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The lymphatic system—integral to fluid balance, immune surveillance, and lipid absorption—is frequently
overlooked despite its vital roles. Traditional research modalities, including static two-dimensional cultures
and animal models, have illuminated key molecular and cellular features but fall short in recapitulating
human lymphatic function, due to limited physiological relevance, throughput, and mechanobiological
complexity. Recent advances in microfluidic organ-on-a-chip systems offer biomimetic platforms that
integrate three-dimensional architecture, fluid flow, and biomechanical stimuli alongside human lymphatic
endothelial and supporting cells. These lymphatics-on-a-chip constructs faithfully reproduce dynamic
behaviors such as fluid drainage, junction remodeling, and cell trafficking under physiological and
pathological responses. This review highlights the foundational lymphatic biology and engineering
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Accepted 30th November 2025 drive future innovation through induced pluripotent stem cell integration, organ-specific customization,
and computational modeling. Merging bioengineering, cell biology, and machine learning, lymphatic

microphysiological systems stand poised to significantly expand our understanding and treatment of
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1 Introduction

Lymphatic vessels play critical roles in maintaining fluid
balance, transporting dietary fats, and orchestrating immune
cell trafficking."> Unlike the blood vasculature, which
historically received more attention, the lymphatic system's
roles in health and disease have only recently come to the fore.
Indeed, an NIH workshop in 2022 highlighted lymphatics as
“yet to be charted” and identified critical gaps in our
understanding of lymphatic development, function, and
pathology.” These thin-walled vessels were once viewed mainly
as passive drains, but modern research reveals them as active
regulators at the interface of tissue homeostasis, immune
surveillance, and disease progression.>* It is now recognized
that lymphatic dysfunction underlies a broad spectrum of
diseases beyond classical lymphedema—including
autoimmune  diseases,”®  obesity,""*  cardiovascular
diseases,"”™” neurological disorders,'®° and cancer.>"**
Existing experimental models for lymphatic biology
include traditional two-dimensional (2D) LEC monolayers
and in vivo animal systems such as mouse or zebrafish
models. While these platforms have revealed many aspects of
lymphatic development and physiology, they each carry
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limitations: 2D cultures lack vessel-level architecture, fluid
flow, and matrix anchoring; animal models, though
physiologically complete, are species-specific, lower-
throughput, and less amenable to mechanical or biochemical
control. These limitations motivate the development of
organ-on-a-chip models of the lymphatic system, which can
recapitulate the unique structure and biomechanical context
of lymphatic vessels in vitro.>® Traditional cell culture often
falls short in capturing the biophysical environment and
discontinuous cell-cell junctions characteristic of lymphatics.
By leveraging microfluidic technology and biomaterials,
lymphatics-on-a-chip platforms aim to provide more
physiologically relevant models for basic research and
translational applications. Such systems offer precise control
over fluid flow, pressure, and biochemical gradients,
enabling researchers to probe lymphatic functions under
well-defined conditions.>* Moreover, integrating lymphatic
vessels on chip with other tissue compartments or immune
components opens new avenues to study interstitial
transport, immunology, and cancer metastasis in a controlled
setting. Ultimately, lymphatic microphysiological models are
poised to accelerate the discovery of lymphatic-specific
therapeutics and personalized medicine approaches for
lymphatic-related pathologies.

This review provides a comprehensive overview of the
emerging field of lymphatics-on-a-chip. We first summarize
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foundational principles of lymphatic biology (ie.,
developmental origins, unique structural features, and

mechanobiological hallmarks). We then discuss microfluidic
and biomimetic engineering strategies to model lymphatics
in vitro, including device designs, biomaterials, and flow
control. Next, we survey applications of lymphatic chips in
modeling diseases such as lymphedema, cancer,
autoimmune diseases, and neurological disorders. Finally, we
outline future directions, including induced pluripotent stem
cell (iPSC)-derived lymphatic organoids, multi-scale coupling
of lymphatics with other organ systems, and Al-driven design
and analysis of lymphatic networks. In this review, we
synthesize findings across studies to provide a cohesive
understanding of how lymphatics-on-a-chip technology
advances lymphatic research.

2 Foundational principles of
lymphatic biology

Seminal discoveries over the past two decades have redefined
our understanding of lymphatic biology. In the early 2000s, a
series of studies demonstrated that tumors exploit
lymphangiogenesis to facilitate metastasis: overexpression of
vascular endothelial growth factor C/D (VEGF-C/D) in mouse
models induced new lymphatic growth and increased tumor
spread to lymph nodes.>**® Clinical data support this link in
humans, showing that higher tumor-associated lymphatic
vessel density (LVD) correlates with increased lymph node
metastasis and poorer survival in solid tumors.>*** Blocking
VEGF-C or vascular endothelial growth factor receptor 3
(VEGFR-3) could suppress lymphatic metastasis in mice,
establishing these pathways as promising therapeutic targets.
Such findings, along with the cloning of prospero homeobox
1 (PROX1) and identifying the first lymphatic-specific
markers—LYVE-1, podoplanin (PDPN), and VEGFR-3 (FLT4)
—enabled definitive discrimination between lymphatic and
blood endothelial cells. These breakthroughs transformed
lymphatic research from descriptive anatomy to molecular
and functional biology, paving the way for mechanistic and
engineering studies. Lymphatics-on-a-chip technology arises
from this foundation, aiming to integrate these molecular
pathways and cellular behaviors into microengineered
platforms that enable controlled, quantitative exploration of
lymphatic development, transport, and disease.

2.1 Developmental origins and tissue-specific heterogeneity
of lymphatic vessels

Lymphatic endothelial cells (LECs) share core endothelial
markers such as VE-cadherin and CD31, yet express distinct
molecules including LYVE-1, podoplanin, and the
transcription factor PROX1, which together define lymphatic
identity.>® Classical studies established that mammalian
lymphatics arise primarily from PROX1" endothelial cells
sprouting from the cardinal veins.”® More recent lineage-
tracing and single-cell analyses, however, reveal additional
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non-venous sources, including mesenchymal angioblasts in
the dermomyotome, mesentery, heart, and kidney, that
differentiate directly into LECs through VEGF-C/VEGFR-3 and
SOX18/COUP-TFII signaling.>® These findings support a
model in which lymphatic vasculogenesis complements
venous lymphangiogenesis, contributing to regional diversity.
Regardless of origin, PROX1 acts as the master regulator of
LEC fate, activating downstream genes (VEGFR-3, LYVE-1,
podoplanin) and suppressing the blood endothelial
program.** In mice, loss of Proxl abolishes lymphatic
formation, while mutations in VEGF-C/VEGFR-3
primary lymphedema in humans.***

Recognizing  this developmental heterogeneity is
important for organ-specific lymphatic modeling on chip,
where different progenitor programs and signaling
environments may need to be recapitulated to mimic
lymphatics across tissues.’® For example, dermal lymphatics
form dense, blind-ended capillary networks with permeable
button-like junctions that facilitate immune cell trafficking
and interstitial fluid drainage.’” Intestinal lacteals located
within villi, on the other hand, exhibit dynamic zipper-to-
button transitions during lipid absorption, a process tightly
regulated by VEGF-A/VEGFR-2 and Notch signaling.’**’
Meningeal lymphatics, which develop postnatally along the
dural sinuses and skull base, connect to deep cervical lymph
nodes and the glymphatic pathway to drain cerebrospinal
fluid and metabolic waste from the brain, linking the central
nervous system to systemic immunity.*>*" These diverse
architectures underscore how developmental origin and local
microenvironment shape lymphatic structure and function.
Reproducing such regional diversity, through appropriate
matrix stiffness, junctional morphology, and flow regimes, is
central to engineering organ-specific lymphatics-on-a-chip
that accurately model physiological and pathological
lymphatic functions.

cause

2.2 Architectural and functional specialization of lymphatic
vessels

The lymphatic vasculature forms a one-way transport network
that drains interstitial fluid and cells from tissues back into
the blood circulation (Fig. 1).> The system begins with blind-
ended initial lymphatic capillaries, which are composed of a
single layer of oak leaf-shaped LECs connected by
discontinuous, “button-like” junctions.”>** These button
junctions and overlapping endothelial flaps act as primary
valves that allow fluid and immune cell entry from the
interstitium.”®> Anchoring filaments tether LECs to the
extracellular matrix; when interstitial pressure rises, the
filaments pull the flaps open, thereby enhancing fluid
uptake.® As these capillaries converge into larger collecting
lymphatic vessels, the endothelial junctions transition to
continuous “zipper-like” junctions, with fewer gaps that
reduce permeability.®** Collecting lymphatics also feature
intraluminal valves and are ensheathed by lymphatic muscle
cells (LMCs), which generate rhythmic contractions to propel
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Fig. 1 Architectural organization and molecular signatures of lymphatic vessels. The lymphatic vasculature is organized into blind-ended initial
lymphatic capillaries, transitional pre-collecting vessels, and contractile collecting lymphatic vessels with intraluminal valves. Initial lymphatics
consist of oak leaf-shaped LECs connected by discontinuous button-like junctions (blue: LYVE-1; red: VE-cad) that permit uptake of interstitial
fluid, macromolecules, lipids, and immune cells. Anchoring filaments tether LECs to the extracellular matrix, enabling pressure-driven flap opening.
Pre-collecting and collecting vessels progressively acquire continuous zipper-like junctions (blue: LYVE-1; red: VE-cad), basement membrane,
smooth muscle coverage, and valves that maintain unidirectional flow. Marker expression distinguishes vessel compartments: LYVE-1, VEGFR3, and
CCL21 highlight initial lymphatics, while FOXC2 and integrin-a9 are enriched in collecting vessels and valve-forming LECs. This
compartmentalization underlies the dual role of lymphatics in tissue fluid absorption and long-distance lymph transport. Adapted with permission

from Yijie Hua. Inset panels adapted with permission from ref. 47, copyright 2025 Springer Nature. Created with https://BioRender.com.

lymph forward. This hierarchical organization ensures
efficient absorption from tissues and unidirectional transport
through lymph nodes—where immune filtering occurs—
before lymph empties into the subclavian veins.?

This structural design underpins the diverse physiological
functions of the lymphatic system. First, lymphatics serve as
the body's fluid homeostasis system, continuously returning
plasma ultrafiltrate that leaks from blood -capillaries. In
humans, this amounts to an estimated ~2-4 liters of fluid
per day being returned to the venous circulation under
steady-state conditions, preventing edema."** Second,
lymphatics provide a specialized route for lipid absorption.
In the intestine, lacteals (i.e., specialized lymphatic capillaries
in the villi) absorb chylomicrons (ie., dietary lipid-laden
lipoproteins) and transport them via the thoracic duct to the
bloodstream."* In addition, recent studies highlight a role for
lymphatics in cholesterol clearance, where interstitial high-
density lipoproteins (HDLs) are ferried back to the
circulation, reducing atherosclerotic risk."?

Beyond fluid and lipid transport, lymphatic vessels are
increasingly recognized as active players in immunity. LECs
constitutively secrete CC chemokine ligand 21 (CCL21),
which guides CC Chemokine receptor 7-positive (CCR7")
immune cells, including dendritic cells and T cells, into
initial lymphatics through button junction gaps.*” Antigens,
cytokines, and immune cells entering lymphatics are carried

1590 | Lab Chip, 2026, 26, 1588-1609

to lymph nodes, where adaptive immune responses are
initiated. Moreover, LECs themselves can regulate immunity:
they can present antigens directly, modulate their access to
lymph nodes, or express checkpoint molecules (e.g,
programmed death-ligand 1 (PD-L1)) that influence T-cell
activation and tolerance.”*® Thus, lymphatic vessels are far
more than passive conduits—they actively coordinate
immune surveillance, tolerance, and inflammation.

2.3 Mechanobiological regulation of lymphatic junctions and
valve development

Lymphatic vessels are exquisitely sensitive to mechanical
forces within their environment. Fluid shear stress from
lymph flow, cyclic stretch caused by vessel pumping, and
matrix tethering forces collectively shape LEC phenotypes
(Fig. 2). A key outcome of these stimuli is the regulation of
intercellular junctions in initial lymphatics, which control
permeability and determine whether vessels adopt
specialized button- or zipper-like configurations, as well as
valvulogenesis in collecting lymphatics, which guide the
unidirectional ~ lymph  flow. Understanding  these
mechanobiological mechanisms is essential to decipher how
lymphatics maintain homeostasis and how perturbations
such as inflammation, hypertension, or exercise drive
lymphatic remodeling or dysfunction.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Mechanobiological regulation of lymphatic junction dynamics, shear sensing, and valve development. (A) Proposed model of lymphatic
capillary function driven by dynamic remodeling of LEC overlaps. Puzzle-shaped capillary LECs exhibit LYVEL1* cellular overlaps with diverse
junctional configurations. Increased interstitial fluid shortens overlaps to permit lumen expansion during uptake, countered by CDC42-mediated
actin remodeling that extends lamellipodia-like overlaps to maintain monolayer integrity and barrier strength. This supports a bellows-like
mechanism in which overlap extension compresses the vessel and aids fluid propulsion. Adapted with permission from ref. 47, copyright 2025
Springer Nature. (B) Lymph flow maintains expression of mechanosensitive transcription factors FOXC2, GATA2, and NFATcl and preserves
collecting vessel and valve function. Adapted with permission from ref. 40, copyright 2020 American Association for the Advancement of Science.
(C) Mechanosensory pathways regulating junction remodeling and valve specification. LECs sense shear stress through a junctional
mechanosensory complex (VE-cadherin, VEGFR2, VEGFR3) that activates PI3K-Akt, cytoskeletal remodeling, and YAP/TAZ signaling; and the
stretch-activated ion channel PIEZO1, which engages the calcium channel ORAIL. The resulting calcium influx activates calmodulin, which
complexes with KLF2 to regulate transcriptional programs. Together, these pathways control key regulators of lymphatic identity and valve
morphogenesis, including PROX1, FOXC2, GATA2, NFATcl, Cx37, integrin-a9, FAT4, and E3 ubiquitin ligases DTX1/3L. Adapted with permission
from ref. 63, copyright 2023 Springer Nature. Created with https://BioRender.com.
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2.3.1 Force-driven specialization and plasticity of mechanical pressure at birth induces c-JUN expression in

lymphatic junctions. Lymphatic endothelial junctions display
two  characteristic ~ organizational  states—button-like
junctions in initial lymphatic capillaries and zipper-like
junctions in collecting vessels—each supporting distinct
modes of barrier function and fluid transport. These patterns
arise through developmental maturation, but they remain
dynamically modifiable in adult tissues in response to
mechanical, biochemical, and inflammatory cues.
Developmental specialization is reinforced by multiple
signaling pathways that stabilize junction architecture. Jun
proto-oncogene (Jun) and EphrinB2-EphB4 signaling provide
tonic junctional control in lymphatic capillaries and
collectors, respectively.*®*° Fu et al. (2023) demonstrated that

This journal is © The Royal Society of Chemistry 2026

LECs, driving actin cytoskeletal remodeling that enables the
opening of neonatal lung lymphatics; loss of ¢-JUN prevents
vessel opening, causes fluid retention, and results in
neonatal lethality.*® Likewise, Frye et al. (2020) showed that
disruption of EphrinB2-EphB4 signaling destabilizes VE-
cadherin junctions, increases actomyosin contractility, and
induces lymphatic leakage, effects not observed in blood
vessels, while EphrinB2-Fc supplementation restores
junctional integrity.*’

Beyond developmental regulation, junctions in initial
lymphatic  capillaries exhibit pronounced mechanical
plasticity. These vessels undergo continuous distension and
recoil as they fill and empty. Schoofs et al (2025) used

Lab Chip, 2026, 26,1588-1609 | 1591
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intravital microscopy and on-chip stretch assays to show that
cyclic strain drives reversible changes in LEC overlap. During
vessel expansion, overlapping flaps partially retract but are
reinforced by Cell division control protein 42 homolog
(CDC42)-dependent actin protrusions reminiscent of “puzzle-
piece” plant cells. On-chip cyclic stretch (~12% strain at 0.01
Hz) reproduced these dynamics, whereas CDC42 inhibition
yielded fragile, leaky junctions in vivo and in vitro. These
observations support a “bellows” model in which LEC
overlaps narrow during filling and re-expand during
emptying, enabling a barrier that is both resilient and
permissive to fluid entry (Fig. 2A)."”

Junctional plasticity is also shaped by inflammatory and
growth factor signaling. Cromer et al. (2014) reported that
cytokines such as TNF-a, IL-6, IL-1B, and IFN-y substantially
increase LEC permeability, largely through nitric oxide-
dependent VE-cadherin destabilization and actomyosin
contraction.”® With prolonged inflammation, these signals
can drive reversible transitions between button-like and
zipper-like configurations. Seminal work by Baluk et al
(2007) and Yao et al (2012) demonstrated that button
junctions in initial lymphatics can convert to zipper-like
junctions, reducing fluid wuptake capacity, but that
dexamethasone treatment restores button prevalence,
highlighting the reversibility of this process.”">

Together, these findings indicate that lymphatic junction
organization is defined by both developmental specialization
and post-developmental plasticity, with mechanical forces
and inflammatory cues acting synergistically to remodel
junctions—often at the expense of drainage efficiency.

2.3.2 Oscillatory flow-dependent mechanotransduction in
lymphatic valve formation. Collecting lymphatic vessels
depend on intraluminal valves for unidirectional flow, and
their development is tightly regulated by fluid flow-induced
mechanotransduction (Fig. 2B). Genetic regulators such as
PROX1, Forkhead box protein C2 (FOXC2), GATA-binding
factor 2 (GATA2), integrin-09, and VEGFR3 are enriched in
valve-forming LECs, but their activation requires oscillatory
flow.”® In mice, valves first appear in mesenteric lymphatics
shortly after lymph flow begins (E15.5), where oscillatory
shear at vessel branch points induces nuclear pB-catenin and
upregulation of PROX1 and FOXC2, marking clusters of valve
progenitors.>* PROX1 and FOXC2 constitute a core
transcriptional module: FOXC2-deficient mice completely
lack valves and develop lymphedema-distichiasis,
underscoring their essential role.>>>® Flow patterns critically
shape this program. Choi et al. (2017) showed that steady
laminar shear (~0.5-5 dyne per cm?®) induces KLF2 but does
not activate valve-specific genes. By contrast, oscillatory shear
(~1 dyne per cm?) preferentially upregulates FOXC2, GATA2,
and connexin37, key determinants of valve-forming identity.
Prolonged high shear can even downregulate PROX1,
reprogramming LECs toward a blood endothelial
phenotype.”” These findings establish oscillatory shear as the
primary mechanical cue driving valve specification.
Downstream, PROX1 and FOXC2 cooperate with shear-
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responsive pathways to execute morphogenesis. Sabine et al
(2012) identified connexin37 as a direct target of
PROX1/FOXC2 under shear, required for valve cell
communication and leaflet assembly.”® They also linked
shear to calcineurin/NFAT activation, which synergizes with
PROX1-FOXC2 to drive valve-specific gene expression;
inhibition of calcineurin phenocopies FOXC2 loss, causing
valve defects.”® In addition, a recent study by Hernandez-
Vasquez et al. (2021) identified Forkhead box protein P2
(FOXP2) as a new flow-induced transcriptional
regulator of lymphatic valve development downstream
of FOXC2/NFATc1.”® Mechanosensors translate these
flow-induced shear forces into downstream signals.
The stretch-activated ion channel PIEZO1 is indispensable:
human PIEZO1 mutations cause congenital lymphedema,
and endothelial PIEZO1 knockout mice develop rudimentary
valves that fail to remodel despite initiating FOXC2 and NFAT
expression. Pharmacological activation of PIEZO1 (via Yoda1l)
restores cytoskeletal remodeling and VE-cadherin dynamics,
directly linking flow forces to valve morphogenesis.>
Complementarily, endothelial nitric oxide synthase (eNOS)
provides an NO-independent mechanosensory role. Iyer et al.
(2023) showed that loss of eNOS reduces valve progenitor
clusters by ~45%, due to impaired B-catenin stabilization
and nuclear translocation under oscillatory shear. Rescue by
Forkhead box protein O1 (FOXO1) deletion highlighted eNOS
as a scaffold linking shear to p-catenin activation and FOXC2
expression.”* Taken together, valve development integrates
oscillatory shear, calcium influx (PIEZO1, ORAI1), B-catenin,
NFAT, and core transcription factors (PROX1, FOXC2, GATA2)
into a coordinated program that specifies valve cells, drives
collective migration, and assembles functional bileaflet
structures (Fig. 2C). Defects in this mechanotransduction
network underlie congenital lymphedema syndromes, while
persistent PIEZO1 activity in adulthood remains critical for
valve stability and broader lymphatic function.®®

2.3.3 Shear-activated lymphatic endothelial remodeling.
LECs are highly mechanosensitive, expressing receptors such
as VEGFR3 and B1 integrins at higher levels than blood
endothelial cells (BECs).®"*® Even minute pressure gradients
(i.e., on the order of millimeters of mercury (mmHg)) drive
interstitial fluid into initial lymphatics, producing very low
interstitial flow speeds (~0.1-1 um s™') and shear stresses
(~0.1-2 dyne per cm?). By contrast, collecting lymphatics
experience pulsatile flows generated by intrinsic contractions
and skeletal muscle activity, with average shear around 1-2
dyne per cm?® but transient spikes reaching 10-12 dyne per
ecm® during valve opening. Under pathological conditions
such as lymphedema, abnormal collateral vessels have been
reported to experience shear stresses up to 40 dyne per cm?,
underscoring the importance of flow regulation.®® Pioneering
work by Bonvin et al. (2010) showed that LECs aligned with
interstitial flow and exhibited network-like structures,
suggesting that mechanical forces plus stromal signals
regulate lymphatic morphogenesis.®® More recently, Choi
et al. (2017) demonstrated that shear stress triggers distinct

This journal is © The Royal Society of Chemistry 2026
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responses in LECs versus BECs. Under steady shear
(~2 dyne per cm?), both cell types elongated and
upregulated Kruppel-like factor 2 (KLF2). However,

only LECs showed Notch pathway downregulation:
shear exposure reduced NOTCH1 intracellular domain
(NICD) levels and decreased expression of target
genes Hairy/enhancer-of-split related with YRPW motif
1 (HEY1) and HEY2.”” Mechanistically, shear-induced
calcium influx wvia ORAI calcium release-activated
calcium modulator 1 (ORAI1) activated calmodulin and
promoted the formation of a PROX1-KLF2
transcriptional complex. This complex induced ubiquitin
ligases Deltex E3 ubiquitin ligase 1/3L (DTX1/3L), which
targeted NOTCH1 for degradation (Fig. 2C).®® The outcome
was enhanced sprouting capacity, consistent with in vivo
findings that KLF2 deletion impairs lymphatic growth
and causes edema. In contrast to blood vessels—where
shear stabilizes vessels by upregulating Notch—lymphatic
shear selectively tunes down Notch, promoting adaptive
expansion.

Mechanobiology studies collectively demonstrate that
lymphatic  junctions are dynamic, mechano-responsive
structures. Shear stress activates PROX1-KLF2 pathways to
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downregulate Notch and promote sprouting, stretch
engages CDC42-driven actin remodeling to preserve
junctional overlap, and inflammatory cues synergize with
mechanical load to remodel button/zipper junctions. At
valves, piezol and FOXC2 translate oscillatory flow into
structural stability. These insights highlight multiple
druggable targets to modulate lymphatic function and
underscore the value of lymphatics-on-a-chip platforms for
applying controlled mechanical environments. By bridging
in vivo observations with tunable microengineered models,
the field is positioned to dissect
mechanotransduction = pathways  with  unprecedented
precision. Table 1 summarizes some key physiological
values in establishing lymphatic vasculature. It is
important to emphasize that most of the available data
derives from animal or ex vivo systems. Quantitative,
in vivo measurements in human lymphatic vessels remain
extremely limited, so translation to human-on-a-chip
models should rely on dimensionless analysis and scaling
rather than assuming direct equivalence. Future work is
required to establish normative values in human
lymphatics and validate mechanobiological findings in
human-relevant systems.

now

Table 1 Representative physiological parameters governing lymphatic mechanics, transport, and flow regulation

Parameter In vivo values Species/tissues Ref.

Interstitial fluid pressure Subatmospheric (-1 to -3 mmHg) in loose tissues Various species and tissues 66-68

Interstitial fluid flow velocity 0.1to 1.0 um s~ Rabbit dermis 69, 70

Hydraulic pressure Similar to interstitial pressure (-6 to 4 mmHg) Rabbit and rat diaphragm, cat  71-74

(initial lymphatics) mesentery

Hydraulic pressure 5 to 10 cmH,0 (4 to 7 mmHg) diastolic pressure Rat mesentery 75,76

(collecting lymphatics) during relaxation

Interstitial colloid osmotic pressure 8 to 17 mmHg Human and pig various tissues 77, 78

Lymphatic colloid osmotic pressure 5 to 15 mmHg Rat tail and dog hindleg 79, 80

prenodal lymph

Lymph flow velocity 0to29 ums ' Mouse and human dermal 81, 82

(initial lymphatics) tissues

Lymph flow velocity 40 to 70 um s in mouse; 0.7 to 1 mm s in rat; up Mouse hindlimb, rat mesentery 83, 84

(collecting lymphatics) to 9 mm s~' during phasic contractions in rat

Volumetric lymph flow rate 0.5 to 2.5 uL h™ in mouse; 9 to 19 uL h™ in rat Mouse hindlimb, rat mesentery 83, 84

(single vessel)

Volumetric lymph flow rate Increases ~6x under acute fluid load: ~0.1 uL min™" Rat mesentery (acute edema 85

(under stress) baseline to ~0.6 uL min™* state)

Total lymph flow (whole body) 3 to 4 L per day in an average adult at rest; can increase Pig thoracic duct output 86
several-fold with exercise

Wall shear stress (initial lymphatics) ~Extremely low, 0.01 to 0.06 dyne per cm’ Mouse dermis 87, 88

Wall shear stress 0.5 to 0.8 dyne per cm” during steady flow; pulsatile peaks Rat mesentery 83

(collecting lymphatics) 4 to 12 dyne per cm” due to lymphatic contractions

Wall shear stress (edema) Time averaged 1.5 dyne per cm?; 5 to 40 dyne per cm® during Rat mesentery (acute edema 85
strong flow pulses state)

Intrinsic pumping frequency 0.08 to 0.27 Hz (5 to 19 contractions per minute) Rat various tissues 89, 90

Maximal pumping pressure 80 to 100 mmHg Human dermis 91

(occlusion pressure)

Lymphatic junction overlap (buttons) 0.5 to 3.5 um (width per flap); 70 to 175 um? Mouse ear and trachea 47,51
(area between flaps)

Lymphatic capillary diameter 30 to 70 um Rat mesentery and human 82,92

dermis
Lymphatic collector diameter 60 to 120 pm Rat mesentery 89, 93,
94
Hydraulic conductivity 17.3%x 10 em s ecmH,O0 " Mouse mesentery 95

This journal is © The Royal Society of Chemistry 2026
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3 Microfluidic and biomimetic
engineering strategies for lymphatic
systems

Early efforts in this field have drawn inspiration from well-
established blood vessel-on-chip models, adapting them to
the unique features of lymphatics.”®®” However, lymphatic
vessels differ from blood vessels in essential ways, including
their developmental origins, ultrastructure (e.g., specialized
cell-cell junctions and valves), lower shear stress
environments, and function as unidirectional absorbent
conduits.”*® Over the past decade, researchers have made
significant strides in capturing these distinctions (Fig. 3),
including (1) engineering lymphatic capillary networks
in vitro via lymphangiogenesis®* ™" (i.e., sprouting from pre-
existing vessels) or vasculogenesis'®>™% (ie., self-assembly
from dispersed cells); (2) reproducing lymphatic vessel
structure'®®"'®—notably the unique discontinuous “button-
like” junctions of initial lymphatics and mural cell coverage
of collecting lymphatics; and (3) applying biomechanical
forces (e.g., interstitial flow, shear, stretch) to mimic
lymphatic fluid dynamics.'%%***-113

3.1 Lymphangiogenesis-based engineering of perfusable
lymphatic capillaries

Noo Li Jeon and colleagues pioneered a biomimetic
lymphangiogenesis-on-chip model that closely mimics in vivo
sprouting. Kim et al. (2016)*° described a 3D microfluidic
platform integrating key elements of the lymphatic niche—
biochemical gradients, interstitial flow, and stromal cell
interactions—to induce robust sprouting of LECs into a
fibrin matrix (Fig. 3A). In their device, a lumen lined by LECs
was formed adjacent to a tissue chamber containing
fibroblasts, with a gradient of pro-lymphangiogenic factors
(e.g., VEGF-C) established across the matrix. Under these
conditions, LECs sprouted from the vessel and invaded the
matrix, forming multicellular capillary projections. Notably, a
slow interstitial flow was applied from the tissue side toward
the lymphatic channel to emulate fluid drainage. This
interstitial flow proved a crucial regulator: it significantly
enhanced the initiation and directional bias of lymphatic
sprouting. LEC sprouts preferentially extended upstream
against the flow, consistent with how tissue fluid flow in vivo
can guide lymphangiogenesis towards the source of drainage.
With the right synergy of flow and growth factors, the in vitro
sprouts displayed hallmarks of native lymphatic vessels,
including migratory tip cells and lumen formation, and
responded appropriately to pro- and anti-lymphatic stimuli.
This model demonstrated for the first time the feasibility of
reconstituting sprouting lymphangiogenesis in vitro in a
controlled manner, highlighting that a combination of VEGF-
C and interstitial flow is key to inducing robust, directional
lymphatic sprouting.”® Osaki et al. (2018)'% extended this
synergy concept to a dual vascular model (Fig. 3B). Using
sacrificial molding, they created a microdevice embedding
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both lymphatic vessels and blood vessels—600 pm channels
seeded with human LECs and HUVECs, respectively—and
induced angiogenesis and lymphangiogenesis via perfusion
combined with VEGF-A or VEGF-C and phorbol 12-myristate
13-acetate (PMA). Remarkably, they observed that vascular
angiogenesis facilitated lymphatic sprouting through local
matrix metalloproteinase (MMP) secretion by endothelial
cells.  Specifically, a VEGFR-3 inhibitor  blocked
lymphangiogenesis in the absence of BVs, but not when BVs
were present, indicating that blood-vascular-derived MMPs
can compensate for lymphatic angiogenic signaling—
highlighting crosstalk between the two vascular beds.'
Building on this, Jain and colleagues (2024) recently reported
a lymphangiogenesis-on-chip  system examining the
independent and combined effects of biochemical gradients
and interstitial flow. In their study, LECs were subjected to
varying conditions: VEGF-C gradients alone, interstitial flow
alone, or both together. They found that each factor could
stimulate some degree of sprouting, but the combination
produced the most extensive and physiologically oriented
networks (with flow directing the sprouts).'®" This confirms a
synergistic paradigm: slow steady flow (~1-5 um s™)
synergizes with VEGF-C signaling to amplify lymphatic
sprouting and helps define the polarity of growth (i.e., which
way sprouts grow). Mechanistically, interstitial flow appears
to increase the availability and cell uptake of matrix-bound
VEGF-C, as well as to upregulate LEC responsiveness to
growth factors. Moreover, flow can work in concert with other
biochemical cues; for example, gradients of sphingosine-1-
phosphate (S1P)—absent in interstitium but present in
lymph—were shown to cooperate with flow in guiding LEC
migration and sprouting.®*'°* These findings underscore
that engineered lymphatic sprouting requires orchestrating
multiple biochemical and biophysical cues, much like during
developmental lymphangiogenesis.

3.2 Matrix and scaffold engineering for lymphatic
vasculogenesis

The choice of extracellular matrix (ECM) environment is
another critical design parameter. LECs generally require a
3D matrix (e.g., collagen or fibrin) to form tubular
structures. Matrix stiffness, porosity, and adhesive ligand
composition all influence lymphatic morphogenesis.'*****
Hanjaya-Putra's group has conducted detailed studies on
how matrix stiffness “primes” lymphatic capillary formation.
In a 2D culture, they observed that softer substrates
promoted LEC elongation and sprout-like behavior in
response to VEGF-C, whereas stiffer substrates did not—
hinting that compliance might be necessary.''® They then
moved to 3D hydrogels: Alderfer et al. (2021) showed that a
relatively soft hydrogel (with shear modulus on the order of
a few hundred Pascals) was optimal for LEC tube formation
when VEGF-C was provided, whereas higher stiffness (>1
kPa) markedly impaired sprouting."*® In a follow-up study,
Alderfer et al. (2024) developed a synthetic modular

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Microfluidic and biomimetic engineering strategies for reconstituting lymphatic structure and function in vitro. (A) Microfluidic device for
reconstitution of 3D sprouting lymphangiogenesis in vitro. Adapted with permission from ref. 99, copyright 2016 Elsevier. (B) Schematic illustration
and fabrication process of engineered lymphatic and vascular structures to study cooperative effects of vascular angiogenesis and
lymphangiogenesis. Adapted with permission from ref. 100, copyright 2018 Springer Nature. (C) Graphical representation of granular hydrogel
composites fabrication and lymphatic sprouting assays, with 3D rendering of V180s gel (green—FITC) exhibiting lymphatic capillary network
formation (red—F-actin). Adapted with permission from ref. 105, copyright 2025 Wiley-VCH. (D) An engineering drawing of the lymphangion-chip
and a representative confocal image set of on-chip LMCs (green: F-actin) and LECs (green: VE-cadherin) under co-culture conditions. Scale bar:
50 um. Adapted with permission from ref. 107, copyright 2022 Royal Society of Chemistry. (E) Mplti-flow platform design and device structure.
Adapted with permission from ref. 112, copyright 2022 IOP Publishing. (F) An engineered 3D lymphatic vessel-on-chip model to investigate luminal
and interstitial flow effects with VEGF-A or VEGF-C. Adapted with permission from ref. 108, copyright 2023 Springer Nature.
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hydrogel (i.e., norbornene-functionalized hyaluronic acid)
where they could tune stiffness and integrin-binding
content independently. They found that a mid-range
stiffness (~500 Pa), including fibronectin-mimetic RGD
peptides, yielded robust formation of lumenized lymphatic
capillaries in 3D. Softer gels (~100 Pa) allowed initial
capillary assembly but were too weak to support network
stability beyond a few days, while stiffer gels (~1-2 kPa)
completely inhibited LEC elongation into tubes.
Interestingly, LECs in the stiff hydrogels upregulated matrix-
degrading enzymes (MMP-2, MMP-14) and VEGFR3
expression, as if attempting to compensate for the non-
permissive environment. However, no stable tubes were
formed in the stiff condition even over 3 weeks.'®® These
results indicate that matrix mechanics can control
lymphatic morphogenesis: a compliant matrix “primes”
LECs to respond to VEGF-C by forming cords or tubes,
whereas a rigid matrix triggers a phenotypic response (i.e.,
upregulating proteases and VEGFR3) but prevents actual
sprout penetration. From an engineering perspective, tuning
scaffold stiffness is essential for building lymphatic
networks on-chip. It also suggests that the in vivo fibrotic or
tumor stroma (often stiffer than healthy tissues) might
inherently resist lymphangiogenesis. Adhesive cues are
another factor required for LECs to form 3D structures.
Alderfer et al. (2024) showed that adding an RGD peptide
(which binds integrins a5B1 and avB3) to a hydrogel
markedly improved LEC sprouting and branch formation.
Without RGD, LECs remained mostly round in 3D culture;
with an optimal concentration (~5 mM) of RGD, they
formed extensive tube networks. This mirrors earlier
observations that fibronectin (an RGD-containing ECM
protein) promotes lymphatic endothelial proliferation and
tube formation. Moreover, certain integrins like a9B1 are
known to be essential for lymphatic valve formation and
LEC differentiation, hinting that integrin-specific ECM
signals could push LECs toward a lymphatic phenotype.'*
In practice, incorporating the right matrix ligand
(fibronectin, collagen, laminin, etc.) is vital for successful
lymphatic vessel engineering.

Granular hydrogels have recently been explored as
scaffolds for lymphatic vasculogenesis. Montes et al. (2025)
generated granular hydrogels (ie, jammed microgel
suspensions) with tunable porosities to support 3D LEC
growth (Fig. 3C). These novel granular hydrogel composites
allowed LECs to form capillary-like networks and sprouts in
the absence of supporting feeder cells, effectively mimicking
the initial lymphatic plexus formation in a synthetic matrix.
Interestingly, the microgel fabrication method (pipetting vs.
vortexing) produced different pore size distributions that
affected lymphatic sprout connectivity and maturation.
Vortexed gels, which had tighter packing and smaller pores,
led to earlier development but slightly less
interconnected networks; by contrast, pipetted gels yielded
highly connected lymphatic networks, albeit with delayed
sprouting.’® Such materials-driven approaches demonstrate

vessel
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how matrix morphology and stiffness influence lymphatic
architecture—insights that can guide tissue engineering of
lymphatics and the design of pro-lymphangiogenic/
vasculogenic biomaterials.

3.3 Engineering junctional phenotypes and mural cell
coverage in lymphatic vessels

Understanding how LECs regulate their intercellular
junctions in response to extracellular cues, and how mural
cells contribute to this process, is critical for modeling both
initial and collecting lymphatic functions. Henderson et al.
(2021) pioneered an initial lymphatic vessel model, which
allows direct investigation of how ECM composition
influences endothelial barrier properties. In this system,
human dermal LECs were seeded within a hollow
microchannel encased in a 3D collagen hydrogel and
cultured under luminal flow. When embedded in pure
collagen I, LECs formed relatively permeable junctions,
permitting the passage of macromolecules. However, when
fibronectin was added to the collagen scaffold, LEC junctions
tightened markedly, reducing permeability. Mechanistically,
this barrier enhancement was mediated by the activation of
integrin o5, either via fibronectin engagement or direct
activation of the integrin, highlighting integrin o5 as a key
regulator of lymphatic barrier integrity in response to matrix
composition."%®

Building on the theme of multicellular interaction, Selahi
et al. (2022) introduced a more structurally faithful model
of lymphatic segments—namely, the lymphangion-chip—
which expands on barrier regulation by incorporating
lymphatic muscle cells (LMCs) alongside LECs (Fig. 3D).
Using a novel gravitational lumen patterning (GLP)
technique, the researchers fabricated a microfluidic
architecture comprising an endothelial channel encased by
uniformly thick layers of muscle cells, closely mirroring the
cylindrical structure of in vivo lymphangion. Under flow
conditions, LECs aligned along the vessel axis while LMCs
oriented circumferentially, recapitulating the
organizational pattern viewed in vivo. Crucially, this setup
enabled real-time assessment of endothelial-mural cell
communication: exposure to pro-inflammatory cytokines
produced dynamic changes in LEC barrier function,
mediated through LMC interactions.'”” The lymphangion-
chip thus provides a versatile testbed for investigating
lymphatic contractility, inflammation, and barrier dynamics
in a physiologically relevant modular format.

native

3.4 Microfluidic control of shear stress, interstitial flow, and
mechanical loading in lymphatics-on-a-chip

Careful modulation of fluid dynamics is a defining feature
of lymphatics-on-a-chip systems, since LECs experience
markedly lower shear stresses compared to BECs: ~0.1-2
dyne per cm? within initial lymphatics, versus 10-20 dyne
per cm? in arterial vessels.”” These cells are also exposed to
distinct flow environments—absorbing interstitial fluid from

This journal is © The Royal Society of Chemistry 2026
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surrounding tissue while simultaneously transporting fluid
through the lymphatic lumen. Recapitulating these different
shear contexts is therefore essential for physiologically
relevant lymphatic models.”® To address this challenge, Lee
et al. (2022) developed a multilayered microfluidic device
(MpLTI-Flow) that allows simultaneous control of blood,
lymphatic, and interstitial fluid pressures to model complex
fluid dynamics in tissues (Fig. 3E). The system integrates
engineered blood and lymphatic vessels with tunable
interstitial flow, enabling direct measurement of fluid
velocities and pressure-dependent transport. The authors
validate the platform with computational fluid dynamics
(CFD) simulations and optical microscopy, showing how
luminal, transmural, and interstitial flows are
interdependent rather than isolated phenomena."** Building
on this, Ilan et al (2023) developed a dual-channel
lymphatic  vessel-on-chip that enables precise and
independent control of luminal flow, interstitial flow, both
in combination, or static conditions (Fig. 3F). The device
was fabricated by embedding two parallel microchannels
within a 3D collagen I matrix, with one channel seeded with
LECs and the adjacent acellular channel used to pressurize
fluid into the surrounding hydrogel. Using this system, the
authors demonstrated that interstitial flow in the presence
of VEGF-C maintained discontinuous, button-like junctions
and minimal sprouting, reflecting the phenotype of
quiescent, highly permeable initial lymphatics. In contrast,
luminal flow or combined flows in the presence of VEGF-A
induced robust sprouting and more continuous, zipper-like
junctions, mimicking actively remodeling collecting
vessels.'®® These results highlight how LECs integrate flow
cues differently depending on whether they sense fluid
shear from within the lumen or across the vessel wall—an
insight uniquely enabled by the two-channel design. It
should be noted that VEGF isoform and flow type were
varied concurrently in this design; thus, the results reflect
the cooperative influence of mechanical and biochemical
cues rather than an isolated causal effect of either factor.
Future studies that decouple VEGF-A/-C signaling from
specific flow regimens will help delineate the relative
contribution of VEGFR-mediated signaling versus shear-
dependent mechanotransduction in regulating lymphatic
junction plasticity.

Complementary approaches have sought to reproduce the
rhythmic dynamics of collecting lymphatics. Fathi et al
(2020) introduced a pumpless, gravity-driven chip in which
periodic tilting of the device generated oscillatory flow
through the LEC-lined channel. This design produced
physiologically relevant shear stresses on the order of ~0.9
dyne per cm® under healthy conditions, while higher tilting
rates increased shear to 6-7 dyne per cm? modeling
pathological stress levels. Under low, physiological shear,
LECs formed a stable, quiescent endothelium, whereas static
conditions triggered pro-inflammatory responses, including
elevated TNF-o. and IL-8 secretion. Importantly, the cyclical
tilting approach also simulated the intrinsic pumping activity

This journal is © The Royal Society of Chemistry 2026
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of collecting lymphatics, generating 10 second flow pulses
multiple times per minute."*? Such platforms reveal how
steady versus unsteady flows may elicit divergent effects on
LEC biology—a subject of active investigation.

3.5 Engineering limitations and physiological gaps in current
lymphatics-on-a-chip models

Although significant progress has been made in engineering
lymphatic structure and function in vitro, several defining
anatomical and physiological features of native lymphatic
vessels remain difficult to reproduce. These gaps highlight
the need for continued refinement of lymphatics-on-a-chip
microphysiological platforms.

Lack of blind-ended initial lymphatic architecture. Most
existing ~ systems  generate  perfusable, continuous
microvessels that resemble blood capillaries rather than the
blind-ended (blunt-ended) structures characteristic of native
initial lymphatics. This blind-ended morphology is not
incidental; it enables pressure-driven, flap-mediated uptake
of interstitial fluid and macromolecules. Its absence in vitro
limits accurate modeling of primary lymphatic drainage, as
engineered lumens tend to support convective perfusion
rather than passive fluid entry across junctions.

Absence of valve-like morphogenesis in collecting
lymphatics. While platforms can recapitulate
sprouting lymphangiogenesis or vasculogenesis-like network
assembly, none has yet induced the morphogenetic sequence
that leads to valve formation in collecting lymphatics.
Mechanobiological triggers, such as oscillatory shear stress
or FOXC2/PROX1 activation, can be applied in vitro, but
downstream events including formation of valve leaflets,
saddle-shaped geometries, and lymphangion organization
remain unreconstituted. Without valve-like structures, in vitro
models cannot effectively probe valve dysfunction, reflux, or
transport failure.

Incomplete reconstitution of button-like junctional
specialization. Although several systems demonstrate partial
emergence of discontinuous VE-cadherin patterns, authentic
button-like junctions remain challenging to recreate. Key
in vivo features, including oak-leaf LEC morphology,
alternating ~ LYVE-1/VE-cadherin  organization, sharply
punctate junction segments, and flap-valve architecture, are
only partially reproduced. These discrepancies likely reflect
both incomplete mechanobiological conditioning and an
incomplete understanding of the molecular programs
driving button specialization. Improved insight into these
pathways will be essential for engineering physiologically
accurate junctions.

Together, these limitations underscore the need for next-
generation lymphatic microphysiological systems capable of
integrating blind-ended geometry, valve morphogenesis, and
authentic junctional specialization. Continued convergence
of  developmental  biology, mechanobiology, and
microengineering will be crucial for closing these gaps.
Table 2 summarizes the engineering approaches discussed in

current
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Table 2 Engineering approaches to reconstitute lymphatic morphogenesis, junctional phenotypes, and transport functions in vitro

Approach Representative features

Advantages

Limitations/challenges Ref.

Lymphangiogenesis/sprouting Guided LEC invasion from preformed
vessels into 3D ECM (e.g., collagen,
fibrin) driven by interstitial flow or
chemokine gradients; often mimics

developmental lymphangiogenesis

Vasculogenesis/self-assembly  Dispersed LECs seeded within
hydrogels self-organize into
interconnected networks; may include

stromal or perivascular support cells

Flow-controlled/perfusable
microchannels

LECs line predefined microchannels
exposed to luminal or interstitial flow;
independent control of flow direction
and shear stress

Hybrid co-culture systems Combine lymphangiogenic sprouting

with flow conditioning or
stromal/immune components

this section along with their
advantages, and limitations.

In summary, an expanding toolkit of microengineering
strategies—ranging from 3D co-culture approaches to
precisely controlled low-shear perfusion—has been integrated
to construct lymphatic microphysiological systems. Each
technique addresses a distinct facet of lymphatic biology, and
in many cases, multiple strategies are combined within a
single platform to enhance physiological relevance. Over the
past decade, the field has progressed rapidly: what began as
simple 2D LEC monolayers exposed to flow®*°”'* has evolved
into sophisticated 3D vessel models that closely approximate
native lymphatic architecture and function for preclinical
drug screening.'’”''® As the following sections will explore,
these biomimetic lymphatics-on-a-chip platforms not only

representative features,
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e Capture early
lymphangiogenic
morphogenesis

¢ Reconstitute directional
growth and tip/stalk cell
dynamics

e Enable quantification of
sprout length and branching
o Allow flow conditioning

e Models multicellular
assembly

e Support heterotypic cell
interactions and spontaneous
network and lumen
formation

e Compatible with long-term
culture

o Flexible for organoid
co-culture

¢ Enable direct interrogation
of mechanobiology (junction
remodeling, permeability,
valve-like behavior)

¢ Tunable flow environments
e Support dynamic perfusion
and real-time imaging

e Capture multicellular
crosstalk and adaptive
remodeling under
physiological cues

¢ Enable modeling of
lymphangiocrine signaling

o Improved tissue specificity
e Suitable for disease
modeling

e Sprout form continuous, 99,
perfusable lumens rather than 101
blunt-ended capillaries

e Limited ability to model
pressure-driven fluid entry

e Require precise biochemical
gradient control and matrix

tuning

e Typically limited to

short-term culture (<1 week)

e Self-assembled networks
rarely develop blind-ended
termini

e Authentic “oak-leaf”
morphology and alternating
VE-cadherin/LYVE-1 segments
not reliably reproduced

e Lymphangion- and
valve-level organization absent
e Less geometric and
directional control

e High heterogeneity in vessel
diameter and connectivity

104,
105,
116

e Cannot induce
morphogenesis of valve-like
structures

e Button-like junction
markers only partially
reproduced

e Complex fabrication and
device variability

e Often lack early
morphogenetic events

106,
108,
112,
113,
117

¢ Organ-specific lymphatic
phenotypes remain
incomplete

e Greater experimental
complexity and variability

e Junctional phenotype
sensitive to LEC passage
number and source

e Require advanced imaging
and analysis workflows

100,
107,
118

recapitulate fundamental aspects of lymphatic physiology but
also serve as versatile tools for probing disease mechanisms

and exploring therapeutics.

4 Disease applications of

lymphatics-on-a-chip

Lymphatic dysfunction is implicated in a wide array of
diseases, from lymphedema and inflammatory disorders to
cancer metastasis and metabolic syndromes. By recreating
key aspects of lymphatic physiology in vitro, lymphatics-on-a-
chip devices have emerged as powerful tools to model these
pathologies and test potential interventions. In this section,
we highlight how microfluidic lymphatic models have been

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Lymphatics-on-a-chip platforms for modeling lymphatic pathophysiology. (A) A schematic of the lymphatic drainage-on-chip platform.
Immunostaining of lymphatic vessels and blood vessels with an adherens junction marker, VE-cadherin (VE-cad), and CD31. Red and yellow arrows
indicate exclusive expression of VE-cad and CD31, respectively, showing interdigitated, discontinuous expression of VE-cad in LECs. Scale bars,
100 um. Adapted with permission from ref. 110, copyright 2023 National Academy of Sciences. (B) TME-on-a-chip reveals that the CCL21(T)-B3
fusion construct effectively targets the tumor cells. Scale bar: 10 um. Adapted with permission from ref. 125, copyright 2019 American Chemical
Society. (C) A schematic of the breast tumor-lymphatic microfluidic device. Adapted with permission from ref. 126, copyright 2020 Wiley-VCH. (D)
Illustration of an injection-molded microfluidic device designed in a 384-well plate format. Each unit contains a central channel (C) and two side
channels (S1 and S2), enabling 3D LV formation and real-time tracking of DC migration. Adapted with permission from ref. 130, copyright 2025
Springer Nature. (E) Human glymphatics-on-chip model recapitulates 3D neurovascular architecture with astrocytic reactivity to tau. Scale bars:
200 um. Adapted with permission from ref. 139, copyright 2025 American Institute of Physics.
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used to simulate disease conditions, uncover disease
mechanisms, and evaluate therapeutics (Fig. 4).

4.1 Modeling lymphedema pathophysiology

Lymphedema, characterized by tissue swelling due to
impaired lymphatic drainage, can arise either from
developmental defects (primary lymphedema) or from
damage or obstruction of lymphatics (secondary
lymphedema), for instance, after lymph node dissection. A
hallmark feature is impaired lymph uptake and chronic
inflammation in the affected tissues. Microphysiological
systems have recently been leveraged to model this pathology
and uncover mechanistic drivers of lymphatic dysfunction.
Lee et al (2023) developed a 3D lymphatic vessel-on-chip
system with two parallel channels in a collagen hydrogel: one
lined with LECs to mimic an initial lymphatic capillary, and
the other serving as an interstitial channel for fluorescent
dextran infusion (Fig. 4A). In this setup, LECs recapitulated
button-like VE-cadherin junctions and supported fluid uptake
akin to native initial lymphatics. However, upon exposure to
inflammatory cytokines (e.g., IL-2, GM-CSF, G-CSF), the chip
revealed pathological junction tightening mediated by a novel
ROCK2-JAM-A complex at LEC borders. This hyper-
stabilization of VE-cadherin impeded fluid and protein entry,
sharply reducing drainage. Importantly, ROCK inhibition
restored fluid uptake, identifying ROCK2 as a potential
therapeutic target for lymphedema by reversing the “blood-
vessel-like” tight junction state induced by inflammation.™*°
Kraus et al. (2023) established a human initial lymphatic
primary-valve-on-a-chip in which interstitial and luminal
pressures could be precisely modulated. They found that
acute inflammation (i.e., brief high-dose TNF-a. exposure)
degraded fibrillin fibers and impaired fluid uptake, but
corticosteroid treatment reversed the effect. In contrast,
chronic low-grade TNF-o. exposure caused LEC apoptosis and
persistent junctional disruption, leading to valve failure and
excessive  leakiness—conditions  resembling  advanced
lymphedema.'®® This platform underscores that while acute
inflammatory injury may be reversible, chronic inflammation
drives irreversible valve damage, indicating the need for early
anti-inflammatory intervention.

4.2 Tumor-lymphatic interactions and metastasis

The lymphatic vasculature plays a central role in metastasis,
particularly as tumors exploit lymphangiogenesis to spread to
regional lymph nodes. Tumors secrete growth factors such as
VEGF-C and VEGF-D, which expand peritumoral lymphatics
and remodel draining lymph nodes.*® These changes facilitate
tumor cell intravasation and survival in lymphatic niches.™*’
Lymphatics-on-a-chip offer a unique means to study these
processes under controlled conditions. The early coculture
model by Pisano et al (2015) showed that fluid drainage
enhanced breast cancer cell invasion toward the lymphatic
vessel, mediated by CCR7-CCL21 signaling, supporting the
concept of autologous chemotaxis.®® Chung et al (2017)
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advanced this concept with a biomimetic tumor
microenvironment-on-a-chip ~ containing  tumor  cells,

fibroblasts, and blood and lymphatic vessels. Interstitial flow
and fibroblast presence promoted invasive tumor behavior and
lymphatic remodeling, underscoring how stromal interactions
condition lymphatic endothelium.'*® Using a one-channel
microfluidic device, Gong et al. (2019) and Lugo-Cintrén et al.
(2020) demonstrated that breast cancer-associated fibroblast
(CAF) disrupted lymphatic vessel barrier function. Coculture
with aggressive breast cancer cells exacerbated lymphatic
vessel leakiness and triggered IL-6 secretion, a possible pro-
metastatic mechanism of lymphatic metastasis. Blocking IL-6
signaling partially restored lymphatic barrier function,
suggesting potential for vessel normalization strategies.'*"'**
In a follow-up study, Lugo-Cintron et al. (2021) found that
tumor-derived fibroblasts dramatically increased lymphatic
sprouting and network density through VEGF-C/D secretion
and matrix remodeling.’*® Building on this platform, Yada
et al. (2023) revealed that LECs secrete macrophage migration
inhibitory factor (MIF), which promotes directional tumor cell
migration and metabolic reprogramming toward a glycolytic
phenotype. Pharmacologic inhibition of MIF reduced cancer
cell motility, demonstrating that lymphatic vessels can actively
drive tumor invasion through paracrine signaling rather than
serving solely as passive conduits."**

Beyond modeling invasion, tumor-lymphatic chips are
increasingly applied to therapeutic testing. Using a
vascularized melanoma model, Fang et al. (2019) evaluated a
chemokine/anti-PD-L1  nanobody fusion protein that
simultaneously reshaped chemokine gradients and relieved
checkpoint inhibition (Fig. 4B). This strategy enhanced T cell
infiltration and anti-tumor immunity, illustrating how
lymphatic chips can be harnessed to screen innovative
immunotherapies.'* Similarly, Ayuso et al. (2020) developed
a breast cancer-lymphatic coculture platform pairing perfused
LEC channels with estrogen receptor-positive (MCF-7) or
triple-negative (MDA-MB-231) breast tumors (Fig. 4C). They
showed that aggressive MDA-MB-231 cells reprogrammed
LECs into a more inflammatory, leaky, and pro-angiogenic
state than MCF-7, mirroring clinical subtype differences.'*®
Frenkel et al (2021) introduced immortalized human
lymphatic endothelial cells (imLECs) into a membrane-free,
three-lane OrganoPlate supporting continuous perfusion on a
rocker platform (7° tilt, 8 min cycle) and stable biochemical
gradients. The system maintained functional lymphatic
microvessels for at least 18 days and enabled co-culture with
colon-cancer organoids for 9 days, during which tumors
induced VEGF-driven lymphatic sprouting and intravasation
of cancer cells into lymphatic lumens, both effects abrogated
by VEGFR-3 inhibition."*” The platform's long-term perfusion
stability and sustained lymphangiogenic activity make it a
robust assay for anti-lymphangiogenic drug testing and real-
time analysis of tumor intravasation.

Together, tumor-lymphatic chips now recapitulate key
metastatic steps—including flow-guided invasion, stromal
and matrix conditioning, subtype-specific endothelial

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00875a

Open Access Article. Published on 07 January 2026. Downloaded on 4/3/2026 8:33:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

remodeling, and tumor intravasation—and are increasingly
used to evaluate therapeutic interventions. From blocking
CCR?7 or IL-6 signaling to normalizing lymphatic vessels or
enhancing checkpoint immunotherapy, these platforms offer
powerful translational tools for dissecting and targeting the
lymphatic route of cancer metastasis.

4.3 Autoimmune and inflammatory diseases

Lymphatic vessels are pivotal components of the immune
system, facilitating dendritic cell (DC) and macrophage
trafficking from peripheral tissues to lymph nodes, thereby
priming adaptive immune responses."*® In many chronic
inflammatory conditions, such as rheumatoid arthritis and
inflammatory bowel disease (IBD), lymphatic vascular
remodeling is a hallmark feature. For example, in IBD,
mesenteric lymphatics may undergo proliferation and contribute
to the formation of tertiary lymphoid structures, which in turn
hinder normal lymph flow.> Advances in lymphatics-on-a-chip
models have propelled our understanding of immune cell
migration under inflammatory conditions. Serrano et al. (2023)
developed a microfluidic platform that recreates interstitial flow,
lymphatic drainage, and immune cell recruitment on-chip. The
engineered vessels achieved physiologically relevant drainage of
interstitial proteins and solutes, while faithfully reproducing
lymphatic-immune interactions. When peripheral blood
mononuclear cells (PBMCs) were introduced under TNF-o-
induced inflammatory conditions, the lymphatic chip actively
recruited these immune cells; notably, blocking the chemokine
receptors C-X-C motif chemokine receptor 4 (CXCR4) and CCR7
markedly reduced PBMC infiltration, demonstrating the robust
modeling of chemokine-driven immune trafficking in vitro."*
Complementing this, Jo et al (2025) introduced a high-
throughput microfluidic platform that faithfully recapitulates
the structure and function of initial lymphatic vessels in a 3D
environment, including DC migration governed by a CCR7-
CCL21 chemokine gradient (Fig. 4D). Under conditions of
elevated CCR7 expression in DCs or following TNF-a
preconditioning of LECs, which induces CCL21 secretion, DCs
exhibited enhanced motility and directional migration toward
the lymphatic channel. However, chronic inflammation led to
DC overshooting their entry, indicative of desensitization or
barrier disruption.* These findings mirror in vivo observations,
where acute inflammation may transiently enhance clearance,
but chronic inflammation impairs trafficking efficiency.'*""*>
Such systems hold promise for therapeutic screening, including
TNF-a inhibition to restore DC entry dynamics and preserve LEC
junctional integrity in diseases like IBD.

4.4 Neurological and glymphatic disorders

In the realm of aging and neurological disease, researchers are
increasingly focusing on meningeal lymphatics®® and the
glymphatic system,"** which together mediate cerebrospinal
fluid (CSF) and interstitial solute clearance from the brain. The
glymphatic pathway comprises periarterial CSF influx, astrocytic
aquaporin-4  (AQP4)mediated interstitial exchange, and
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perivenous efflux, functioning as a glial-dependent analogue of
classical lymphatic drainage."** TIts activity is coupled to
meningeal lymphatic vessels lining the dura mater, which
channel glymphatically drained CSF and solutes to the deep
cervical lymph nodes."*>**® Disruption of either pathway impairs
metabolic waste clearance and has been implicated in
Alzheimer's disease, traumatic brain injury, and age-related
neuroinflammation.”* Soden et al (2022) developed a
gliovascular unit (GVU) on-a-chip: a microfluidic platform
comprised of two parallel channels embedded in a 3D hydrogel
populated with human astrocytes forming AQP4-polarized
endfeet with the channel lined with human brain microvascular
endothelial cells. Under inflammatory stimuli (with LPS, AB(1-
42) oligomers, or an AQP4 inhibitor), the system showed
impaired clearance of fluid and AP(1-40) tracer introduced from
the other acellular channel; drainage deficits persisted even
post-cell lysis, implying roles for both cell-dependent (AQP4-

related) and ECM-mediated fluid transport. Notably,
inflammation depolarized AQP4, highlighting how altered
localization of this channel compromises glymphatic

function.” Building upon Soden's platform, Yslas et al. (2024)

found that amyloid- oligomers, but not monomers, caused
pronounced astrocytic calcium signaling disruption and
mislocalization of AQP4, impairing fluid clearance.'®® Park et al.
(2025) demonstrated that hyperphosphorylated tau induced
astrocytes to adopt a hypertrophic, hypercontractile phenotype,
leading to vasoconstriction of the engineered vessels and
reduced glymphatic clearance  (Fig. 4E).  Critically,
pharmacological inhibition of non-muscle myosin II using
blebbistatin reversed astrocytic hypercontractility, restored vessel
diameter, and rescued fluid transport function."*® By
recapitulating the neural clearance pathway in vitro, these
glymphatics-on-a-chip platforms advance our understanding of
how chronic inflammation disrupts critical glymphatic functions
and provide scalable systems for screening novel interventions
for neurodegenerative diseases.

In summary, lymphatics-on-a-chip platforms rapidly prove
their value across a broad spectrum of disease contexts.
These microfluidic systems enable the dissection of complex
in vivo phenomena—including the physical forces that impair
lymph flow in lymphedema, the cellular dialogues that drive
cancer dissemination through lymphatic routes, and the
nuances of immune cell crosstalk and trafficking—within a
controlled, tunable in vitro milieu. Serving both as
reductionist models for mechanistic exploration and as
preclinical screening platforms, these chips allow researchers
to ask focused questions and test interventions with
enhanced physiological relevance.

5 Future directions: toward multiscale
and human-relevant lymphatic
microphysiological systems

The field of lymphatics-on-a-chip is rapidly advancing but
remains in an early growth phase, offering significant
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potential for innovation. Several promising avenues are
emerging to enhance the physiological relevance, scalability,
and analytical power of these systems. In this section, we
explore these future directions and discuss how they can
address current limitations and open new avenues in
lymphatic research and therapy (Fig. 5).

5.1 iPSC-derived lymphatic organoids and synthetic
developmental programs

A major constraint in current lymphatics-on-a-chip models is
the reliance on primary LECs, typically isolated from
neonatal or adult skin, which may not capture the molecular
and functional heterogeneity among lymphatics across
different tissues (e.g., gut, lung, skin, meninges, and heart).
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In addition to these tissue-specific constraints, commercially
available human LECs also pose important demographic
limitations. Neonatal or juvenile LECs are generally derived
from foreskin and are therefore of male origin, whereas adult
LECs are most often obtained from discarded skin collected
during cosmetic procedures, which predominantly come
from female donors. For researchers investigating sex-
dependent or age-dependent differences in endothelial
phenotypes, obtaining primary human LECs that are
appropriately matched to experimental needs remains
challenging. These sourcing limitations further underscore
the appeal of iPSC-derived LECs as a more flexible and
controllable alternative.

iPSCs offer a renewable, patient-specific source of LECs
and lymphatic organoids.’*® Saha et al. (2024) developed a
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Fig. 5 Advanced engineering strategies for next-generation lymphatic microphysiological systems. (A) Schematic of deriving LECs from hiPSCs
and capillary-like network formation of LEC stained by cell tracker green. Scale bar, 320 um. Adapted with permission from ref. 34, copyright
2024 S. Karger AG. (B) The multicellular human ocular fluid outflow on-chip recapitulates steroid-induced glaucoma in vitro. Scale bar: 50 pm.
Adapted with permission from ref. 149, copyright 2025 Springer Nature. (C) Chained neural network analysis of a cell transplant preclinical
model with vascularized islet-chips designed using the VNQI. Adapted with permission from ref. 154, copyright 2023 American Institute of
Chemical Engineers.
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high-efficiency protocol using the transcription factors ETV2
and ETS2, with precisely timed PROX1 activation, to
differentiate human iPSCs (hiPSCs) into LECs expressing
VEGFR3, LYVE-1, and podoplanin at levels comparable to
mature cells (Fig. 5A). These iPSC-derived LECs can assemble
into stable lymphatic networks and secrete lymphangiocrine
factors such as reelin, supporting their utility for in vitro
modeling.>* However, despite expressing key markers, iPSC-
derived LECs often exhibit developmentally immature
profiles, with reduced expression of valve and collector
related genes (e.g.,, FOXC2, GATA2, GJA4), incomplete
junctional organization, and diminished responsiveness to
mechanical cues.**'""  These findings indicate partial
functional maturity and highlight the risk of phenotypic drift
over prolonged culture. Perfusion and biomechanical
conditioning have shown to markedly improve the structural
and metabolic maturation of iPSC-derived vascular cells."*?
Accordingly, incorporating biophysical stimuli interstitial or
oscillatory flow, cyclic stretch, and matrix stiffness gradients
during differentiation may help stabilize LEC identity and
promote adult-like functionality.

Beyond iPSC sources, organ-specific primary LECs display
distinct transcriptional and barrier properties shaped by
their local microenvironments. Integrating these specialized
LECs into microfluidic platforms can enhance physiological
fidelity and enable comparative mechanobiological studies
of regional lymphatic function. In parallel, emerging efforts
to develop self-assembled vascular organoids, where ECs co-
cultured with organotypic spheroids form interconnected
vessel-like networks within 3D matrices, provide new

modeling tissue-specific lymphatic
1437145 Combining the scalability of iPSC-
derived LECs with organotypic cues, co-cultures, and
lymphatic =~ organoid  complexity = within  perfusable
microfluidic systems could yield next-generation mesofluidic
models that unite tissue specificity with dynamic control
and real-time visualization.*®

avenues for
morphogenesis.

5.2 Organ-specific lymphatic models

Lymphatic vessels are increasingly recognized not only as
conduits for fluid clearance and immune cell transport but
also as active regulators of organ development, homeostasis,
and tissue repair through lymphangiocrine signaling. LECs
secrete a wide range of tissue-interacting factors, including
metabolic cues, morphogens, chemokines, and extracellular
matrix regulators, that shape the identity and function of
surrounding stromal, epithelial, immune, and vascular
cells."”  Modeling these context-dependent interactions
in vitro is therefore essential for recapitulating organ-specific
lymphatic phenotypes and enhancing the physiological
fidelity of organ-on-a-chip systems. By integrating lymphatic
structures directly into organ-specific microphysiological
platforms, researchers can interrogate how LECs influence
and respond to their tissue environment. This includes
immune-cell trafficking through Ilymphatic channels,
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stromal-derived guidance cues that pattern lymphatic
networks, and reciprocal signaling between lymphatics and
blood vessels that coordinates barrier function and antigen
transport. Such systems are increasingly enabling body-on-a-
chip capable  of  simulating  drug
pharmacokinetics, immune priming, and inter-organ
communication."*® A leading example is the human ocular
fluid-outflow chip developed by Lu et al (2025), which
reconstructs the trabecular meshwork (TM) and the
lymphatic-like Schlemm's canal (SC) using a dual-layer
microfluidic ~ architecture (Fig. 5B).'*° This platform
recapitulates human aqueous humor drainage by channeling
interstitial flow through an SC endothelial compartment
enveloped by TM. Under steroid exposure, the chip
reproduces hallmark features of steroid-induced glaucoma,
including impaired fluid egress and strengthened SC
junctions, mediated by an ALK5-VEGFC signaling axis
between TM and SC cells. This work illustrates how emergent
disease phenotypes require heterotypic interactions, which
are not captured in monoculture systems, and positions the
platform for incorporation into multi-organ models.

Beyond the ocular niche, lymph node-on-a-chip
technologies have emerged as powerful models for studying
lymphatic-immune communication within a structured
lymphoid microenvironment.'”*™*>* These platforms recreate
subcapsular sinus flow, fibroblastic reticular cell networks,
and LEC-immune cell interactions, enabling precise
examination of antigen capture, dendritic cell transit, and
flow-dependent lymphocyte activation. Multi-compartment
organ-on-chip frameworks can further couple peripheral
tissue modules to downstream lymph node chambers via
perfused lymphatic channels, thereby recreating antigen
drainage, cytokine transport, and immune priming in a
human-relevant context. Such integration will be crucial for
mechanistic studies of how local lymphatic function shapes
systemic immunity and immunotherapy responses.

Several additional organ systems present compelling
opportunities for lymphatic modeling. Intestinal lacteals
coordinate with enterocytes and immune cells to mediate
chylomicron uptake and are susceptible to VEGF-A-driven
junction zippering in obesity.>'*** Adipose lymphatics
regulate lipid mobilization and inflammatory tone; their
dysfunction, as seen with CD36 loss, promotes visceral
inflammation and insulin resistance mirroring type 2
diabetes."* Microfluidic co-cultures incorporating LECs with
adipocytes, enterocytes, renal epithelial cells, or meningeal
stromal cells could recapitulate these organ-specific
pathophysiologies. Renal and meningeal lymphatic-epithelial
chips may further model fibrotic fluid imbalance,
intracranial pressure dynamics, and CSF clearance defects
relevant to neurodegenerative disease.

Together, these emerging organ-specific and immune-
linked lymphatics-on-a-chip  platforms illustrate the
importance of heterotypic, lymphangiocrine interactions in
shaping lymphatic structure and function across tissues.
Coupling  patient-derived cells, autologous

frameworks

immune
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components, or disease-relevant organoids with perfusable
lymphatic channels will enable personalized mechanistic
studies and therapeutic testing across diverse organ systems
—from lymph nodes and the eye to intestine, adipose tissue,
kidney, brain, and beyond.

5.3 Computational and Al-assisted design of lymphatic
networks

As  lymphatics-on-a-chip  systems grow increasingly
sophisticated, they generate rich, high-dimensional datasets
that are challenging to interpret using conventional analysis.
This complexity presents a compelling opportunity for Al to
bridge empirical experimentation and mechanistic
understanding. AI offers powerful tools for handling
multivariate perturbation experiments typical of lymphatic
microfluidic studies. For instance, microfluidics methods
have already used evolutionary algorithms to engineer
channel geometries optimized for uniform shear stress or
physiologically realistic flow distribution.">®™*®  Such
methods could be adapted to lymphatic chips to tailor
microchannel networks that mimic native interstitial flow or
lymph propulsion dynamics. A landmark advance in applying
Al to vascular—and by extension lymphatic—networks comes
from the work of Tronolone et al. (2023), who developed a
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Vascular Network Quality Index (VNQI) using supervised
machine learning and a chained neural network architecture
(Fig. 5C). This index compresses complex vascular
morphology into a single predictive metric that correlates
strongly with functional oxygen transport—outperforming
simpler morphological measures alone."> Applied to
lymphatics, a similar index could quantify network efficiency
in terms of fluid clearance, immune cell trafficking, or
barrier integrity, based on features like valve density,
contractile behavior, and junctional permeability.

Looking ahead, Al-enabled systems could evolve toward
adaptive experimental frameworks, where AI ‘“agents”
monitor real-time readouts (e.g., flow dynamics, cell
migration) and actively modulate stimuli (e.g., growth factors,
mechanical stress) to optimize outcomes. Such closed-loop
experimentation would dramatically accelerate optimization
of drug delivery conditions or personalized therapeutic
regimens on a chip. Currently, lymphatics-on-a-chip studies
are often proof-of-concept or limited in throughput.
Integrating AI and machine learning, coupled with high-
throughput microfluidic platforms,'*® 3D bioprinting,'>”**®
and advanced microfabrication,*® promises to scale these
systems—transforming them from single-use demonstrations
into robust screening tools that accelerate drug discovery and
mechanistic exploration.
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5.4 Standards for validation of human lymphatic
microphysiological platforms

Establishing robust validation criteria is essential to ensure
that human lymphatics-on-a-chip accurately recapitulate
native vessel identity, structure, and function (Fig. 6).
Validation should begin with confirming molecular identity
and maturity, including expression of canonical lymphatic
markers (PROX1, VEGFR-3, PDPN, LYVE-1) and junctional
proteins (VE-cadherin, CLDNS5), together with valve-
associated regulators such as FOXC2 and GATA2 that signify
developmental progression. Structural fidelity can be
assessed through imaging of button- versus zipper-like
junctions, oak-leaf LEC overlaps, and anchoring-filament
analogs that maintain tissue attachment. Functional
validation should demonstrate physiologically relevant solute
and macromolecule transport, quantified by tracer uptake
and size-selective permeability assays.

Mechanobiological validation involves confirming flow-
dependent behaviors, such as junctional remodeling, nitric-
oxide signaling, and cyclic-stretch responses, that mimic
pumping and valve dynamics in collecting vessels. Immune
relevance can be established by assessing CCR7-dependent DC
and T cell transmigration toward CCL21 gradients, and by
testing cytokine-induced barrier modulation under TNF-o. or
IL-1B stimulation. Pharmacological perturbations provide
further functional benchmarks, including expected changes in
contractility or permeability following VEGF-A/C or VEGFR-3
blockade, RhoA/ROCK inhibition, or glucocorticoid treatment.

Finally, quantitative benchmarking against human data,
encompassing histological architecture, lymphangiography or
intralymphatic imaging, and tracer-clearance kinetics, should
be reported with clear effect sizes and scaling assumptions to
facilitate reproducibility and cross-platform comparison.
Collectively, these integrated strategies provide a rigorous
foundation for validating human lymphatic microphysiological
systems and advancing them as reproducible, predictive tools
for both disease modeling and therapeutic testing.

6 Conclusion

In closing, the future of lymphatics-on-a-chip is auspicious,
poised to accelerate therapeutic innovation across domains—
from lymphedema interventions and immunotherapies to
vaccines leveraging lymphatic transport to lymph nodes.
These microphysiological systems offer unprecedented
potential to accurately replicate human lymphatic physiology
and disease, complementing and even replacing traditional
animal models, which suffer from translational limitations
and rising regulatory and ethical scrutiny. As integrated
platforms—combining lymphatic, immune, and multi-organ
functionality—continue to materialize, they align tightly with
advances in personalized medicine, high-throughput
screening, and translational science, drawing on
multidisciplinary collaboration across engineering, biology,
and computation. For a system as historically
underappreciated and complex as the lymphatic vasculature,
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these advances come at a pivotal time, ensuring that the next
generations of lymphatics-on-a-chip models are ever more
physiological, predictive, and useful in unraveling the
mysteries of the lymphatic system.
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