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Supplementary Sections and Tables

Supplementary Section S1: Causal Parameters and Experimental Readouts for CAF-Driven
Transport Phenotyping

When the extracellular matrix is treated as the primary causal input in the stromal—transport framework, a range
of structural, mechanical, and molecular parameters can be quantified to characterize CAF-driven remodeling
and its transport consequences.

Structural and mechanical input parameters include:

(A) ECM stiffness, measured by atomic force microscopy (AFM), bulk rheology or second-harmonic generation
(SHG) imaging, providing a readout of collagen density, crosslinking, and matrix tension.2

(B) ECM chemical composition, including collagen and hyaluronan content, the expression of distinct collagen
types (e.g., COL1A1, COL3A1), and crosslinking enzymes (e.g., LOX family), quantified by immunoassays,
transcriptomics, proteomics, or high-performance liquid chromatography.3-8

(C) Matrix porosity, assessed by tracer exclusion assays or imaging modalities such as diffusion-sensitive optical
coherence tomography or AFM-based mapping.>~*!

(D) Intrinsic permeability, measured by pressure-drop assays, plastic compression combined with Darcy’s law
analysis, or tracer flow tracking through ECM-filled channels.1>-15

Cellular and mechanotransduction output parameters include:

(E) Transcriptomic and chromatin accessibility profiles, obtained by single-cell RNA sequencing (scRNA-seq) and
ATAC-seq, enabling identification of CAF states and mechanotransduction programs.®

(F) Mechanosensitive signaling markers, such as nuclear localization of YAP/TAZ or activation of related
pathways, which report cellular responses to matrix stiffness and stress.7-20

(G) Functional cellular readouts, including contractility, proliferation, and migratory behavior of CAFs and cancer
cells.>?!

Together, these parameters define the experimental space in which causal relationships between CAF-driven
ECM remodeling and transport phenotypes can be tested, either by perturbing stromal inputs and measuring
transport outputs or by directly modifying matrix properties and observing cellular responses.

Supplementary Table S1 Symbols, units, and measurement readouts

uantit . . Primary on-chi
Q y Meaning Units y P Notes
(symbol) readouts / assays
c Solute concentration (drug, | mol-m=3 (or a.u. | Fluorescence intensity | Convert a.u. to
tracer) via maps sampled effluent | concentration via
fluorescence) concentration?2-23 calibration curve when
possible.
Degr Effective diffusivity in ECM / | m2s? FRAP/photobleaching; Depends on porosity,
tissue time-lapse penetration | tortuosity, solute size;
profiles; FCS24 report tracer MW and
charge.
Dy Free diffusivity in solvent (no | m2-s? Literature values; | Use same
matrix) measured in blank gel- | temperature/viscosity
free channel?2¢ conditions as experiments.




o} Porosity / void fraction (fluid
volume fraction)

dimensionless

Swelling/solid  content;
imaging-based
pore/mesh inference;

permeability—porosity
fits27

Often inferred rather than
directly measured; state
method clearly.

partition coefficient

m3-mol*  (or
dimensionless)

tests (% recovery); mass
balance in controls#0-4!

A Tortuosity factor dimensionless Estimated from Dy/De | An effective descriptor
relationship (A = )
sqrt(Do/Def) when | It does not uniquely
applicable)?8 capture pore connectivity.

q Darcy volumetric flux m-st From imposed flow rate | Use when flow through
and cross-sectional area; | porous gel is
particle image | controlled/known.
velocimetry (PIV)?9-31

k intrinsic permeability (intrinsic) | m? (intrinsic) Pressure-driven flow | Sensitive to gel compaction
through gel; pressure- | and boundary leakage;
decay/relaxation assays; | report gel
poroelastic fits3? confinement/anchoring.

p, Ap Interstitial fluid pressure and | Pa (or mmHg) On-chip pressure | State boundary conditions;

pressure gradient Sensors; manometry; | high IFP reduces
hydrostatic head | convective delivery.
differences3?

Vp Interstitial (pore) velocity m-s? Tracer front tracking; | Local vp can be
PIV; derived from q/¢3? heterogeneous; report

mean and spatial maps if
possible.

E Elastic modulus (matrix/tissue) | Pa (often kPa) Indentation; AFM; | Report strain rate and
microbead rheology; | method; ECM remodeling
elastography3*35 changes E over time.

n Viscous modulus/relaxation | Pa-s Stress relaxation/creep | Useful for time-dependent

parameter assays; poroviscoelastic | deformation and transport
fits36 coupling.

c,& U Stress, strain, displacement | Pa; Traction force | Often captured as global

field dimensionless; microscopy; applied stress/strain in
m displacement  tracking; | ToC; local mapping s

applied compression | advanced.

gauges®’
o, M Biot coefficient; Biot (storage) | dimensionless; Estimated by fitting | Include only if using
modulus Pa poroelastic pressure- | coupled poroelastic
relaxation data’® models; can be lumped in
simplified fits.

R Reaction term | mol-m3.s? Cellular uptake kinetics | Separate cellular uptake

(uptake/clearance/production) from time-course | from binding/sorption
depletion; imaging of | when possible.
internalization markers3’

cs, Ky Adsorbed/immobile solute; | mol-m3; Device/gel adsorption | Critical for PDMS and

hydrophobic drugs; include
controls.

Supplementary Section S2: Experimental and Computational Calibration of Transport Parameters

A wide array of tumor-transport frameworks has been developed over the past decade, ranging from continuous

advection—diffusion-reaction models to multi-physics simulations incorporating vascular flow, interstitial




pressure, and matrix mechanics.22*>4 Among these, the coupled advection—diffusion—-Darcy—poroelastic (or
poroviscoelastic) framework strikes a practical balance between mechanistic richness and mathematical
tractability.*>*9 It captures the essential couplings among diffusion, advection, reaction, and solid mechanics,
while remaining amenable to numerical solution and parameter estimation.*8:3

In practice, model calibration often begins by treating parameters such as effective diffusivity De}‘f, intrinsic
permeability k, and reaction rates R as spatially averaged constants fitted to bulk tracer uptake or release
data.28-!

Fluorescent tracer penetration in hydrogels or tissue slices is quantified by microscopy or FRAP, and the resulting

concentration profiles are simulated with transport equations to infer foff.52’53 Such indirect estimation is often
necessary because diffusivity cannot be measured directly in heterogeneous biological materials.>*

More advanced strategies aim to resolve spatial and temporal heterogeneity. Tracer diffusion measurements
(FRAP, FCS) can be combined with pressure-relaxation or compression assays to constrain both transport and
mechanical parameters.!%35 Pressure-relaxation experiments analyzed using Darcy—Biot poroelastic models
provide direct estimates of intrinsic permeability k and elastic modulus E, including their strain
dependence.474%56 These parameters can be combined into effective transport coefficients (e.g., D ~ kM/1r)
used in advection—diffusion simulations.>7-8

Controlled hydrogel systems are particularly useful for calibration because crosslinking density, porosity, and
polymer content can be varied independently.?*>° Studies using GeIMA and PEGDA hydrogels demonstrate that
modest changes in crosslinking or mesh size can lead to orders-of-magnitude differences in diffusivity and
permeability.2+>*60 For example, 5% bovine serum albumin (66.5 kDa) formulation diffuses more than an order
of magnitude faster in GelMA than when at 10%.°! Intrinsic permeability similarly varies by several orders of
magnitude between weakly and highly crosslinked gels. Comparable trends are observed in PEGDA systems, with
stronger restrictions for large macromolecules than for small solutes such as glucose,2459:00.62-64

These empirical relationships provide functional links between matrix density, porosity, and transport

parameters that can be incorporated into models, e.g. Deff = F[¢].54 However, structural descriptors such as
porosity alone are insufficient: matrices with identical porosity can differ by an order of magnitude in
permeability due to differences in pore connectivity and topology.%3-66

Biological variability introduces an additional layer of complexity.57:%8 Primary fibroblasts from different donors
can display large differences in ECM production, thickness, and mechanical strength even under standardized
conditions. For example, dermal fibroblasts from different individuals showed up to 3.2-fold variation in ECM
perforation strength and 2.5-fold variation in collagen content.® Such variability can be exploited experimentally
by constructing matrices with defined CAF compositions and measuring how tracer penetration or drug response
changes accordingly.”

Temporal evolution further complicates calibration.”'-73 Models that fit early time points (e.g., day 3) may fail at
later times (day 7 or beyond) because cells polarize, differentiate, and remodel the matrix.’+7> Hydrogel
contraction, phenotypic drift, and ECM maturation progressively alter transport properties, creating an intrinsic
mismatch between short-term in vitro assays and long-term in vivo disease progression.”¢-7

Finally, technical variability remains substantial. Inter-laboratory studies report 35% variation and up to six-fold
differences in diffusion measurements using nominally identical materials and protocols.8%8! Diffusion-based
estimates of permeability can differ by an order of magnitude from flow-based measurements, especially at high
collagen density, highlighting the sensitivity of transport assays to compression, handling, and flow history.!3-22

Supplementary Section S3: Strategies to Modulate CAF-Driven Matrix Barriers and Transport
Phenotypes



CAF-driven remodeling of the extracellular matrix generates dynamic transport barriers that restrict drug and
immune-cell access in many solid tumors.82% Because these barriers arise from identifiable biological and
physical mechanisms, they can be transiently modulated. This section summarizes experimental strategies to
alter CAF-mediated matrix structure, mechanics, and transport properties, providing a methodological toolbox
that complements the transport-phenotyping framework developed in the main text.

Enzymatic modulation of the extracellular matrix: Proteolytic remodeling represents a direct approach to
transiently increase matrix porosity and permeability. Matrix metalloproteinases (MMPs), A Disintegrin And
Metalloproteinases (ADAMs), and exogenous collagenases can degrade fibrillar collagens and proteoglycans,
thereby enlarging pore size and reducing tortuosity.®~** Such interventions have been shown to enhance
penetration of small molecules, antibodies, and nanoparticles in dense collagen matrices.* 9

Matrix degradation is tightly regulated in vivo by Tissue Inhibitors of Metalloproteinases (TIMPs 1-4), which
balance ECM turnover. Experimental modulation of TIMP levels, either by inhibition or overexpression, provides
an additional lever to fine-tune proteolytic activity. However, nonselective ECM degradation can promote tumor
invasion, angiogenesis, or inflammation, highlighting the need for controlled dosing, spatial targeting, and
temporal sequencing.?1:93:9798 To address these limitations, enzyme-loaded delivery systems, such as collagenase-
functionalized nanoparticles (“collagozomes”), have been developed to localize matrix degradation and limit
systemic exposure.”*? These strategies demonstrate that enzymatic remodeling can open transient transport
windows, but their clinical translation requires careful evaluation of safety and context dependence.

Mechanical modulation of stromal barriers: Mechanical forces strongly influence ECM architecture and
transport. Experimental compression of collagen networks reduces intrinsic permeability and diffusivity by
increasing fiber density and decreasing pore connectivity.!39%100 Conversely, mechanical stress relief or
decompression can restore fluid pathways and enhance solute transport.101-103

Microfluidic and tissue-engineered systems allow controlled application of compressive or tensile loads, enabling
systematic investigation of strain-dependent transport. Pressure—relaxation and compression assays analyzed
with poroelastic or poroviscoelastic models quantify how mechanical deformation alters permeability and elastic
moduli.*$7%:104 Sych approaches reproduce key features of desmoplastic tumors, including solid stress
accumulation and vessel compression, and provide a platform to test mechanical normalization strategies.

Pharmacological reprogramming of CAF activity: Rather than directly degrading the matrix, stromal barriers can
be modulated upstream by targeting CAF activation and function. Inhibition of TGF-B signaling, LOX-mediated
crosslinking, or transglutaminase activity reduces matrix deposition and stiffness, thereby indirectly increasing

porosity and permeability. °8105-107 These interventions alter the coefficients governing transport (e.g., Deff, k,
and P) by reshaping CAF-driven remodeling programs. Because CAF populations are heterogeneous and context
dependent, the effects of such interventions vary across tumor types and patients. Tumor-on-chip platforms
enable systematic testing of CAF reprogramming strategies under controlled conditions, allowing transport
phenotypes to be measured before and after perturbation and facilitating identification of responsive stromal
states.!08-110

Nanocarrier-based delivery strategies: Nanomedicine approaches aim to improve drug delivery by engineering
carriers that navigate dense ECM environments. Carrier size, shape, surface charge, and stiffness critically
influence penetration through CAF-remodeled matrices.8%111.112 | arger nanoparticles are more strongly hindered
by reduced pore size and tortuosity, whereas smaller or deformable carriers may achieve deeper penetration.
Microfluidic models have been used extensively to quantify size-dependent transport and to evaluate how matrix
remodeling alters nanocarrier distribution.!’*!15 While nanocarriers offer potential advantages, their
performance remains constrained by the same transport barriers that limit free drug diffusion, reinforcing the
importance of understanding and modulating stromal transport properties.



Biomarkers linked to transport phenotypes: A key goal of transport phenotyping is to identify measurable
biomarkers that reflect the strength of the stromal barrier. Candidate biomarkers include ECM stiffness, collagen
density and organization, intrinsic permeability, interstitial pressure, and CAF composition.!'16-118 |maging
modalities, histological analysis, and on-chip measurements can be combined to associate these features with
transport coefficients extracted from modeling. Such biomarkers provide a bridge between experimental
transport phenotyping and clinical stratification, enabling identification of tumors likely to benefit from stromal
modulation or from specific therapeutic sequencing strategies.

Integration with transport phenotyping frameworks: Collectively, the strategies described above illustrate that
CAF-driven transport barriers are dynamic and potentially reversible.103.119.120 When combined with quantitative
transport measurements and modeling, these interventions enable causal testing of how specific stromal
mechanisms regulate drug accessibility. In this context, enzymatic, mechanical, pharmacological, and
nanocarrier-based approaches are best viewed not as standalone therapies, but as tools to probe and manipulate
transport phenotypes within a unified experimental-computational framework.

Tumor Models for Mass Transport Studies

2D 3D Spheroids 3D Organoids Organs-on-Chip In Vivo
High-Throughput 3D View Low-Throughput

Low Predictivity Tumor-on-chip High Predictivity

, Befx,yz}
Diffusion
Sealed Chi 2D Cross sections Openable Chi
P — S P P
» Plastic (Elast . ~» Plastic (Elast:

100 pm to ! T Tha;rn:n(plzzgsi:’ermoset] 100 um to T ' Ts:r;ép\zss;cr?;:ermoset)
1000 um ‘ umer 1000 pm umor

z model model

» Glass/Plastic

‘[ ¥ T » Glass/Plastic 3 +
¥

On-Chip Biosensing

On-Chip Biosensing

Tumor Models {Culture Time: 14 days)

TRl 1wy : ol
o = | CMm — [T
i 1oL _ ™ e
X-gradient X-gradient X, Y-gradients X,Y-gradients X,Z-gradients X,Z-gradients XY.Z-gradients
1 Matrix © Tumor Cells Immortalized Cell Line
- Primary Cell Line
@ Culture Media Fibroblasts Patient-derived Cell Line

Supplementary Figure S1. Overview of tumor models used for mass transport studies. Comparative schematic
illustrating five commonly used tumor model types, arranged from left to right in increasing order of biological
complexity and physiological relevance: 2D monolayer, 3D spheroid, 3D organoid, tumor-on-chip, and in vivo
tumors. For tumor-on-chip (ToC) systems, cross-sectional schematics highlight two frequently used
configurations: sealed and openable chips, illustrating the spatial organization of tumor cells, fibroblasts,
extracellular matrix, and surrounding culture medium. This overview emphasizes the trade-off between
experimental controllability and in vivo relevance and provides contextual support for the positioning of ToC
platforms in transport-focused studies.

Supplementary Table S2 Device structural materials and implications for transport assays

Material Category key transporttrelevant Strengths Limitations / risks
properties
PDMS!2! Elastomer Gas-permeable; Rapid  prototyping; | Dose depletion for hydrophobic
hydrophobic; high | optical clarity; easy | drugs; altered PK/PD; batch




small-molecule bonding variability
sorption; can leach
oligomers
coc/copizs Thermoplastic Low sorption; good | Improved PK fidelity; | Fabrication/bonding complexity
optical; rigid scalable vs PDMS
manufacturing
psi29 Thermoplastic Low-to-moderate Standard workflows; | Less flexible microfabrication;
sorption;  cell-culture | compatibility with | solvent sensitivity
familiarity plates
PMMAI30 Thermoplastic Rigid; optical; moderate | Machinable; low-cost | Solvent  swelling;  bonding
sorption constraints
OSTE!3! Polymer (thiol- | Low sorption; tunable | Middle ground | Less standardized; fewer long-
ene) surface chemistry; | between PDMS and | term benchmarks
robust bonding thermoplastics
Glass!3? Inorganic Minimal sorption; | Best for quantitative | Microfabrication cost;
hydrophilic assays; stable integration complexity
Silicon!33 Inorganic Minimal sorption; | High precision; stable | Opaque (often) and costly;
precise microfabrication niche
Parylene-C Surface coating | Reduces sorption; inert | Improves PK fidelityin | Adds process step; potential
coating!3 barrier polymer devices delamination if poorly applied
APTES / | Surface Adds reactive groups for | Robust gel | Requires careful process control
Silanization!3> functionalizatio | gel anchoring confinement
n
Polydopamine | Surface coating | Universal adhesive for | Works across | Batch/aging effects
(PDA)136 protein-based gels substrates; simple
3D-printed Additive Variable chemistry; | Rapid prototyping of | Standardization/biocompatibilit
resins!37 materials potential leachables; | complex geometry y concerns; sorption unknown
autofluorescence

Supplementary Section S4: Device structural materials and transport artefacts

The choice of microfluidic device materials critically affects transport measurements, particularly for small
molecules and hydrophobic drugs. Polydimethylsiloxane (PDMS) has long been used due to its optical
transparency, gas permeability, and ease of fabrication via soft lithography. However, PDMS exhibits significant
absorption of hydrophobic compounds and can leach uncured oligomers, progressively altering the effective
delivered dose and confounding pharmacokinetic and pharmacodynamic readouts.*!-121.122

To mitigate these effects, rigid thermoplastics such as cyclic olefin copolymer (COC), cyclic olefin polymer (COP),
polystyrene (PS), and polymethyl methacrylate (PMMA) are increasingly adopted for transport-focused tumor-
on-chip (ToC) systems. These materials maintain geometric stability under perfusion (outlined in supplemental
Figure S3) and exhibit substantially reduced small-molecule partitioning compared to PDMS. Among them, COC
and COP are particularly well-suited for quantitative transport studies due to their low drug sorption and
chemical inertness.!23124

Surface chemistry further modulates transport artefacts and matrix integration. Covalent functionalization
strategies such as silanization (e.g., APTES) introduce reactive groups that promote hydrogel anchoring, while
polydopamine coatings provide a versatile adhesive interface compatible with protein-based matrices. Parylene-
C coatings are frequently employed to suppress hydrophobic drug absorption while preserving optical clarity.



When appropriately combined, these strategies stabilize matrix confinement and improve the reproducibility of

transport measurements.!25-127

Supplementary Table S3 Hydrogels/ECM choices for CAF-driven transport phenotyping

proteolytically

pH/temperature;

FRAP (Deff); pressure-

How to tune Transport readouts )
Hydrogel / ECM Why used . Common pitfalls
transport properties enabled
Collagen 122154155 Native ligand-rich; | Concentration; Tracer  penetration, | CAF-driven

contraction  alters

y  context; supports

endothelial adhesion

n ratio; crosslinking;
inclusion of HA

models; permeability
and transport under

remodelable; standard | crosslinking; driven  permeability | geometry/flow;
for stromal models confinement to | (k); SHG fiber | batch variability
induce alignment alignment
Fibrin156-158 Angiogenic/inflammator | Fibrinogen/thrombi Perfusable  vascular | Fast degradation;

contraction;
variable

remodeling polymerization
Hyaluronic acid (HA) | Recapitulates HA content; | IFP/Ap effects; | Over-swelling;
blends®8:159.160 glycosaminoglycan-rich crosslinking; diffusion  hindrance; | undefined rheology
stroma; affects swelling | hyaluronidase swelling if not crosslinked
and IFP treatments
GelMA!49:161 Tunable mesh  and | Degree of | Systematic Deff vs | Phototoxicity;
stiffness; methacrylation; % | mesh-size calibration; | diffusion depends
photopolymerizable GelMA; controlled on curing uniformity
photoinitiator and | experiments
light dose
PEGDA!62-164 Highly controllable and | Crosslink  density; | Benchmark Lacks native ligands
reproducible  synthetic | MW; degradable | diffusion/permeabilit | unless modified; can
network linkers y vs mesh size alter cell phenotype
Matrigel (if | Basement-membrane- Dilution; mixing with | Drug penetration in | Batch variability;
used)!65-167 like cues for tumor | collagen organoid contexts undefined
organoids composition; not
ideal for

guantitative
transport

Supplementary Section S5: Hydrogel materials and matrix stabilization strategies

Hydrogels form the core of ToC systems modeling desmoplastic tumor microenvironments. Natural ECM-based
hydrogels, including collagen type I, fibrin, and hyaluronic acid, remain the most widely used due to their native
integrin-binding motifs, proteolytic degradability, and compatibility with CAF and cancer cell remodeling
programs.!13:138-141 |n confined microfluidic geometries, however, fibroblast-driven contraction of collagen and
fibrin gels can substantially alter matrix density, porosity, and transport properties over time.!42-144

Several strategies have been developed to stabilize hydrogels against excessive compaction. Chemical
crosslinking agents such as genipin increase network stiffness while maintaining cytocompatibility.!4146
Interfacial anchoring approaches combine surface functionalization with covalent coupling at the gel-device
interface, for example using EDC/NHS chemistry or genipin-mediated crosslinking. 145-147 Mild photochemical or
click-based crosslinking methods offer spatial control over matrix stiffness with limited cytotoxicity.!*?



Synthetic and hybrid hydrogels, including polyethylene glycol (PEG)-based systems, GelMA, PEGDA, and alginate
derivatives, provide improved reproducibility and tunable mechanical properties but lack native biochemical
complexity.'#130 Hybrid formulations combining synthetic backbones with natural ECM components partially
reconcile tunability with biological relevance.!#!:15! Phototunable and photodegradable hydrogels further enable
spatial modulation of stiffness and porosity, offering experimental control over transport heterogeneity,
although their application in ToC remains relatively limited.!52153

Supplementary Section S6: Gel confinement, anchoring, and mechanical integrity

Beyond material selection, device geometry and confinement strategies strongly influence matrix stability and
transport reproducibility. Stepped-height channels and capillary-burst valve designs exploit surface tension to
confine hydrogels within defined compartments while preserving perfusion pathways.!%® Continuous perfusion
maintains channel patency but does not fully prevent fibroblast-driven compaction, which often necessitates
additional anchoring or crosslinking strategies.!4>-147.169

Mechanical confinement and chemical anchoring act synergistically to counteract gel contraction, particularly in
long-term cultures where CAF activity intensifies.!#3-1%5 Failure to adequately stabilize the matrix can lead to
uncontrolled changes in local flow paths, pressure gradients, and solute distribution, thereby obscuring biological
interpretation.!4>144 Detailed reporting of anchoring strategies, confinement geometries, and perfusion
conditions is therefore essential for reproducibility.

Supplementary Section S7: Measurement techniques and technical limitations

Quantifying transport in ToC systems relies on a combination of direct and indirect measurement techniques.
Fluorescence recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS) enable
estimation of effective diffusivity but may be affected by photobleaching artefacts, limited sampling volumes, or
tracer-specific biases.’>!70 Single-particle tracking (SPT) provides high spatial resolution but often employs
nanoparticles larger than many therapeutic molecules, complicating extrapolation.!”!

Structural imaging modalities such as second-harmonic generation (SHG) and confocal reflectance microscopy
characterize collagen architecture and alignment but do not directly measure transport.'’> Mechanical mapping
approaches, including atomic force microscopy (AFM), Brillouin microscopy, and elastography, probe different
mechanical regimes and spatial scales, each with distinct limitations.!16:173

Because no single technique fully captures transport behavior, multimodal strategies combining structural
imaging, mechanical mapping, direct transport assays, and computational modeling are increasingly adopted.
Such integration is necessary to derive consistent estimates of effective diffusivity, permeability, and poroelastic
parameters across spatial and temporal scales.

Supplementary Section S8: Reporting standards and reproducibility considerations

Transport measurements in ToC systems are highly sensitive to experimental details. Inter-laboratory studies
have reported substantial variability even under nominally identical conditions, reflecting both biological
heterogeneity and technical artefacts. Minor differences in gel preparation, handling, compression, or perfusion
can result in order-of-magnitude differences in estimated permeability or diffusivity.

Supplementary Section S9: Practical and regulatory constraints for transport-based phenotyping

While transport-resolved tumor-on-chip (ToC) platforms provide mechanistic insight into drug accessibility,
several practical and regulatory barriers currently limit their clinical deployment. To date, no ToC platform has
received formal FDA clearance or CLIA certification for routine clinical use with patient samples (Clinical
Laboratory Improvement Amendments). Although both the FDA and CDC are actively evaluating
microphysiological systems through pilot initiatives such as the Innovative Science and Technology Approaches



for New Drugs (ISTAND) program, broader regulatory adoption remains constrained by challenges in
standardization, validation, and definition of appropriate contexts of use.!7+175

Beyond regulatory considerations, assay turnaround time remains a significant limitation for time-sensitive
clinical applications. While microfluidic transport assays based on established cancer cell lines can provide
interpretable results within 5—7 days,!7° workflows involving patient-derived material often require substantially
longer durations. Patient-derived organoids (PDOs), typically require 2-4 weeks for establishment and
maturation, and in some cases up to 6-8 weeks, which exceeds the timeframe compatible with many therapeutic
decisions.!77-178

Supplementary Section S10: Representability, success rates, and selection bias in patient-derived
models

Success rates for generating patient-derived tumor cultures vary widely across tumor types and laboratories,
reflecting both biological heterogeneity and technical attrition. For example, only approximately 31% of
esophageal adenocarcinoma biopsies have been reported to yield stable organoid cultures.'” A recent meta-
analysis in gastric cancer reported an average success rate of approximately 66.6% across multiple studies.!8
Such variability suggests that current in vitro platforms may preferentially represent specific tumor subtypes,
thereby introducing bias in translational studies.

In addition, prolonged ex vivo culture can induce phenotypic drift in both tumor and stromal compartments,
progressively decoupling experimental observations from the in vivo state.”*7>18! Although organoids remain
valuable for cell banking, expansion, and genetic manipulation when sample material is limited, their extended
culture time limits their applicability for rapid transport phenotyping. For time-sensitive applications, direct
incorporation of freshly resected patient tissue into ToC systems offers a more efficient alternative, albeit with
increased technical complexity and stringent quality-control requirements.

Supplementary Section S11: Extended clinical and preclinical validation examples

A growing body of evidence supports the translational relevance of transport-resolved ToC platforms across
tumor entities. In an esophageal adenocarcinoma model, neoadjuvant chemotherapy responses were accurately
reproduced ex vivo for all eight patients within 12 days, closely matching parallel clinical outcomes.!82
Comparable concordance between in vitro and in vivo responses has been reported in breast and prostate cancer
tissue slice cultures, which reproduced sensitivity to cisplatin and apalutamide, respectively.!$3

Pancreatic cancer models further highlight the importance of transport limitation. Hydrogel-based PDAC tumor
chips generated patient-specific drug-response profiles consistent with clinical follow-up data, demonstrating
that matrix density and permeability critically modulate therapeutic efficacy.'® Preclinical benchmarking studies
reinforce these observations: irinotecan efficacy in microfluidic tumor spheroids closely matched xenograft
responses (52% versus 53% growth inhibition), confirming quantitative alignment across platforms.!7¢ Similarly,
reproducing the clinical behavior of liposomal doxorubicin (Doxil) required explicit modeling of diffusion, binding,
and clearance mechanisms within tumor-mimetic chips.!?

Collectively, these studies demonstrate that transport-based phenotypes extracted from ToC platforms can align
quantitatively with in vivo pharmacokinetics and therapeutic outcomes when physical transport processes are
explicitly accounted for.

Supplementary Section S12: Transport-based phenotyping versus molecular biomarkers

While genomic and molecular biomarkers identify intrinsic susceptibilities within tumor cells, they provide
limited information regarding physical drug accessibility within the tumor microenvironment. Transport-based
phenotyping complements molecular diagnostics by directly probing effective diffusivity, intrinsic permeability,



interstitial fluid pressure, and matrix stiffness, parameters that integrate stromal composition, vascular function,
and mechanical stress.>!-102.185

Clinical and preclinical studies consistently show that tumors exhibiting higher effective permeability respond
more rapidly and robustly to treatment, whereas dense, transport-limiting matrices delay drug accumulation and
require prolonged exposure to achieve comparable therapeutic effects.’-102.115.176.184185 Transport metrics
therefore represent functional biomarkers of accessibility rather than molecular vulnerability.

Supplementary Section S13: Outlook for clinical translation of transport-based biomarkers

Despite increasing experimental validation, transport-based biomarkers remain at an early stage of clinical
translation. Their interpretation depends on experimental context, drug physicochemical properties, and tumor
architecture, and they currently lack standardized thresholds for clinical decision-making. As a result, transport
phenotyping is best viewed as a stratification and hypothesis-generating tool rather than a standalone predictive
assay.

Future progress will require harmonized protocols, multicenter validation studies, and clearer regulatory
pathways for physical and functional biomarkers. As these challenges are addressed, transport-resolved ToC
platforms may evolve into valuable companions to molecular diagnostics, particularly for desmoplastic tumors
in which CAF-driven physical barriers dominate therapeutic failure.

Supplementary Section S14: Expanded matrix modulation and stromal-targeting strategies

While the main text focuses on representative examples of matrix normalization, a broader spectrum of stromal-
targeting approaches has been explored preclinically. Engineered nanoparticles provide particularly refined
spatial and temporal control over ECM remodeling. Photodynamic therapy has been shown to transiently
activate matrix metalloproteinases through cytokine-mediated signaling, generating short-lived windows of
enhanced drug penetration without permanently destabilizing tissue architecture.!8¢

Hyaluronidase-functionalized nanocapsules represent another strategy, combining mechanical deformation
within dense matrices with enzymatic degradation of hyaluronan. These dual-function systems synergistically
improve intratumoral transport and drug penetration.!8” When coupled with pH-responsive designs, enzymatic
activity can be confined to acidic tumor regions, thereby minimizing off-target effects in normal tissues.!8%.189
Together, these nanoscale approaches demonstrate how localized and time-controlled ECM modulation can
maximize therapeutic access while limiting systemic toxicity.

Metabolic targeting of stromal cells provides an orthogonal route to matrix modulation. Metabolically
hyperactive CAFs are major contributors to ECM synthesis and stiffening. Limiting their energy supply reduces
matrix deposition and softens the tumor microenvironment. Preclinical nanotherapies such as glucose-
responsive L-Arg-HMON-GOx nanoparticles illustrate this concept. These systems act as glucose-responsive
prodrugs: glucose oxidase catalyzes the conversion of glucose into gluconic acid and cytotoxic H,0,, which
subsequently oxidizes L-arginine to nitric oxide.!'219 This dual-action mechanism simultaneously depletes
intratumoral glucose, generates reactive oxygen species, and releases nitric oxide, thereby suppressing stromal
metabolism while inducing tumor cell death.

Despite their promise, such approaches raise safety concerns. Stromal modification may increase vascular
permeability or reduce mechanical containment, potentially facilitating tumor cell dissemination.!®! These risks
underscore the importance of careful patient stratification and controlled dosing strategies, particularly when
combining metabolic and mechanical interventions.!?

Supplementary Section S15: Mechanistic basis and preclinical evidence for sequential therapy

Sequential therapy approaches leverage the temporal dynamics of stromal remodeling to enhance therapeutic
efficacy. Conditioning the tumor microenvironment prior to cytotoxic or immunomodulatory treatment has



repeatedly shown superior outcomes compared with simultaneous co-administration. Beyond the examples
highlighted in the main text, multiple preclinical studies demonstrate that stromal reprogramming alters
transport properties in a time-dependent manner, creating transient windows of enhanced accessibility.

In immunotherapy, reducing matrix stiffness or relieving physical barriers has been shown to restore infiltration
of CD8* T cells into tumor cores, converting immune-excluded tumors into inflamed phenotypes. Stromal
normalization enhances the efficacy of immune checkpoint blockade by facilitating immune cell access to
previously inaccessible regions.'9*194 Inhibition of LOX/LOXL-mediated collagen crosslinking follows a similar
principle, improving T-cell infiltration and sensitizing tumors to anti—PD-L1 therapy.!®’

Additional strategies include targeting stromal cell sialylation, which reprograms fibroblast phenotypes, relieves
matrix-driven immune exclusion, and enhances cytotoxic T-cell entry.!°¢ Collectively, these studies highlight that
the success of sequential therapy critically depends on defining the optimal therapeutic window, which is
governed by the kinetics of matrix remodeling and stress redistribution rather than by drug pharmacokinetics alone.

Supplementary Section S16: Imaging biomarkers and clinical translation of transport-targeted
therapies

Functional imaging modalities are increasingly integrated into clinical trials to stratify patients and monitor
response to stromal-targeted therapies. Magnetic resonance elastography (MRE) provides a non-invasive
measure of tumor stiffness and has demonstrated predictive value in breast cancer neoadjuvant settings.!!8
Dynamic contrast-enhanced MRI (DCE-MRI) complements stiffness measurements by probing vascular function.
The volume transfer constant (K'2"s) integrates blood flow, vascular permeability, and surface area, serving as a
functional surrogate for drug delivery capacity.

In pancreatic ductal adenocarcinoma, PEGPH20 treatment led to rapid increases in K", correlating with
hyaluronan depletion, vascular decompression, and improved drug delivery.'*7-1% Diffusion-weighted MRI (DW-
MRI) further links apparent diffusion coefficient values to cellularity and apoptotic response during treatment.200
Ultrasound elastography has similarly been used to correlate increased stiffness with malignancy grade and to
track mechanical changes during therapy. In endometrial carcinoma, combined 3D MRE and MRI measurements
demonstrated that elastography-derived stiffness predicts tumor invasiveness and grade.20!:202 Despite these
advances, clinical translation remains constrained by several factors: variability in imaging infrastructure and
expertise, lack of standardized physical biomarker thresholds, and safety concerns associated with stromal
modulation. These challenges highlight the need for harmonized imaging protocols and validated transport-
related endpoints in future trials.



Supplementary Table S4: Ongoing Clinical Trials Targeting Physical Barriers in Cancer

day before surgery, and
Post-Resection Surgical

Trial ID Agent Target Cancer Type Primary Endpoint Status
Objective Response
PEGPH20 + . Chemotherapy- Rate ORR er | Early Phase
NETOSASISZE Avelumab Hyaluronidase Resistant PDPZC RECIST ( vl.l) at b 6 Icor}rllpleted
months
Number of participants
Stage IV | with a dose-limiting
NCTO01453153204 I(’}Eeg}c’ilfjﬁne * | Hyaluronidase | Previously toxicity (DLT) during fgriselelfén
Untreated PDAC | the dose-escalation p
phase
HA High .

NCT0363433220s | PEGPH20 * Hyaluronidase | Metastatic Progression-free Phase I

Pembrolizumab PDAC survival (PFS) recruiting
Number of participants
with grade >3
treatment-related

Losartan + | Angiotensin II . adverse events per | Phase I

NCT05365893* | ¢ FIRINOX receptor Pancreatic CTCAE v5.0 and | recruiting

completion of >4 weeks
of PHL without delay to
planned surgery

Losartan +

Nivolumab in

NCT03563248207 | Sombimation with iﬂfgﬁnsm 1| Localized PDAC | Rate of RO resection Cpgrisgle ol
Radiation Therapy
Losartan +

+9- . . .

NCT05077800298 fnziin({glggo);eng Angiotensin Il | Metastatic PFS Phase? . I
synthase kinase-3p receptor PDAC recruiting
inhibitor)

Galunisertib
. Phase II

NCT02688712200 | (LY2157299) + TGFp Rectal cancer Evaluation of active, mnot
Capecitabine or pathologic response -
Fluorouracil recruiting

Phase 1b:
Recommended Phase 2
Dose (RP2D) based on
Galunisertib DLTs, toxicity, dose Phase 1

NCTO01373164210 | (LY2157299) + TGFpB Advanced PDAC | modifications, and PK; leted

Gemcitabine Phase 2: Overall | OMPIete
Survival (OS) from
randomization to death
from any cause

. . Change in Median

Vismodegib+ . A . .

NCTO119541521! | Gemeitabine Sonic Advanced PDAC | CD44/CD24/ESA Phase I
Hydrochloride Hedgehog Cell Fraction (FACS) at | completed

3 Weeks
Proportion of Patients
Sonic Orbital and | With Visual Phase IV
NCT02436408%'2 | Vismodegib Hedeeho Periocular Basal | Assessment Weighted completed
gehog Cell Carcinoma Score >21 at End of P
Treatment
Incidence of Treatment-
Emergent Adverse

Pamrevlumab (FG- Locally Events (TEAE:),

13 | 3019) + advanced Serious Adverse Events | Phase  1I

NCT02210559 Gemcitabine/nab- CTGF/CCN2 unresectable (SAEs) through 28 days | completed
paclitaxel PDAC post-—last infusion or




Complications (within
30 days post-discharge)

All-trans retinoi Refractory Early Phase
NCT05482451214 - rans reunoie Vitamin D Pancreatic 1 active, not
acid + Nivolumab .
Cancer recruiting
Safety and Tolerability
(Incidence of Adverse
Events up to 2 years
from enrollment), and
Myeloid-Derived
All-trans retinoic L Advanced Suppressor Cell Phase I
215
NCT02403778 acid + Ipilimumab Vitamin D Melanoma (MDSC) Frequency completed
(84-130 days post—first
treatment) and
Suppressive Function
(>30 days post—final
infusion)
Simtuzumab (GS- .
NCTO1472198%16 | 6624) + LOXL2 Metastatic PFS Phase Il
o PDAC completed
Gemcitabine
PXS-5505 + Unresectable Phase Illa
NCT051090522!7 | Atezolizumab and Pan-LOX Hepatocellular Safety and Tolerability i
. . recruiting
Bevacizumab Carcinoma
. . Proportion of Patients
NCT00401570218 | Yolociximab + Integrin aSp1 | Metastatic With Confirmed Tumor | Lrase I
Gemcitabine PDAC completed
Response
Safety, Tolerability,
NCT052280152° | IK-930 YAP/TAZ Advanced solid | and Dose Phase 1
tumors Determination of IK- recruiting
930
Defactinib (VS-
6063) +
Pembrolizumab + Resectable Pathologic complete Phase II
220
NCT03727880 Neoadjuvant and FAK PDAC response (pCR) rate recruiting

Adjuvant
chemotherapy




Table S5 Patient-derived ToC workflow constraints for transport phenotyping

Transport-relevant QC /

sequencing

timing; drug scheduling

Deff, k; efficacy readouts

Workflow step Key decision points Common constraints
readouts
Sample acquisition & | Preserve  CAF  states; | Viability; CAF  marker | Limited tissue; variable
dissociation minimize ischemia time panel; initial ECM gene | quality
expression
Short-term  culture /| Choose ECM and | Time-course Deff/k; gel | Phenotypic drift begins
embedding confinement to preserve | compaction; CAF | early; limited window
phenotype activation markers
Co-culture assembly | Patient-matched vs mixed; | Spatial organization; | Scaling experiments s
(tumor + CAF) CAF subtype enrichment barrier emergence time; | resource-intensive
penetration depth
Perturbation & | Normalization/enzyme Dynamic changes in Ap, | Temporal mismatch vs

clinical months—years

Data integration

Parameter fitting;

reporting standards

Model fit
uncertainty;

quality;

reproducibility checklist

Inter-lab variance; method
sensitivity

Table S6 Optional Al-assisted experimental design

Al / computational
approach

What it optimizes

Use in transport
phenotyping

Minimum data needed

Active learning?21:222

Next best
selection

experiment

CAF
matrix

Iteratively chooses
composition /
condition / drug dosing
that

information

maximizes
gain  for
parameter estimation

Initial small design +
readout metrics (Deff, k,

penetration depth)

normalization then drug)
maximizing  penetration

while limiting invasion

Bayesian Efficient parameter search | Finds conditions that | Objective metric + bounds;
optimization?23:224 optimize penetration or | noise estimates
minimize barrier
formation with few
experiments
Surrogate modeling??’ Fast prediction of | Learns mapping from | Moderate dataset across
outcomes controllable inputs (gel %, | conditions
crosslinking, CAF ratio) to
outputs (Des, k) for real-
time planning
Deep reinforcement | Policy for sequential | Designs multi-step | Time-series readouts;
learning?26 interventions regimens (e.g., | defined reward
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