the late stage of storage and before transfusion,
an integrated microfluidic re-processing program can be started,
where 3D porous structures or splenic sinusoid-mimetic micro-
slits physically “polish” and screen the rigid RBC subpopulations
produced during storage and efficient restoration of the physi-
ological state of RBC:s is realized with blood-gas equilibrium
and ion concentration calibration through microfluidic chan-
nels. Thermoplastic injection molding will replace lab-scale soft
lithography to realize standardized mass production of micro-
reactor hardware, forming stable, replicable manufacturing
pipelines; multi-parallel channel arrays will be integrated into
each reactor unit to simultaneously process multiple indepen-
dent blood unit samples, greatly elevating the screening effi-
ciency for different storage additive formulations and dynamic
storage regimens (Fig. 6D).

Conclusion

Offering microscale biomimetic design, high-throughput single-
cell analysis, and physiological shear environment simula-
tion, microfluidic chip technology has opened a new avenue
for addressing the quality control challenges of RSL and
advancing the development of precision transfusion. It could
enable paradigm shifts in this field from static population-based
indicator detection in storage bags to physiological dynamic
single-cell mechanical and functional characterization as well
as microcirculatory systemic interaction research. The inte-
grated application of LOC and OOC can not only precisely
reveal the donor heterogeneity of RSL and fill the research gap
between cellular phenotypes and in vivo microcirculatory effects
but also establish a full-chain technical support system covering
intelligent storage quality assessment, isolation of deteriorated
cells, and storage strategy optimization, laying an important foun-
dation for the transformation of transfusion medicine from empir-
ical time-based management to functional precision matching.
The application of microfluidic chips in RSL quality control
relies on the progress in ongoing technical iteration and clini-
cal translation. Optimization of material biocompatibility,
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standardization of fabrication processes, and quantitative cor-
relation between detection indicators and clinical outcomes
remain core issues that need to be urgently addressed. In the
future, the deep integration of this technology with multi-omics,
machine learning, and synthetic biology, as well as the develop-
ment and application of vascularized MOC, is expected to
enable precise prediction and dynamic regulation of the entire
RBC storage cycle, thereby promoting the establishment of func-
tional quality control standards and the development of intel-
ligent blood storage systems. This will continuously improve the
safety and efficacy of clinical transfusion, and offer a powerful
technical platform for research in related fields such as hematol-
ogy and microcirculatory biology, demonstrating interdisciplin-
ary scientific value and broad clinical application prospects.
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