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Emergence of tissue-like mechanics from fibrous
networks confined by close-packed cells

AnneS. G. van Oosten>?%9 Xingyu Chen®3°, LiKang Chin"?, Katrina Cruz"?, Alison E. Patteson!?>*, Katarzyna Pogoda"?>,

Vivek B. Shenoy®3* & Paul A. Janmeyb 207+

The viscoelasticity of the crosslinked semiflexible polymer
networks—such as the internal cytoskeleton and the extracellular
matrix—that provide shape and mechanical resistance against
deformation is assumed to dominate tissue mechanics. However,
the mechanical responses of soft tissues and semiflexible polymer
gels differ in many respects. Tissues stiffen in compression but not
in extension!~>, whereas semiflexible polymer networks soften
in compression and stiffen in extension®’. In shear deformation,
semiflexible polymer gels stiffen with increasing strain, but
tissues do not!"%. Here we use multiple experimental systems
and a theoretical model to show that a combination of nonlinear
polymer network elasticity and particle (cell) inclusions is essential
to mimic tissue mechanics that cannot be reproduced by either
biopolymer networks or colloidal particle systems alone. Tissue
rheology emerges from an interplay between strain-stiffening
polymer networks and volume-conserving cells within them.
Polymer networks that soften in compression but stiffen in extension
can be converted to materials that stiffen in compression but not
in extension by including within the network either cells or inert
particles to restrict the relaxation modes of the fibrous networks that
surround them. Particle inclusions also suppress stiffening in shear
deformation; when the particle volume fraction is low, they have
little effect on the elasticity of the polymer networks. However, as the
particles become more closely packed, the material switches from
compression softening to compression stiffening. The emergence
of an elastic response in these composite materials has implications
for how tissue stiffness is altered in disease and can lead to cellular
dysfunction® !, Additionally, the findings could be used in the
design of biomaterials with physiologically relevant mechanical
properties.

Figure 1 and Supplementary Fig. 1 show that adipose, kidney, liver,
lung and spinal cord tissue stiffens in compression and remains con-
stant or softens in extension, whereas gels formed by crosslinked
biopolymers such as collagen (or fibrin®’) soften in compression and
stiffen in extension (Fig. 1b). Additionally, collagen and other fibrous
biopolymer networks show strong shear strain stiffening, whereas
tissues show gradual shear strain softening (Fig. 1c). The difference
between soft tissues and biopolymer networks cannot be explained
by differences in fluid permeability; replacing aqueous buffer with
long, hygroscopic hyaluronic acid polymers increases viscosity
(Supplementary Fig. 2) but does not prevent compression softening
(Fig. 1D).

One hypothesis for the difference between tissues and pure polymer
networks is that in tissues the polymer networks that form the cytoskel-
eton and the extracellular matrix (ECM) are under tension generated by
motor proteins. This hypothesis was tested by comparing gels formed
by purified fibrin—the polymer network within blood clots—with
clots formed by whole blood, in which platelets pre-stress the fibrin

1,2,5

network around red blood cells (RBCs). Whole blood clots have shear
storage moduli comparable to those of adipose tissue, and shear strain
stiffening is largely abolished (Fig. 1c), as was previously observed by
comparing platelet-poor and platelet-rich plasma clots”®. However,
unlike tissues, plasma clots soften when compressed, suggesting that
tension alone does not account for tissue-like rheology.

In addition to fibrin networks, blood clots also contain RBCs at
the volume fraction of the haematocrit (about 40%) within the net-
work, whereas purified biopolymer networks contain only fluid.
To test whether particle inclusion alone, or in combination with poly-
mer prestress, could account for the compression stiffening of tissues,
whole blood was clotted between rheometer plates held initially at con-
stant separation, allowing platelets to stress the fibrin network, but pre-
venting volume change due to expulsion of serum. Platelet contractility
was in some cases prevented by adding a myosin inhibitor.

Without any axial tension or compression, whole blood clots
(Fig. 1d) are stiffer than blebbistatin-treated clots (Fig. le) and fibrin
networks (Fig. 1f). Although the fibrin network structures are slightly
different in the three samples (Supplementary Fig. 3), they all soften in
compression and stiffen in extension. In native whole clots the effect
is symmetric in compression and extension and smaller than in fibrin
and blebbistatin-treated clots, which show a different slope between
compression and extension (Supplementary Fig. 4). The loss tangent—a
measure of viscous dissipation—is small and increases slightly in
compression (Supplementary Fig. 5). Blebbistatin treatment restores
shear strain stiffening in whole clots (Fig. 1g), but neither native nor
platelet-inhibited blood clots stiffen under compression as tissues
do. The effect of RBCs at this density is small. The rheology of whole
blood clots and plasma clots, with (Supplementary Fig. 6a) and without
(Supplementary Fig. 6b) active platelets, is strikingly similar.

At the density of RBCs in blood, neither contractile forces nor
particle inclusions account for the differences between polymer net-
works such as the ECM and whole tissue. Therefore, the effect of a
high cell volume fraction was closely investigated by allowing blood
to clot without restraining its shape, thereby increasing RBC density
as the contracting clot expels serum and forms disk-shaped clots with
little (if any) fluid between tightly packed RBCs enwrapped by
fibrin (histology of contracted clot in Supplementary Fig. 7b). The
compression stiffening and extension weakening observed in soft
tissue (Figs. 1b, 2a, Supplementary Fig. 1; histology of adipose in
Supplementary Fig. 7a) are also seen in contracted blood clots (Fig. 2c).
By contrast, concanavalin A-agglutinated RBCs (Fig. 2c¢), as well as
pellets of tightly packed NIH3T3 fibroblasts (Fig. 2b; imaging in
Supplementary Fig. 7c), have much lower shear storage moduli than
blood clots and modest compression stiffening. These four materials
are compared in Supplementary Fig. 8. Overall these results suggest
that tight cell packing is necessary, but not sufficient, for the mechan-
ical footprint of tissues. Loss moduli of the samples vary, but show a
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Fig. 1 | Multiaxial rheological behaviour of adipose tissue, reconstituted
ECM networks and blood clots. a, A parallel-plate strain-controlled,
rotational shear rheometer is used to apply oscillatory shear strain by
rotating the bottom plate. Axial strain is applied by step-wise changing the
gap height between the plates. The upper plate is attached to a force sensor
to measure the torque (shear stress) and the axial stress. b, Shear storage
modulus measured at 1%-2% shear strain as a function of axial strain

for adipose tissue and for a 0.25% collagen network filled with a viscous,
linear hyaluronic acid solution of 4%. ¢, Dependence on the shear strain
amplitude for adipose tissue (black circles), collagen + hyaluronic acid
(black diamonds) and native whole blood clots (red circles). For clarity,

downward trend in compression (Supplementary Fig. 9). With respect
to shear deformation, adipose tissue shows mild softening at increasing
strains (Fig. 2d). Both contracted clots and agglutinated RBCs show
considerable shear strain softening after a critical shear strain value is
reached, and NIH3T3 cell pellets soften over the whole range of tested
shear strains (Fig. 2d).

To produce a cell-gel system that more closely resembles a tissue,
mouse embryo fibroblasts (Fig. 2e) and two glioma cell lines, LN229
and LBC3 (Fig. 2f, imaging in Supplementary Fig. 10a), were encapsu-
lated within a collagen gel and allowed to remodel the system by pro-
liferating and contracting the collagen network for seven days. On day
1, when cells had contracted the gel, but had not substantially prolifer-
ated, and occupied less than 10% of the volume, the gel-cell composite
did not stiffen in compression of up to 20%. After seven days, when
cell proliferation and network remodelling had increased cell density,
the sample switched to compression stiffening, similar to that seen in
spinal cord or brain® (Supplementary Fig. 1d). The importance of cells
within intact tissues was tested by their gradual removal from liver
and brain. Decellularization did not alter the shear modulus of either
tissue when measured without compression (Supplementary Fig. 11),
consistent with a dominant role of the ECM, but strongly reduced the
degree of compression stiffening (Fig. 2g, h).

To determine whether particle packing within an ECM but without
cell-generated force can mimic tissue mechanics, fibrin networks were
polymerized around various volume fractions of two types of particles:
dextran beads, which do not bind proteins, and sulfopropyl-modified
dextran beads, which bind fibrinogen. The fibrin network does not
infiltrate the particles, and the particles are larger than the mesh size
of the network (Supplementary Fig. 12). Because the fibrin network is
more permeable than the dextran bead, fluid flows from the network

Axial strain (%)

Shear strain (%)
one-sided error bars (one standard error) are used. d-f, Axial stress and
shear storage modulus as a function of axial strain of native whole blood
clots (d), blebbistatin-treated whole blood clots (e) and reconstituted
fibrin networks (f). g, Dependence on shear strain amplitude for whole
clots, fibrin and blebbistatin-treated clots. For blood the data shown

are means of four biological replicates and for the other samples they
are means of three biological replicates; error bars show one standard
error. Negative axial strain denotes compression and positive axial strain
represents extension. The axial stress of fibrin networks was measured
with an Instron tensile tester with parallel plates.

into the surrounding reservoir during compression (increasing bead
density) and into the network during extension (decreasing bead
density). Fibrin with 50% inert beads initially softens in compression,
like the fibrin network alone does, but after 10% compression as the
bead density increases, the trend reverses with the storage modulus
and nearly doubles after 20% compression (Fig. 3a). With an initial
bead density of 60%, no softening occurs with compression and the
storage modulus increases 6.3 times (Fig. 3¢). In extension, stiffening
is less than for fibrin networks without beads or blebbistatin-treated
whole clots (Fig. 1). Fibrin networks with high volume fractions of
RBCs show similar compression stiffening (Supplementary Fig. 13).
When the beads adhere to the fibrin network, compression stiff-
ening is similar to that of fibrin gels with inert beads but occurs at
a lower volume fraction (Fig. 3b). In this case, 17% adherent beads
suppress compression softening of fibrin (Fig. 3¢) and 35% adherent
beads stiffen the composite as much as 60% inert beads do (Fig. 3¢).
The shear-strain-stiffening behaviour of fibrin is also decreased by
densely packed beads (Supplementary Fig. 16).

Tissue-like compression stiffening requires embedding particles in a
nonlinear strain-stiffening network because beads embedded in a linear
elastic polyacrylamide (PAA) gel do not increase the shear modulus
with compression (Fig. 3d). At these densities, the compression stiff-
ening was an order or magnitude lower than that for fibrin with 60%
inert beads or 35% adherent beads.

Combining volume-conserving beads with contractile cells enhances
compression stiffening. Figure 3e shows how a low volume fraction
(<10%) of fibroblasts increases the stiffening effects of 14% adherent
beads within a fibrin network. The network by itself softens in com-
pression and the beads alone suppress softening but do not produce
stiffening in compression (Fig. 3e). However, when the cells contract
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Fig. 2 | Effect of dense cell packing on multiaxial mechanics. a-c, Axial
stress and shear storage modulus as a function of axial strain for adipose
tissue (a), pellets of NIH-3T3 fibroblasts (b) and contracted blood clots
and concanavalin-A-agglutinated RBC clots (c). Adipose tissue and
contracted clots are glued to the rheometer plates with fibrin glue.
The axial stress of contracted clots is measured with an Instron tensile
tester with parallel plates. d, Storage modulus as a function of shear strain
amplitude without axial strain for blood clots, RBCs and adipose tissue.
For clarity one-sided error bars are shown (one standard error).
e, f, Storage modulus of collagen gels (Coll) seeded with different cell

the fibrin network to reduce the total volume by 50%, the compression
stiffening effect rises to that seen for 35% beads (Fig. 3e). Contraction
of the network around the beads also eliminates shear strain stiffening
of the fibrin network (Fig. 3f).

Comparison of the viscoelasticity of soft tissues, fibrous networks
and colloidal systems shows that tissue-like compression stiffening
arises when volume-conserving particles such as cells are enclosed at
high volume fractions within networks of semi-flexible polymers, but
not when either constituent forms a solid material alone or when cells
are embedded in a linear elastic gel. Two different mechanisms—one
based on jamming of particles and the other on restrictions to the
relaxation modes of fibres—might account for this effect. Jamming
is essential for solidification of two-dimensional cell sheets'>!* and
inferred to have a similar role in three dimensions!*!>. This effect
would inevitably arise if the cells or particles are stiffer than the sur-
rounding matrix, and might account for the modest effects of the
stiffer dextran beads at high volume fraction on the soft polyacryla-
mide gel (Fig. 3d). However, jamming does not explain why very soft
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types: mouse embryonic fibroblasts (MEF; e) and glioma cell lines LN229
and LBC3 (f). The gels are measured one day and seven days after seeding,
after which gels have contracted substantially. g, h, Compression stiffening
of liver (g) and brain (h) tissue with increasing decellularization treatment
in absence of compression. The data are the means of three biological
replicates, except for contracted clots in extension (n = 5), collagen and
collagen + LBC3 (n = 1) and decellularized brain (n = 1). For MEF cells
in collagen, three biological replicates were performed but one sample is
shown in the graph. Error bars are one standard error.

RBCs (Supplementary Fig. 13) also produce compression stiffening in
fibrin gels. Compression stiffening in networks with cells or particles
also occurs at volume fractions well below the jamming threshold in
three dimensions (64%)'®, and we do not see the typical rheological
footprint of a jammed system (Supplementary Figs. 18, 19). Lissajous—
Bowditch plots used to characterize nonlinear mechanical response
(Supplementary Fig. 20) reveal strain stiffening of fibrin networks at
high shear strains even at large particle density, an effect not predicted
by jamming.

To elucidate the mechanism of compression stiffening, tissue is
modelled as a composite with (incompressible) cells embedded in
a fibrous ECM!7 (see Supplementary Information). For simplicity,
we distribute the cells on a face-centred-cubic (f.c.c.) lattice as shown
in Fig. 4a, Supplementary Fig. 21. When the tissue is compressed,
the cells expand in the directions perpendicular to the loading axis
to conserve volume, causing tensile strains in the surrounding ECM
(Fig. 4a). The magnitude of the tensile strain decays with distance from
the cells (Fig. 4d). If the tissue is densely populated with cells, the strain
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Fig. 3 | Multiaxial mechanics of networks with embedded particles.

a, Storage modulus as a function of axial strain for 10 mg ml™! fibrin
networks with inert dextran beads embedded at an initial bead volume

of 50% and 60% (mean of four biological replicates + standard error).

b, Storage modulus as a function of axial strain for 10 mg ml™ fibrin
networks with adherent dextran beads embedded at an initial bead volume
of 17% and 35% (mean of three biological replicates + standard error).

¢, Normalized storage moduli of all fibrin-bead composites, each sample is

in the ECM does not vanish, resulting in a large fraction of the ECM in
tension (Fig. 4d). The stretched ECM confines expansion of the cells,
leading to intracellular fluid pressure (Supplementary Fig. 23), which
balances the applied compressive load. Simultaneously, owing to the
alignment of extracellular fibres with the tensile principal strains, the
stiffness of the ECM increases sharply (Fig. 4c). As a consequence, it
becomes increasingly difficult to compress the tissue (Supplementary
Fig. 26). The effect of torsional shear applied after compression is
studied by considering a simple shear applied to the plane parallel
to the axis of torsion, as shown in Fig. 4b. On that plane, the shear
load further increases the tensile principal strain induced by compres-
sion (Supplementary Fig. 22). Because the fibrous network stiffens
with increasing tensile strain, the shear stiffness of tissues increases
with compression (Fig. 4e). Consistent with experiments, our model
also finds that the compression stiffening of tissues requires a
strain-stiffening ECM (Supplementary Fig. 28).

When a tissue is stretched, the sign of the stress near the cells
becomes opposite to that observed during compression (Fig. 4a). The
cells shrink in the directions perpendicular to the loading axis, caus-
ing a compressive strain in the surrounding matrix (Fig. 4c). Because
the fibrous matrix cannot resist compression, negligible pressure is
developed in the cells (Supplementary Fig. 23). This effectively blocks
the transmission of tensile stress from the cells to the matrix. At low
cell density, tension is developed in the axial loading direction and
fibres align along the tensile axis, stiffening the matrix in that direc-
tion. Similarly to the fibrous material without cells, the shear modulus
increases with the axial tensile deformation (Fig. 4d). When the ECM
is densely populated with cells (Fig. 4d), the development of stresses
directly above or below the cells is due to the generation of shear stress
in what we call a ‘ligament’ (red dashed box), leaving a large fraction
of the matrix unstrained (black dashed box). Essentially, the tensile
load applied to the tissue is resisted by a small portion of the matrix
that wraps around the cells (Fig. 4d). This part of the matrix is curved

Axial strain (%)

Shear strain (%)

normalized to the storage modulus at 0% axial strain. d, Storage modulus
as a function of axial strain for PAA networks made of 2.4% acrylamide
and 0.09% bis-acrylamide cross-linker with dextran beads embedded

at an initial bead volume of 40%-60%. The mean of three biological
replicates + standard error is shown. e, f, Storage modulus of 0.1% fibrin,
fibrin 4 14% adherent beads and fibrin + adherent beads + fibroblast
cells (n = 1) as a function of axial strain (e) and as a function of shear
strain (f).

along the length of the cell and behaves like crimped structures'®, which
straighten upon loading in tension (Supplementary Fig. 25); the crimps
do not stiffen considerably before they become straight. Moreover, as
the cell density increases, the volume fraction of the strained matrix
decreases and its influence on tissue stiffness becomes negligible
(Supplementary Fig. 24). As a result, the tissue Young’s modulus does
not increase substantially in tension (Supplementary Fig. 26). When the
tissue is further loaded in shear deformation, the matrix is stretched in
the direction 45° relative to the axis of tension. The tissue shear mod-
ulus is largely determined by the soft unstrained matrix that connects
the ligaments in series (Supplementary Fig. 27). This mechanism keeps
the tissue shear modulus from increasing in tension.

Increasing particle density in both experiment and simulation sup-
presses stiffening of fibre networks in extension but does not completely
eliminate it, as is observed in some real tissues. These results suggest
that other factors also contribute to tissue response. For example, our
model predicts that stresses at the cell-matrix junctions are tensile
in extension and can potentially dissociate cell-matrix bonds, which
reduce compressional stiffening, as shown by previous studies?. Tissue
cells are non-spherical and their volume fraction exceeds what can
be packed in a fibre network in vitro. The theoretical model predicts
that stiffening in extension decreases with increasing particle density
and tends to zero at the close-packing limit of spheres. These minor
differences are dependent on tissue type and are fully consistent with
the generic features of bead-fibre network models that explain how the
response of fibre networks to compression and extension is reversed as
volume-conserving objects are placed within them to form materials
with rheology similar to that of real tissues.

The work presented here shows the importance of high cell volume
fractions as a major determinant of whole-tissue mechanics, but the
main stress-bearing elements are the fibres of the ECM, which domi-
nate the shear modulus. Understanding the viscoelastic behaviour of
these composite materials can help to identify mechanisms by which
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Fig. 4 | Theoretical model of fibre networks with volume-conserving
inclusions. a, Model of the tissue where cells are distributed on an f.c.c.
lattice. For any single cell, the stress state (blue and red arrows) in the
ECM under axial compression is shown schematically. The top and bottom
faces of this cube are in biaxial tension, whereas on the sides the strain is
tensile (compressive) orthogonal to (along) the axis of compression.
b, Shear modulus of the fibrous collagen network versus shear strain. The
shear modulus is calculated after —20%, 0 or 20% uniaxial strain is applied
to the network. The aligned fibres are marked in red. ¢, Largest principal
strain in the ECM on the x-y cut plane shown in a when the tissue is
under 15% tensile, 15% compressive and 30% compressive load. Owing
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Axial strain (%)
to the expansion (shrinkage) of the cell in the directions perpendicular to
the compressive (tensile) axial loading, the principal strain of the largest
magnitude is tensile (compressive) around the cell on the x-y cut plane. The
principal strain directions are shown by black arrows. d, Largest principal
strain in the ECM on the x-z cut plane defined in a under 15% tensile load.
7 denotes the shear stress transmitted from the ‘ligament’ to the unstiffened
regions. e, Normalized shear modulus of the tissue under different levels of
axial strain, calculated by the numerical model. Increasing cell density leads
to more compression stiffening and less tension stiffening. f, Fitting of the
computational model to the shear modulus of the liver tissue (cell density
72%) and the collagen gel with LN229 cells (cell density 26%).



tissue stiffness is altered in disease and to determine how this change in
mechanical microenvironment leads to cellular dysfunction.
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METHODS

Human blood collection. Surplus whole blood was obtained from blood draws
conducted in accordance with all appropriate guidelines and regulations and
with approval of the Institutional Review Board at the University of Pennsylvania
(protocol 805305). Human blood was drawn with informed consent from healthy
volunteers.

Whole blood clots. Human blood was collected in the absence of anti-coagulant
and immediately placed between the rheometer plates. For some samples,
blebbistatin was added to the blood at 5 pg ml~! (17 uM). Axial stress during
polymerization of native whole clots was 72 £ 3 Pa, and ~1 Pa in blebbistatin-
treated clots or purified fibrin. The blood samples were allowed to polymerize
between the plates for 1.5 h at 37°C and were surrounded with PBS-Ca?*Mg?*
after ~10 min of initial polymerization to prevent drying.

Agglutinated RBC clots. RBCs were extracted by centrifugation from whole
blood drawn in K,EDTA. The RBCs were washed three times in PBS-Ca?*Mg?*.
Concanavalin A from Jack bean (L7647, Sigma) was added to a dilute RBC suspen-
sion (~5% RBC volume), with 2 mM Mn?* added to the solution. The dilute RBC
suspension was allowed to agglutinate for 15 min at room temperature, after which the
suspension was centrifuged for 15 min at 2,000g. The resulting pellet (clot) was trans-
ferred to the rheometer plates and surrounded by PBS-Ca?"Mg?" with 2 mM Mn?".
Fibrin networks. Fibrin networks were prepared similar to previously published
protocols'®!*2. In brief, fibrinogen isolated from human plasma (CalBioChem,
EMD Millipore) was dissolved in T7 buffer (50 mM Tris, 150 mM NaCl, pH 7.4).
Thrombin isolated from salmon plasma (SeaRun Holdings) was diluted in ddH,O
at 1,000 units per millimetre (U ml~?1). To prepare fibrin networks, fibrinogen,
thrombin, 1x T7 buffer and CaCl, solution were combined to yield 2 mg ml™!
fibrinogen, 30 mM Ca”*" and 2 U ml ™! thrombin, allowed to polymerize between
the rheometer plates for 1.5-2 h at 37°C, and then surrounded with T7 buffer.
Fibroblast pellets. NIH-3T?3 fibroblasts (American Type Culture Collection (ATCC))
were cultured in 1x concentrated Dulbecco’s modified Eagle medium (DMEM;
ATCC) supplemented with 10% fetal bovine serum (FBS; ATCC), 1% penicillin-
streptomycin (Life Technologies) and 0.1% Fungizone (Life Technologies). For
every measurement, cells were detached with 0.25% trypsin-EDTA solution (Life
Technologies) and spun down in two steps: the first step was for 10 min at 120g and
the second step was for 20 min at 2,200g. The resulting pellet was placed between the
rheometer plates and surrounded with growth medium to prevent drying.

To qualitatively check cell viability after rheometric testing, 10 pl cell suspension
was replated in regular growth medium for 2 days (Supplementary Fig. 29).
Animal tissue collection. All blood samples and adipose tissues were col-
lected from animals euthanized for the purpose of other studies performed in
accordance with the guidelines of the National Institutes of Health for care and use
of laboratory animals and were approved by the Institutional Animal Care and Use
Comnmittee at the University of Pennsylvania.

Mouse epididymal adipose, liver and lung tissues were obtained from adult wild-
type C57BL/6 males that were at least 27 weeks old; rat liver tissue was obtained
from adult male Sprague Dawley rats; and bovine spinal cord and brain were
isolated from tissue received from a local abattoir. All samples were stored on ice
in PBS-soaked gauze until testing, which occurred within four hours of death.
Samples were cut into 8 mm diameter, or 20 mm diameter disks in the case of
brain, using a stainless steel punch. To avoid slipping during shear and tensional
deformation, fibrin glue was used to adhere the sample to the rheometer plates.
Fibrin gel was prepared by mixing 5 pl of 28-mg ml salmon fibrinogen with 10 units
of thrombin directly onto the lower rheometer plate; the sample was placed on top
and subsequently fibrin gel was also applied to the upper surface of the tissue. The
top plate was lowered until contact was made, as determined by the application of
approximately 1g of normal force. The sample was surrounded by PBS to prevent
drying of the tissue during testing.

Tissue decellularization. Rat liver and bovine brain were subjected to decellu-
larization following modifications of published protocols®. In brief, samples were
placed into a decellularization solution (liver, 2% Triton X-100, 0.1% SDS in PBS at
37°C; brain, 0.1% SDS, 1% penicillin-streptomycin in PBS at 4°C), allowed to shake
for various lengths of time and then rinsed with PBS for 15 min before rheometry.
Contracted clots. Contracted clots were prepared from blood collected from
300-350 g Sprague-Dawley rats (Charles River Laboratories) after dissection of
the vena cava without the use of anti-coagulant. The blood was immediately trans-
ferred to a tissue culture dish, resulting after 2 h in disk-shaped contracted clots that
were removed for rheological testing. To prevent slipping, contracted clots were
glued with fibrin glue similarly to the adipose tissue. The samples were surrounded
by PBS-Ca?"Mg?* to prevent drying.

Cells in collagen gel. The LN229 cell line was obtained from ATCC (CRL2611).
Cells were grown in DMEM (Gibco) supplemented with 10% FBS (Gibco) and
100 U ml ™! penicillin and 100 pM streptomycin (Sigma-Aldrich).

Three-dimensional collagen gels were prepared from the following ingredients:

a stock solution of 4.13 mg ml™! collagen I (BD Bioscience), DMEM 5x con-
centrated solution (Gibco) and DMEM 1x concentrated solution (Gibco), FBS
(Gibco) and 0.1 M NaOH. Cells were counted, pelleted and resuspended in
DMEM, followed by addition of FBS, NaOH and collagen I. All of the ingredients
were kept on ice to prevent early gelation. Collagen gel mixture was transferred
into 12-well plates (1 ml of the gel mixture per well) and immediately placed inside
a humidified incubator at 37°C and 5% CO,. Gels were allowed to sit for at least
60 min and immersed in fresh DMEM after gelation was complete. The initial
density of glioma cells was adjusted to 200,000 cells per millilitre. The shear mod-
uli of the three-dimensional collagen gels were determined on day 1 and day 7
post-preparation using a Kinexus rheometer (Malvern Instruments) equipped
with 20 mm diameter parallel plates.
Fibrin networks with embedded beads. The fibrinogen described for fibrin net-
works was used. Beads made from cross-linked dextran (Sephadex G-25 medium,
GE Health Sciences) were swollen with ddH,O to accomplish 92% swelling. The
volume needed for 92% swelling was extrapolated from the amount of water
needed for 100% swelling. The 100% swelling was determined by allowing pre-
weighed beads to swell for 12 h in excess amounts of ddH,O. The suspension was
centrifuged at 2,200g for 30 min, and the weights of the beads and excess water
were determined. Fully swollen, the dextran beads had 50-150 pm diameter and
an exclusion limit of 80 kDa (hence fibrinogen is excluded). For rheometry, fibrin-
ogen, T7 buffer, CaCl, solution, thrombin and distilled water were mixed together
and then added to a bead solution to yield a 10-mg ml~! fibrin network ina 1x T7
buffer with 0.5 units thrombin per millilitre of sample and a 50% or 60% volume of
beads, assuming continued swelling of 92% swollen beads when placed in excess
buffer. Samples were polymerized between the rheometer plates for 90 min at 25°C
and surrounded by T7 buffer.

Adherent beads (SP Sephadex C-25, GE Health Sciences) were used
similarly with the following modifications: fibrinogen from salmon plasma
was used (SeaRun Holdings) and beads were swollen to 100% (v/v) in 1x T7
buffer.

PAA gels with embedded dextran beads. A solution of 8% acrylamide and 0.3%
bis-acrylamide cross-linker (BioRad) in ddH,O was mixed with 10% ammonium
persulfate and TEMED to initiate polymerization, after which it was quickly mixed
with pre-swollen G-25 medium dextran beads and ddH,O to yield a network
with 2.4% acrylamide, 0.09% bis-acrylamide, 0.2% APS, 0.3% TEMED and 40%,
50%, 60% or 70% beads. The networks were polymerized in a non-adhesive
container with a thickness of 1-2 mm for 45 min at room temperature. After full
polymerization, samples were cut to size, transferred to the rheometer plates and
surrounded by ddH,O.

Rheometry. A strain-controlled rotational RFS3 rheometer (TA Instruments) with
parallel plates was used. For whole clots, a plate of 50 mm diameter was used with
a 400-pm gap. For adipose tissue, a plate of 8 mm diameter was used. The top
plate was lowered until contact was made, as determined by the application of 1g
of normal force. Contracted clots, RBC clots, fibrin networks (with and without
particles) and PAA networks with particles were tested with a plate of 25 mm
diameter and a gap of 1-2 mm. A Peltier device incorporated into the bottom plate
was used to control the sample temperature at 37 °C for blood and cell clots and
25°C for composites of networks and beads as well as tissue. Samples were kept
hydrated with the appropriate buffer during the experiments. The shear modulus
was measured by applying a low oscillatory shear strain of 1%-2% at a frequency of
10 rad s~!. Axial strain was applied by changing the gap between the plates. Samples
were subjected to small step-wise axial strains, between which the samples were
allowed to relax. An Instron 5569 tensile tester with parallel platens was used to
measure axial stresses of contracted clots.

Reporting summary.Further information on research design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability
The data that support the findings of this study are available from the correspond-
ing authors upon reasonable request.

Code availability

The computational code developed in this work is included as Supplementary
Code. The source code is covered under the GNU general public license, version
2.0 (GPL-2.0).
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