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APPL I ED SC I ENCES AND ENG INEER ING

Asymmetry of tensile versus compressive elasticity and
permeability contributes to the regulation of exchanges
in collagen gels
Jean Cacheux1,2, Jose Ordonez-Miranda1,2, Aurélien Bancaud1,2,3*, Laurent Jalabert1,2,
Daniel Alcaide1, Masahiro Nomura1,2, Yukiko T. Matsunaga1,2*

The Starling principle describes exchanges between blood and tissues based on the balance of hydrostatic and
osmotic flows. However, the permeation properties of the main constituent of tissues, namely, collagen, in re-
sponse to the stress exerted by blood pressure remain poorly characterized. Here, we develop an instrument to
determine the elasticity and permeability of collagen gels under tensile and compressive stress based on mea-
suring the temporal change in pressure in an air cavity sealed at the outlet of a collagen slab. Data analysis with
an analytical model reveals a drop in the permeability and enhanced strain stiffening of native collagen gels
under compression versus tension, both effects being essentially lost after chemical cross-linking. Furthermore,
we report the control of the permeability of native collagen gels using sinusoidal fluid injection, an effect ex-
plained by the asymmetric response in tension and compression. We lastly suggest that blood-associated pul-
sations could contribute to exchanges within tissues.
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INTRODUCTION
Tissues constitute porous solid matrices traversed by fluid flows that
convey oxygen and nutrients from the blood to cells and remove
cellular waste products. Diseases and aging disrupt homeostasis
by altering vascularization and remodeling tissue and, in turn, dys-
regulate diverse cellular functions, including proliferation, migra-
tion, and differentiation (1). The Starling principle describes fluid
movements between blood and tissues as a balance between the hy-
drostatic and oncotic pressures (protein component of the osmotic
pressure) (2, 3). This model, which has recently been revised to
include the effects of lymphatic systems enabling the fluid drainage
in tissues (4), and its net balance are considered to be essential to
enhance drug delivery (5). While hydrodynamic laws suffice to de-
scribe this process in rigid porous materials, the change of flows as-
sociated to mechanical deformation of soft liquid-filled matrices
remains essentially overlooked in physiological transport models.
The interaction between fluid flow and solid deformation is de-
scribed by the poroelastic mechanics, which couples Darcy’s law
with Terzaghi’s effective stress and linear elasticity (6–8). Poroelastic
models predict that the filtration of liquid in a soft and porous tube
differs from that of a stiff material through (i) the changes in the
material permeability associated to its structure deformation and
(ii) an additional solid flow. They rely on mechanical (elastic
modulus) and hydraulic (permeability) parameters of poroelastic
materials (9, 10). To the best of our knowledge, however, poroelastic
models have not yet been used to characterize the response and infer
the physical properties of the main constituents of tissues, which are
soft and permeable materials.
Collagen gels are extensively used as cell culture scaffolds, in-

cluding organs-on-chip and organoids, due to their low

immunogenicity and versatile elasticity associated to a shear
modulus spanning 1 to 1000 Pa by tuning the gel concentration
and reticulation temperature (11–13). They recapitulate the cons-
tant reorganization of tissues in vivo as a consequence of cellular
traction forces (14, 15). The permeability of these materials,
which ensures the transport of solutes to promote cell growth and
waste clearance, is also one of their assets (16). However, the perme-
ability of collagen gels remains poorly estimated with data spanning
two orders of magnitude from 10−14 to 10−12 m2 in unstrained con-
ditions (17–19). This discrepancy obtained with a similar collagen
concentration may be resolved by considering that compressive
stress can lower the permeability, but a decrease in permeability
by two orders of magnitude implies a sizeable compressive stress
(~700 Pa), raising questions on whether the coupling between me-
chanics and hydrodynamics has been accurately described in this
material. This coupling should, however, not be overlooked
because blood pressure is not only a driving force for interstitial
fluid flows in tissues but also a source of mechanical stress that
may contribute to modulate their permeation properties.
We reasoned that this imperfect description of collagen gel per-

meation properties was explained by the lack of methods tomeasure
the permeability and elasticity of soft and porous hydrogels, which
constitute a ubiquitous class of materials in tissue engineering (20).
Hence, we developed a contact-free technology to characterize the
poromechanic properties of reconstituted collagen networks under
compressive and tensile stresses. Our method is based on a pressure
sensor connected to an air cavity placed at the outlet of the material
and a pressure controller to monitor the inlet. Therefore, this
method relies on two sensors, whereas conventional techniques
use pressure, flow, and deformation detection units (21). Supported
by an analytical model to extract the permeability and elasticity of
the gel and validated by finite element simulations, our instrument
uncovers the asymmetry of the permeation and elastic properties of
collagen gels for tensile and compressive stresses in the regime of
reversible deformation, i.e., without permanent reorganization of
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the gel network as observed when applying the load with a mechan-
ical piston (22–24). Last, bymonitoring the response of this material
to pulsatile pressure actuation, we find out that a periodic signal
with zero mean value can generate a buildup in bulk compressive
stress that, in turn, tunes the gel permeability.

RESULTS
Principle of the instrument
Our method is based on a pressure sensor connected to an air cavity
placed at the outlet of a collagen slab (Fig. 1A and fig. S1). At the
inlet, we apply tunable hydrostatic pressure loads, which induce
solid and fluid displacements that compress the air in the cavity
(Fig. 1B). Hence, it allows the deformation of the solid and the gen-
eration of a flow to contribute to the air cavity pressure response
without directly measuring or imposing a flow rate and/or a me-
chanical constraint. Qualitatively, the response of the material to a
step in pressure consists of an immediate solid deformation and a
flux of liquid through the porous material (that is, a volume change
that increases linearly with time). Hence, the elastic and hydrody-
namic responses occur on separate time scales, enabling the perme-
ability and elasticity of the material to be inferred from fitting the
measured intracavity pressure to an analytical model described in
the next section.

Poroelastic model of the pressure in the air cavity
Let us consider a homogeneous poroelastic material, in which the
fluid and solid displacements are unidirectional between its inlet (x
= 0) and outlet (x = H ), as shown in Fig. 1A. According to Darcy’s
law, the permeation flowW is proportional to the pressure field P(x,

t) gradient, as follows

W ¼ �
κ
μ
∂P
∂x

ð1Þ

where μ is the fluid viscosity and κ the material permeability. Given
that the fluid and solid are incompressible and assuming the defor-
mation to be small, linear poroelasticity models enable us to relate
the pressure gradient in Eq. 1 to the displacement fieldU(x, t) of the
solid by the balance of mechanical equilibrium (25)

M
∂2U
∂x2
¼

∂P
∂x

ð2Þ

withM being the p-wave elastic modulus of the considered isotropic
homogeneous material. Because the total flow rate of liquid and
solid is conservative [W + ∂U/∂t = A(t), where A(t) is a constant
of integration], as defined by Kenyon (7), the combination of Eqs.
1 and 2 determines the spatial distribution and temporal evolution
of the pressure and deformation fields. Notably, it is possible to use
strain-dependent parameters for fibrous materials to model the per-
meability and elasticity. This approach enables the obtention of an
explicit and integrated dependence on the porosity of the material
(9, 10), but the nonlinearity of the resulting model does not allow
for an analytical solution. The boundary conditions consist of no
displacement at the inlet and no contact stress at the outlet. The
pressure is set to P(0, t) = PM starting from t = 0. The change in
outlet pressure (i.e., in the air cavity) is dictated by the sum of the
filtration velocityW and the solid velocity ∂U/∂t. Assuming isother-
mal compression and defining V and PA as the respective initial
volume and pressure of the cavity, we obtain (see derivation in

Fig. 1. Pressure sensing for poroelastic characterization. (A) Principle of the technology: A compartment filled with collagen gel is traversed by an inlet hollow tube of
200 μm in diameter, in which a pressure PM is applied. On top, a MEMS -based (Microelectromechanical system) pressure sensor records the pressure variation in the air
cavity P(x = H, t). (B) A hydrostatic pressure load in the inlet induces a permeation flow and a solid deformation that increase the pressure in the cavity.
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the Supplementary Materials)

Uð0; tÞ ¼ 0
∂U
∂x ðH; tÞ ¼ 0

∂P
∂t ðH; tÞ ¼

SPA
V � κμ

∂P
∂x ðH; tÞ þ

∂U
∂t ðH; tÞ

h i

8
><

>:
ð3Þ

where S = 15mm2 is the material cross section andH = 0.8 mm. The
volume of the cavity V is set to 2 ml, so that relative changes in
volume and pressure in the cavity are small, on the order of 10−3

(see details in the SupplementaryMaterials). The analytical solution
of Eqs. 1 to 3 for the pressure kinetic response at the outlet position
is (see details in the Supplementary Materials)

PðH; tÞ ¼ PM 1 � 2
X1

n¼1

sinð2λnÞe�
λ2nt
τ

sinð2λnÞ þ 2λn

2

4

3

5 ð4Þ

where τ = μH2/κM and λn are the roots of the relation αλn tan (λn) =
1 with λn < λn+1 and α =VM/SPAH. To explain the physical meaning
of the variables τ and α, we suggest to consider the model situation
of an open air cavity was opened [P(H, t) = 0]. At the steady state, we
would have U(H ) = PMH/2M andW = κPM/μH. The characteristic
time τ = 2U(H )/W then represents the ratio between twice the dis-
placement and the filtration velocity, while α is the ratio of the inlet
pressure to the pressure change induced by the solid deformation.
Note lastly that the bending of the collagen along the direction of
the tube is neglected in our one-dimensional (1D) model, as the
length of the collagen slab is much larger than its height.
For a relatively stiff porousmaterial (i.e.,M≫ PASH/V ), the con-

tribution of the solid deformation to the cavity pressurization can be
neglected, the parameter α becomes much greater than unity (α≫
1), and, therefore, λn � 1=

ffiffiffi
α
p
and sin(2λn) ≈ 2λn. After inserting

these results into Eq. 4, the following mono-exponential relaxation
for the intracavity pressure is obtained

PðH; tÞ ¼ PMð1 � e�
t
ατÞ ð5Þ

Equation 5 can also be obtained by neglecting the deformation of
the solid in Eq. 3 and assuming a linear pressure gradient. This
mono-exponential regime can readily be tested using an isoporous
polycarbonate membrane (IT4IP) with homogeneous pores of
radius rp = 0.9 μm and density ρ = 3.6 × 105 cm−2. According to
these specifications, the permeability of this membrane is given
by ρπr4p=8 and is, therefore, equal to 9.3 × 10

−16 m2. Considering
that the elastic modulus of polycarbonate is ~2 GPa (26) and the
height of the membrane is ~50 μm, we conclude that α ~ 108, for
a cavity of volume V = 2 ml. Hence, the cavity pressurization is
well determined by the permeation, and the pressure kinetic data
accordingly follow an exponential relaxation (fig. S2). The fit with
Eq. 5 yields a permeability of (8.7 ± 1.1) × 10−16 m2, which is in
excellent agreement with the value inferred from the product
datasheet.
Next, we investigate the model predictions for soft poroelastic

materials. The evolution of pressure P(H, t) with time is shown in
Fig. 2A, for a representative set of permeabilities (10−13 to 10−15 m2)
and elastic moduli (500 to 4000 Pa). In contrast to the exponential
relaxation of rigid porous materials (black solid curves), the defor-
mation of the solid speeds up the compression of the cavity in the
short-time limit, such that the softer the material, the faster the
initial pressure increase. Conversely, the typical relaxation rate in

the long-time limit is readily dictated by the permeability, as
shown by the clear separation of the relaxation curves for 10−13,
10−14, and 10−15 m2. The highest sensitivity of the pressure model
toM and κ, therefore, appears at different time scales, as confirmed
by the sensitivity analysis developed in the SupplementaryMaterials
(fig. S3). This fact indicates that both parameters,M and κ, can ac-
curately be retrieved from relaxation data.
Last, we aimed to validate the relevance of the 1D model for our

experimental setup, in which the inlet pressure is actually injected
through a tube, as described in Fig. 1A. We performed finite
element simulations with the 2D section geometry of the collagen
slab using COMSOL (Fig. 2B and Materials and Methods). The
comparison of the simulations and the 1D model (Fig. 2C) for
the same set of poroelastic parameters (M ∈ [500, 4000] Pa and
κ ∈ [10−15, 10−13] m2) showed an excellent agreement. This agree-
ment was obtained by defining a correction parameter γ, as defined
by κc = κ/γ and Mc = γM with the index c standing for COMSOL
variables. This correction factor, which corresponded to a geomet-
rical correction to match the 1D model with the fluid injection
through a tube in real settings, was equal to 1.77 for all the simula-
tions. Note that this correction factor is dependent on the geomet-
rical settings of the collagen gel.

Poroelastic characterization of collagen gels
We prepared collagen gels at a concentration of 2.4 mg/ml using
thermal gelation at 37°C during 45min using the protocol described
in (27). Collagen gels were either used in their native conformation
(non-cross-linked) or cross-linked (CL) with paraformaldehyde at a
concentration of 4% for 10 hours (28). The pressure response in the
cavity was recorded for actuation pressures in the range of 100 to
1000 Pa (red and blue datasets with positive values in Fig. 3, A
and B). In these settings, collagen properties are probed in
tension because the material bulges and expands in the cavity due
hydrostatic stress (top inset in Fig. 3A). The kinetics of pressure re-
laxation took about 60 s, and, after this transient phase, the pressure
was the same in the inlet and in the air cavity. We then released the
pressure at the inlet and recorded the decrease of intracavity pres-
sure. In the second step of the experiment, collagen is in compres-
sion because the pressure in the cavity is greater than that in the inlet
(bottom inset in Fig. 3A, and curves in the light gray sectors of
Fig. 3, A and B). We note that these experiments could be repro-
duced at least three times consecutively with the same kinetic re-
sponse in the cavity. Our data indicate a marked slowdown of the
relaxation dynamics in compression for native versus CL collagen
gels, whereas the responses in tension are comparable. While pre-
sented experiments were conducted with pepsin solubilized colla-
gen, this response was detected independently of the collagen
purification method, including acid soluble collagen (fig. S4). For
every experimental condition, the 1Dmodel and 2D COMSOL sim-
ulations enabled us to obtain excellent fits (Fig. 3, C and D) and to
infer the effective values ofM and κ. Notably, as the gel is clamped at
the inlet and free at the outlet, its deformation is nonuniform, and
the relevance of the hypothesis of linear elastic properties can be
questioned. The assumption of small deformations, as validated
by the quality of the fits, is justified by the strong mechanical con-
straints exerted by the grafting of collagen to the bottom glass
surface used in our experimental setup. This hypothesis could, nev-
ertheless, be leveraged by integrating nonlinear parameters for the
elasticity and permeability using, e.g., the J2 deformation theory of
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plasticity for fibrous systems (29) and the Kozeny-Carmanmodel of
permeability (30), respectively.
The fits explained the slow kinetics in native collagen networks

by the reduced permeability in compression by a factor of 4
(Fig. 3D). This asymmetric response of native collagen gel in com-
pression versus tension, which is reminiscent of the exponential re-
duction of cartilage permeability under compression (31), became
roughly symmetrical after CL. Similarly, the strain-stiffening re-
sponse of the network, an effect thoroughly described in the litera-
ture (11), was strongly and mildly asymmetrical in tension versus
compression for native and CL collagen, respectively (Fig. 3C).
Notably, the tensile elastic modulus increased linearly with the
applied stress, in agreement with the data of (11–13), and its ampli-
tude was typically two times larger for CL collagen gels. Conversely,
the compressive elastic modulus of native collagen became stiffer

than that of CL collagen at high load, whereas it was softer below
200 Pa. Together, native collagen gel is characterized by strain-de-
pendent permeability and asymmetrical strain stiffening in tension
and compression, both effects being reduced or removed by chem-
ical CL.
To investigate the origin of these asymmetric properties, we

characterized the microstructure of collagen networks by immuno-
fluorescence confocal microscopy focusing right on top of the pres-
sure inlet. The structure showed that the fixation process induced
the collapse of the dense native network onto a “primitive” back-
bone with an increase in pore size. The loose meshwork of CL col-
lagen gels remained stable under tensile and compressive stresses of
100 Pa (fig. S5). This observation was consistent with the steady
value of the permeability of this material under tension and com-
pression. Contrariwise, the microstructure of native collagen gels
markedly changed in compression versus tension (Fig. 3E). After
binarization, the images were analyzed to extract the pore size, as
described in the Supplementary Materials (fig. S5B). We then
plotted the cumulative density function of the gel pore radius
(Fig. 3F). This cumulative density function was fitted with a Gauss-
ian model to infer the mean pore radius for native collagen under
tension and compression of 1.52 and 1.19 μm, respectively. This
variation in pore size was not detected in CL collagen (fig. S5C).
We suggest that the denser meshwork in compression is associated
to enhance hydrodynamic interactions within the pores and ac-
counts for the strain-dependent permeability. We conclude that mi-
crostructural analysis supports the asymmetrical permeability of
collagen gels detected by pressure measurements.

Periodic pressure actuation
Capillary blood pressure consists of a continuous component of
⁓2000 Pa and periodic pulses, which are characterized by a
typical frequency ω0 of 1 Hz and a magnitude of 100 to 1000 Pa
(32). We investigated the consequences of this periodic component
using a sinusoidal input pressure PM of amplitude 200, 400, and 800
Pa. After a transient of a few cycles, a permanent regime of oscilla-
tions was reached in the cavity, allowing us to compute the pressure
averaged over 100 cycles (Fig. 4, A and B). Note that we did not
detect any drift during the periodic actuation phase. The amplitude
of the signal in the cavity was ~4% of the input, equivalently ~10 Pa.
Using CL collagen gels, the pressure in the cavity had symmetric
positive and negative half-cycles and was centered at PM/2, and its
amplitude was proportional to PM (Fig. 4B). By contrast, native col-
lagen network response markedly changed as the pressure in-
creased. For 200 Pa, the signal was symmetrical and centered at
PM/2, but positive and negative half-cycles became increasingly
asymmetrical as the pressure increased from 400 to 800 Pa
(Fig. 4A). This response was associated to an increase of the mean
pressure in the cavity to 0.67 × PM at 800 Pa (inset of Fig. 4A).
Hence, periodic pressure was associated to an accumulation of com-
pressive stress in native, but not CL, collagen gels at the steady state,
and set this material in the regime of sharp variation of its perme-
ability (Fig. 3D).
The accumulation of compressive stress can readily be under-

stood from the elegant analysis of pressure consolidation in poroe-
lastic materials proposed by Kenyon (33). Fluid injection with a step
in pressure is associated to a diffusion-like propagation of the pres-
sure field in the material (25). The effective diffusion coefficient D
scales as κM/μ, resulting in a consolidation layer of comparable

Fig. 2. Predictions of the 1D model and validation by finite element simula-
tions. (A) Intracavity pressure kinetic response predicted by the one-dimensional
(1D) model for a p-wave modulus M ∈ [500, 4000] Pa and three representative
values (10−13, 10−14, and 10−15 m2) of the permeability κ. The three black curves
correspond to the limit of a rigid porous material described by Eq. 5. (B) The
scheme on the left is the configuration of the collagen slab for finite element sim-
ulations. The collagen is clamped on its sides and at the bottom (black solid lines),
and the injection tube and top interface are free (dashed lines). The colormap
shows the simulated normalized pressure field. (C) The plot shows the comparison
of the 1D kinetic model for the same parameters as in (A) and the numerical sim-
ulations (solid curves and dotted datasets, respectively). Note that the time was
normalized by τ to collapse the curves of the model presented in (A).
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thickness in tension and in compression of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D� π=ω0

p
~140 μm.

Liquid is, hence, soaked into and expelled from the collagen gel
during the cycles of tension and compression, respectively. The
flow velocity during each cycle is typically determined by the pres-
sure gradient in the consolidation layer and the permeability

W ≏
κ
μ

PM
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D� π=ω0

p ¼

ffiffiffiffiffiffiffi
κ
μM

r
PM
ffiffiffiffiffiffiffiffiffiffi
π=ω0

p ð6Þ

The asymmetric response of collagen is characterized by a
reduced permeability and an increased elasticity in compression
by the same typical factor of 4. Hence, the velocity W is reduced
by a factor of 4 in compression versus tension. Mass conservation
implies that the same amount of fluid is expelled and soaked during
compressive and tensile cycles. This condition is fulfilled if the
soaking phase is shorter than that of expulsion, as insured by the
offset in bulk compressive stress. We note that this offset in com-
pressive stress enables the dynamic modulation of collagen gel per-
meation properties. This is shown by monitoring the kinetic
response to a step of pressure of 500 Pa with a permanent periodic
pulsatile flow associated to an amplitude 100, 200, and 400 Pa (dark,

plain, and light red curves in Fig. 4C). The relaxation became slower
as the amplitude of the periodic stimulation increased, in agreement
with the fact that periodic forcing set collagen in conditions of low
permeability. The fit of the curves with the model of Eq. 4 (dashed
black curves in Fig. 4C) confirmed our hypothesis because the per-
meability was 35% lower for high-amplitude pulsations and the
elastic modulus was unchanged (inset of Fig. 4C).

DISCUSSION
We have developed a methodology and its analytical model for the
characterization of virtually any poroelastic material. Applied to
type I collagen gels, the method allows us to show that this material
is characterized by enhanced strain stiffening and reduced perme-
ability in compression. These two properties, which have been un-
covered with a 1D linear model, are still to be investigated with
sophisticated nonlinear models and connected to thewell-described
mechanism of collagen matrix densification (34, 35). Nevertheless,
we suggest that they may have profound consequences on the trans-
port in biological tissues in the context of the extended Starling

Fig. 3. Poroelastic analysis of type I collagen gel. (A) Before and (B) after chemical CL for a pressure PM ranging from 100 to 1000 Pa. The fitted parametersM and κ are
plotted as functions of the actuation pressure PM in (C) and (D), respectively. The dataset for native and CL collagen are reported in red and blue, respectively. (E) Rep-
resentative confocal micrographs of native (in red) collagenmicrostructure under compression (−100 Pa) and under tension (+100 Pa). The confocal micrograph thickness
is 2 μm, as obtained with a 40× water immersion objective. The scale bars correspond to 40 μm. (F) Cumulative density function (CDF) of the pore radius in non-CL
collagen after image analysis giving a pore radius of 1.19 μm in compression and 1.52 μm in tension.
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principle (3). Considering the “healthy” situation of a steady inter-
stitial flow between blood and lymphatic microvessels, pulsatile in-
traluminal pressure in the blood circulation network creates a
compressive stress that tends to reduce permeation flux. Lymphatic
drainage vanishes this stress, likely facilitating a clearance in the
tissue by enhancing the permeability (36). Upon physical efforts,
the increase of blood pressure is associated to high-amplitude pul-
satile flows that are likely to reduce the permeability of the tissue,
hence hinting at a passive regulatory role of native extracellular ma-
trices to control homeostasis. If we now consider the pathological
environment of tumors, then we suggest that the mechanical com-
pression induced by the tumormass cannot be reset by the lymphat-
ic system, reducing drainage and enhancing hypoxia (37). This
effect may be further enhanced by tissue remodeling in the tumor
environment (38), because the enriched concentration of collagen is
expected to lower the tissue permeability. Consequently, poroelastic
properties of tissues and their alteration during tissue remodeling
by, e.g., tumor growth appear as an underestimated player of ho-
meostatic regulation and drug transport mechanisms, which

could be studied and quantified with microphysiological systems.
In this sense and to get closer to the physiological tissue properties,
we are now characterizing hydrogels seeded with different cell types
(e.g., fibroblasts and astrocytes) that reshape the collagen gel struc-
ture and change its composition.

MATERIALS AND METHODS
Collagen gel chips were fabricated using the microvessel chips de-
scribed in (27). The silicone chips and 200-μm acupuncture needle-
s(no. 08, J type; Seirin, Shizuoka, Japan) were first placed together in
a vacuum reactor with 100 μl of aminopropyl-triethoxysilane and
left at 0.1 mbar and room temperature for 30 min. Needles were
then soaked in 1% (m:v) bovine serum albumin, dried, and steril-
ized by ultraviolet light exposure. The chips were treated with 50 μl
of 2.5% glutaraldehyde for 1 min, then thoroughly rinsed with
water, and dried. The collagen solution was subsequently prepared
on ice by mixing Cellmatrix Type I-P (pepsin solubilized) solution
(Nitta Gelatin, Japan), 10× Hanks’ buffer, and 10× collagen buffer

Fig. 4. Collagen gel response to periodic actuation. (A) The intracavity pressure averaged over 100 cycles for native collagen is normalized and registered at 0.5 for
different pressure settings. The inset shows the same raw datasets without registration at 0.5. (B) The same experiment is carried out with CL collagen, and the three
recordings are only normalized to the input pressure. (C) The response of collagen to a step-in pressure is dependent on the magnitude of the amplitude of periodic
pressure actuation. The recordings in dark red, red, and light red correspond to an actuation pressure of 200, 400, and 800 Pa, respectively. The dashed lines are the fits
with the model in Eq. 4, and fitted parameters, M and κ, are plotted in the inset.
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(volume ratio, 8:1:1) following the manufacturer’s protocol. For
comparison, we also used Cellmatric Type I-A (acid soluble colla-
gen) solution from the same supplier, as presented in the SM.We
poured 30 μl of this ice-cold collagen solution into the chip, inserted
the coated needle, and incubated the system at 37°C for 40 min to
allow collagen reticulation. The needle was withdrawn to form a
hollow channel, and the chips were left in a phosphate buffer.
Note that this protocol chemically clamps the collagen gel to the
glass and silicone surfaces (see Fig. 1A).
The collagen gel embedded within a silicone chip was connected

to a pressure controller (Fluigent MFCS) and a pressure sensor
(Merit Sensor LP series) by mean of 3D printed mechanical
pieces (Elegoo Mars 3, water washable resin). Acquisition was
done through a dedicated LabVIEW interface allowing the
control of the inlet pressure while recording the outlet signal with
a digital multimeter (Agilent, 34401A). The resulting data were
fitted by coding the analytical solution (Eq. 4) in MATLAB and
using the “fit” function to retrieve M and κ.
Simulations were run with COMSOL Multiphysics 6.0 using the

linear poroelastic module, which allowed coupling of the Darcy’s
law and the solid mechanics modules. We set the tube radius r0 to
100 μm and placed it 300 μm above the glass coverslip and 0.8 mm
from the top outlet of collagen. The collagen slab was 2.5 mm in
width and 1.1 mm in height. An inlet pressure PM was imposed
onto the collagen gel channel border, creating a double boundary
condition defined as a pressure in the Darcy’s law module and a
boundary load in the solid mechanics module. We used the “boun-
dary ODEs (ordinary differential equations) and DAEs (differen-
tial-algebraic equations)” module to solve the boundary condition
in the air cavity.
Immunofluorescence confocal microscopy was performed with

the LSM 700 confocal microscope (Carl Zeiss) equipped with a 40×
water immersion objective (numerical aperture of 1.2) and using a
pinhole of 1 Airy unit. The microstructure of native or cross-linked
collagen gells was observed after incubation with the conjugate of
mouse monoclonal anti-collagen I antibody (ab6308, Abcam, Cam-
bridge, UK) and Alexa Fluor 488-labeled donkey antibody agonist
mouse IgG diluted at 1:100 in blocking solution for 4 hours, and
then rinsing the gel with phosphate buffer The chip was mounted
on the pressure sensing system, opening the pressure sensor outlet
to apply a steady pressure gradient over time. Images were eventu-
ally analyzed with PoreSpy (39) in Python using a drainage algo-
rithm for porosimetry.

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
Definition of the boundary condition in the cavity
1D model: Laplace transform
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