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Cellular systems are known to exhibit some of the fastest movements in biology, but
little is known as to how single cells can dissipate this energy rapidly and adapt to
such large accelerations without disrupting internal architecture. To address this, we
investigate Spirostomum ambiguum—a giant cell (1–4 mm in length) well-known to
exhibit ultrafast contractions (50% of body length) within 5 ms with a peak acceleration
of 15g . Utilizing transmitted electron microscopy and confocal imaging, we identify an
association of rough endoplasmic reticulum (RER) and vacuoles throughout the cell—
forming a contiguous fenestrated membrane architecture that topologically entangles
these two organelles. A nearly uniform interorganelle spacing of 60 nm is observed
between RER and vacuoles, closely packing the entire cell. Inspired by the entangled
organelle structure, we study the mechanical properties of entangled deformable
particles using a vertex-based model, with all simulation parameters matching 10
dimensionless numbers to ensure dynamic similarity. We demonstrate how entangled
deformable particles respond to external loads by an increased viscosity against
squeezing and help preserve spatial relationships. Because this enhanced damping
arises from the entanglement of two networks incurring a strain-induced jamming
transition at subcritical volume fractions, which is demonstrated through the spatial
correlation of velocity direction, we term this phenomenon “topological damping.”
Our findings suggest a mechanical role of RER-vacuolar meshwork as a metamaterial
capable of damping an ultrafast contraction event.

ultrafast biophysics | organelle topology | vertex model

High accelerations impart physiological advantages to organisms across all length scales,
from speeding cheetahs to the ultrafast strike of a mantis shrimp (1, 2). In these systems
which require repeatable deployment, energy dissipation is critical for the survival of the
underlying structures (3). In movement driven by muscles, active lengthening is observed
to specifically dissipate energy, and failure to do so can lead to fractures, torn ligaments,
or muscle sprains (4). Specialized structures such as foamy mesocarp layer in durian
shell (3, 5) and mineralized helicoidal fibrous structures (telson) near the tail of a mantis
shrimp (2) are examples where biological structures protect themselves from damages
due to impulse. However, how single cells can resist large forces and dissipate energy in
short time scales remains largely unknown. Without cell walls or connective tissues, can
a single-celled organism evolve strategies to effectively decelerate and dissipate energy as
well?

Spirostomum ambiguum as a Model System for Repeatable Ultrafast Cellular
Contraction. S. ambiguum is a giant single-celled organism living in brackish waters,
and their extreme contractility is well documented even in the early literature (6). (Fig.
1) As a millimeter-scale single-celled ciliate, Spirostomum can repetitively contract itself
to less than 50% original body length in 5–10 ms (7) throughout its lifetime. Unlike
single-shot ultrafast events such as nematocyst firing (8) which leads to an exploded
cell, S. ambiguum demonstrates repeatable contractions via a reversible process of fast
contraction and slow relaxation to the base state. The contraction and force generation
process is relatively well known in the literature of S. ambiguum. Briefly, the contraction
is caused by the myoneme fibers, an analog to centrin, located in the cortical region. Once
you flood the cell with calcium, all the filaments start to contract (9). In our recent studies,
we identified a function associated with ultrafast contractions in S. ambiguum—to enable
long-range hydrodynamic communication (7). The ultrafast kinematics is necessary to
break the Stokesian regime and enable long-distance wave propagation. The kinematics
of this process is composed of a rapid acceleration phase immediately followed by rapid
deceleration, with peak magnitude of both acceleration and deceleration up to 15g (7).
Previous studies have also measured the peak contraction force to be about 0.6 μN (10),
which is at least 104 times greater than the usual forces experienced at the cellular level
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Fig. 1. Vacuolar meshwork inside a giant cell S. ambiguum
undergoing ultrafast contractions, leading to organelle
deformations. (A) Color differential interference contrast
(DIC) images of the same S. ambiguum cell before and
after an ultrafast contraction event, depicting∼50% length
shortening in less than 10 ms while maintaining cell
volume. The cytoplasm is filled with vacuoles packed at
high density (Scale bar, 200 μm). (B) Single-cell contraction
under a high-speed camera reveals large-scale defor-
mation (40% deformation from spherical to ellipsoidal)
in vacuoles under compressive strain in the first 3.2
ms of the contractile process. The red box marks one
vacuole before contraction, while the blue box marks
the same vacuole after a single contraction event. The
image sequence of the detailed shape change under this
compressive load for the same vacuole is shown in (C)
at a 400 μsec, or 0.4 msec interval. Also see Movies S1
and S2 (Scale bar, 20 μm). (D) The histogram of the aspect
ratio of deforming vacuoles in relaxed and contracted
organisms quantitatively establishes that the vacuoles are
indeed deformed due to the ultrafast contraction process
and relax back to minimum energy spherical shape at
a longer time scale. The vertical dashed line indicates
40% deformation (relaxed: mean = 1.22, std = 0.19, 1,902
measurements from three organisms; contracted: mean =
1.55, std = 0.35, 344 measurements from three organisms).
(E) The histogram of the angle between the long axis of the
vacuoles and the long axis of the cell body before and after
the contraction depicts that the deformation is normal
to the compressive stress. Here, we define the direction
of the long axis of the cell body as the x-direction, and
the direction of the short axis as the y-direction (relaxed:
mean = 96.1◦, std = 50.8◦, 1,902 measurements from three
organisms; contracted: mean = 87.6◦, std = 28.9◦, 344
measurements from three organisms).

(roughly 10 pN) (11). A back-of-the-envelope estimate based
on the kinematics of the contraction also predicts a strain rate
(0.2m/s/(1mm/2) ∼ 400s−1) that is comparable to the wall
shear rate in the large artery of a healthy human (12).

Existing Mechanisms Fail to Explain the Energy Dissipation in
Spirostomum. Despite this high strain rate, we can quickly do a
back-of-the-envelope calculation to demonstrate that fluid shear
alone is still not enough to dissipate the energy injected into the
system. Assuming that the input power from cortical myoneme
is balanced by fluid shear alone, we can write Fv = �
̇2V ,
where F , v, �, 
̇ , and V are boundary force, velocity, cytoplasm
viscosity, shear rate, and cytoplasm volume, respectively. Because
of the slender cylindrical shape of the cell, we can estimate its
volume as LD2, where L and D are the length and diameter
of the cells. Plugging in the relevant numbers (F ∼ 10−6 N,
L ∼ 10−3 m, D ∼ 10−4 m, v ∼ 0.2 m/s, 
̇ ∼ 400 s−1), it
shows that the viscosity of the cytoplasm has to be as large as
0.12 Pa-s to dissipate the input energy, which is 120 times larger
than the viscosity of the water. This number is also in direct
contradiction to the previously measured cytoplasm viscosity
in other ciliates or protists, which is about 0.005–0.05 Pa-s
(13, 14). These contradictions suggest that it is not possible to
dissipate the energy just by the fluid shear in the cytoplasm if the
cytoplasm were completely filled with liquid without structures.
Also, the myoneme itself cannot provide enough brake for itself.
In the past, Ishida has performed ghosting experiments (9, 15),
in which the cortical myonemes are preserved but the internal
structures are disrupted by detergents. If you increase calcium

in those ghost cells, the entire cell will collapse and crumble.
This indicates that there is not enough intrinsic brake in the
myoneme itself. At the same time, we would expect that such a
high strain rate in the cytoplasm can cause massive rearrangement
of organelles, which can potentially break the interorganelle
contact sites which are critical for the physiology. How can
then S. ambiguum evolve a mechanism to resist such a high
force and decelerate effectively while maintaining the internal
architecture?

One unique feature that has been noticed in S. ambiguum
for years is their highly vacuolated cytoplasm (also known as
vacuolar meshwork, with the diameter of individual vacuole
ranging from 5 μm to 30 μm) (Fig. 1A and SI Appendix, Fig. S9)
(16), which is very uncommon except for some other giant
single-celled ciliates such as Bursaria truncatella, Homalozoon
vermiculare, and Loxodes magnus (17). In giant phytoplanktons,
vacuolation is believed to increase the surface area:cytoplasm ratio
and maximize resource acquisition (18). In mammalian cells and
even in protists, cytoplasmic vacuolization is usually associated
with various pathological conditions and is often accompanied
by cell death (19, 20). However, this is clearly not the case for
S. ambiguum, and the biomolecular function of these vacuoles
remains poorly understood. By imaging live cells undergoing
contraction at high frame rates, we identified that individual
vacuoles deform up to 40% (see Materials and Methods for
estimation of strain) within the cytoplasm akin to a deforming
shock-absorbing foam (Fig. 1 B and C and Movies S1 and S2).
Is it possible that the highly vacuolated cytoplasm actually
plays a critical role in decelerating the contraction process and
participates in energy dissipation?
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Identification of Entangled Architecture between RER and
Vacuoles. In order to investigate energy dissipation in this unique
cell and identify any damage that might be caused to specific
organelles, we map key organelles inside a cell utilizing high-
resolution imaging such as confocal microscopy and transmission
electron microscopy (TEM). Several organelles like the rough
endoplasmic reticulum (RER) and mitochondria are distributed
across a cell and are good candidates to map. RER particularly
not only forms contiguous networks throughout the cells (21) but
also makes membrane contact sites (MCS) with other organelles
such as mitochondria, Golgi apparatus, lysosomes, peroxisomes,
endosomes, and plasma membranes (22). Maintaining the
contiguous geometry and MCS is crucial to their functions in

calcium homeostasis, lipid synthesis, lipid exchange, and protein
secretion (22).

To understand how ultrafast cells can protect the organelle
architecture and interorganelle contact sites while undergoing
massive accelerations and deceleration, we decided to map the
RER topology with respect to vacuole present in S. ambiguum.
To our surprise, we identified a fenestrated-cubic membrane-
like topology of RER, which is closely wrapping around the
vacuolar meshwork (Fig. 2A). Under TEM, the distribution of
vacuoles is consistent with our observation in light microscope
and early histology studies, with a thin layer of periplasm (2–3
μm) near the cortex enclosing a highly vacuolated endoplasm
which spans through the entire organism (16, 23, 24) (Fig. 2B

Fig. 2. Intimate spatial relationship between RER and vacuolar meshwork. (A) TEM imaging of S. ambiguum before (Upper) and after (Lower) ultrafast contraction
shows the vacuolated cytoplasm, and the RER is intimately wrapping around the vacuoles in both cases. Refer to SI Appendix, Fig. S1 for low magnification
images. (B) Cross-section montage of a relaxed organism and its segmentation of RER (green), vacuoles (gray), and mitochondria (yellow). The entangled
topology between RER and vacuoles spans the entire cross-section, not limited to a specific region. The inset on the upper right corner shows the original
image. Width of original image: 65.287 μm. The histogram on the lower left corner shows the distance between RER and nearby vacuoles in contracted and
relaxed organisms under TEM. In the relaxed organism, the distance ranges from 30 to 70 nm (343 measurements, mean ±s td: 51.9 ± 14.6 nm), while in the
contracted organism, this distance becomes more variable but remains below 150 nm (269 measurements, mean ± std: 82.1 ± 52.9 nm). (C) TEM occasionally
reveals the “bridging” RER (arrows) that connects the RER of two nearby vacuoles. This is expected as RER is a continuous lumen. RER is false colored in red
and vacuoles in yellow on the Top figure. (D) Extreme tram-tracking of RER along the contour of vacuoles was observed, even when cytoplasm invaginated
inward to the vacuoles (arrows). (E) At higher magnification, we can see some materials (white arrows) that might be the protein connections between RER and
vacuoles. (F ) Confocal imaging of endoplasmic reticulum (ER) and vacuolar meshwork of a contracted organism (Left) and a cropped magnified region (Upper
right). Note that the image is a longitudinal section. The image shows a fenestrated web-like structure of ER wrapping around vacuolar meshwork throughout
the entire organism. Refer to Movies S3–S5 for complete z-stack video. (G) 3D schematic drawing illustrating the entangled topology between fenestrated ER
and vacuoles.
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and SI Appendix, Fig. S1). The intimate wrapping relationship
we describe here between RER and vacuoles is preserved in
both relaxed and contracted organisms (Fig. 2A). This unique
topology (wrapping) is present throughout the entire cell (Fig.
2B). When quantified across the cell—the distance between RER
and associated vacuole also has a tight distribution between
30 and 70 nm in relaxed organisms, suggesting stereotypical
MCS between these two organelles. In contracted organisms, the
distance between the RER and its nearby vacuoles has a slightly
wider distribution, but it still falls below 150 nm (Fig. 2B, Inset).

Since the RER network is contiguous throughout the cell—
we also directly observe bridging RER that travels from one
vacuole to another nearby vacuole, which is expected for forming
a continuous lumen in the cell (Fig. 2C ). We also find that
the RER is fenestrated, with holes puncturing the membrane
into many segments. Even when the cytoplasm is invaginated
into the vacuoles, the RER still closely follows the outline of
the vacuoles (Fig. 2D). All the above evidence suggests that
there is a linker between RER and vacuoles in S. ambiguum,
either through individual proteins or physical forces like Casimir
effect (see Discussion for more detail). Although we cannot clearly
identify the mechanism of this linker as yet, we did observe some
structures under high magnification which might be associated
with proteins between RER and vacuoles (Fig. 2E). A more
careful structural study is required to identify their identity.

To observe the 3D architecture of the RER-vacuole inter-
action, we image fixed organisms under confocal microscopy,
with the staining of DiOC6(3), an ER marker (25) (Fig. 2F and
SI Appendix, Fig. S2 and Movies S3–S5). The finding in confocal
microscopy confirms our observation under TEM. We clearly
see a fenestrated sheet wrapping around the vacuoles throughout
the entire cytoplasm, and the highly deformed vacuoles (as the
organisms fixed for confocal microscopy were all contracted) seem
caged within the similarly deformed RER. All these observations
confirm the presence of a unique metamaterial composed of
RER topologically intertwined with the vacuolar meshwork—
throughout the cytoplasm (Fig. 2G). The extremely narrow gap
between RER and vacuoles we observed under TEM, the fact that
RER closely follows the contour of the vacuole even when the
cytoplasm is invaginated, and the similar deformation between
RER and vacuoles under confocal microscopy all indicate that
RER and vacuolar meshwork are mechanically coupled with each
other.

Role of Entanglement in Bulk Material Properties. Our data
illustrate a unique geometry of entangled RER and vacuolar
meshwork inside a contracting cell. Next, we explore the
physiological consequences of this geometry for this ultrafast
contracting cell. Previous studies have shown that highly entan-
gled systems can impart unique mechanical properties, both in
living and nonliving matter. Some examples of single-component
entangled objects include fire ants—which are known to interlock
themselves via limbs and mandibles, and thus form waterproof
rafts and towers that can be crucial for their survival after
floods (26). In simulations of tissues, inclusions can cause
marked stiffening of the extracellular matrix, which might explain
the compression stiffening of various biological tissues (27).
Even simple geometries like entangled U-shaped particles like
staples can stabilize the structure against vibration through
inhibition of particle rotation and translation (28). In polymer
rheology, topological characteristics of entanglement, such as
linking number and writhe, have been shown to be related
to their mechanical properties like storage modulus and loss

modulus (29). Entangled polymer rings, compared to their linear
counterparts, also have less shear thinning behavior (30). In two-
phase entangled materials—engineered wire-reinforced granular
columns have been shown to build freestanding stable structures
with high strength under vertical load (31). Recently, interpene-
trating lattices have shown enhanced damping properties in 3D
printed materials (32).

Entangled Soft Particle Vertex Model. Inspired by the geomet-
rical arrangement of RER and vacuolar meshwork, we seek to
find whether such a system can act as a damper and control
the kinematics of contraction at subcellular length scales. In the
study of granular material, 2D models have been shown to be very
informative to explore the fundamental mechanisms and are used
extensively when new constraints such as particle deformability
or surface frictions are introduced (33, 34). The current model
captures the dynamics of entangled RER and deformable vacuoles
in a contracting, area-preserving geometry. As we are trying to
isolate the effect of entangled topology, we currently focus our
efforts on this coupling between these two organelles instead of
the detailed cellular hydraulics (35).

We first build a 2D entangled soft particle model repre-
sentation of this unique metamaterial to study its mechanical
properties when the system experiences extreme shape changes
(Fig. 3 and SI Appendix, Fig. S3), using a vertex-based model
with smooth surface method (33). In our model, the cell is
simplified into a two-dimensional rectangle, the vacuoles in the
cytoplasm are simplified into deformable particles, and the RER
is simplified into flexible strings connecting the particles. The
topological links introduced by the tethered strings mimic the
membrane bridges we found under the TEM, which allows us to
explore the role of entanglement in the mechanical properties of
this unique architecture (36) (SI Appendix, section A.7.1).

We model vacuoles as a 50:50 mixture of bidisperse deformable
particles with a 1:1.4 ratio and the RER as flexible Hookean
strings initialized to be on the opposite side of two neighboring
particles to ensure entanglement. Based on the number of
particles (Nc) and the number of strings connecting the particles
(Nf), we also defined filament fraction (�f) to describe the degree
of connectivity or topological constraint in the system, which
is defined as the ratio between the number of strings and the
number of edges in the Delaunay diagram of the center of the
particles (Fig. 3A). Volume fraction (�) is defined as the ratio
between the total area of particles and the area enclosed by
the boundary. The strings have zero thickness, which ensures
that any observable changes come from a pure topological effect
(SI Appendix, sections A.7.1 and A.7.2).

We consider 10 energy terms following the recommenda-
tion from Boromand et al. (33), with proper extension to
include entangled strings: 1) particle–particle repulsive energy
(Ur), representing the repulsion between vacuoles; 2) particle-
string repulsive energy (Url), representing the repulsion be-
tween RER and vacuoles; 3) particle-boundary repulsive energy
(Urb), representing the repulsion between vacuoles and cell
membrane; 4) stretching energy of strings (Ul), representing
the energy when RER is stretched; 5) bending energy of
strings (Ubf), representing the energy when RER is bent; 6)
particle surface contractility (Ulc), representing the energy when
vacuole membrane is stretched; 7) particle compressibility (Ua),
representing the energy when the vacuole area is compressed;
8) particle interfacial tension (U
 ), representing the interfacial
energy between the vacuolar membrane and cytoplasm; 9)
particle surface bending (Ub), representing the energy when vac-
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Fig. 3. A 2D vertex-based entangled
soft particle model allows us to study
the effect of topological constraints on
the mechanical properties of packed
vacuoles in response to large shape
changes. (A) We define filament frac-
tion (�f ) as the ratio between the num-
ber of strings (Nf) and the number of
edges in the Delaunay diagram (ND),
which we use to describe the degree
of topological constraints in the sys-
tem. The volume fraction (�) is defined
as the ratio between the total area
of particles and the area enclosed by
the boundary. See SI Appendix, Section
A.7.2. (B) We consider 10 energy terms
in the model following the recommen-
dation from Boromand et al. (33) with
appropriate extensions to include the
entangled strings. The system evolves
according to an overdamped molecular
dynamic scheme. See SI Appendix, Fig.
S3. (C) We curated 10 dimensionless
numbers from the known contraction
kinematics, geometry, fluid properties,
and mechanical properties of lipid bi-
layer membranes, and all simulation pa-
rameters are determined to match all
10 dimensionless numbers. The process
ensures dynamic similarity and allows
us to convert simulation results back to
actual physical units and compare them
with experiments. (D) Three snapshots
of a simulated contraction process. The
system displayed here has � = 0.79 and

�f = 0.268. We report this particular simulation as it is the one which matches the experimental observation the best (Fig. 4). A constant boundary force is
applied to deform the system during the contraction phase, with � kept constant. The red box marks one particle before contraction, while the blue box marks
the same particle after contraction. The image sequence of the shape changes under this load for the sample particle is shown in (E) at a 625 μs, or 0.625 ms
time interval. Scale bar = 100 μm in (D), while scale bar = 20 μm in (E). Also see Movies S6 and S7.

uolar membranes experience bending. An additional 10th term,
string-boundary repulsive energy (Urbf), is included only during
the initialization (SI Appendix, section A.7.6). We obtain forces
on particles by taking gradients with respect to the coordinates of
each vertex, and the system evolves according to an overdamped
molecular dynamics scheme (SI Appendix, section A.7.3).

The computation of the energy terms requires many parame-
ters (e.g., the bending coefficient ksim

b , area compressibility coef-
ficient ksim

a , etc. See SI Appendix, Fig. S3 for all parameters). To
ensure that our parameter choice accurately captures the physics,
we next perform dimensionless matching to ensure dynamic
similarity. We define 10 relevant dimensionless numbers (Fig.
3B and SI Appendix, sections A.7.4 and A.7.11, and Fig. S3)
based on known contraction kinematics and known mechanical
properties of biological components like lipid bilayer membranes
and vacuoles. These include 1) Reynolds number, 2) Stokes
number, 3) Strouhal number, 4) capillary number, 5 and 6)
two aspect ratios, and 7–10) four relative ratios among the
five mechanical properties of membranes and vacuoles (area
expansion modulus, water bulk modulus, interfacial tension,
bending modulus, hydration repulsion pressure) (Fig. 3C and
SI Appendix, sections A.7.4 and A.7.11, and Fig. S3). This
dimensionless matching process allows us to convert all output
from simulations back to actual physical units and compare them
directly to experimental observation.

We contract the system with conserved area for 5 ms (the
duration is dimensionally matched to the correct kinematics
of cellular contraction) in the long axis [(defined as the x-
axis), imposing fixed boundary forces (magnitude dimensionally
matched to the experimentally observed force magnitude (10))]
and observe the changes in kinematics (Fig. 3D). The boundary

force treatment we used here is a reasonable approximation, as it
is well described in the past literature that the organism contracts
when calcium binds to cortical myoneme (37), limiting the
force to the cortical region. Also, even though we only explicitly
set the boundary forces in the x-direction, because of the area
conservation constraints in the 2D model, there will always be
associated movement on the boundary in the y-direction, so the
effective consequence is a squeeze strain and not compressive
strain. Our system allows us to follow the deformation of each
particle just like in the experiments (SI Appendix, Fig. S4), and
we show the time series of a specific particle in Fig. 3E. In
the model proposed, the reactive forces created by the particle
system counteract the boundary forces, which directly reduce the
amount of net energy input (see SI Appendix, section A.7.5 for
its calculation). The net energy input can be 1) buffered by the
various potential energies in the system, 2) viscous dissipation
by the particle motion within the fluid, or 3) dissipated by the
sacrificial bond when the string ruptures. Note that because of the
dimensionless matching process, the system has a huge timescale
separation (SI Appendix, section A.7.5). This requires a small time
step even with implicit methods to ensure accuracy. Depending
on �f , it takes 30–60 d to finish one simulation when using
6 CPUs with 4GB memory per CPU. The relaxation phase is
not simulated as the deceleration happens during the contraction
phase (Limitations of the Model).

Damping Effect from Topological Constraints in Entangled
Soft-Particle Systems. Here, we explore how topological con-
straints impact the kinematics, boundary forces, squeeze flow
viscosity, and energetics of the contraction process (Movies S6
and S7 for the simulation videos). In order to understand the

PNAS 2023 Vol. 120 No. 41 e2303940120 https://doi.org/10.1073/pnas.2303940120 5 of 12

https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2303940120#supplementary-materials


role of entanglement, we ran 16 simulations with the same
� of 0.67 and 0.79 (both chosen to be subcritical volume
fractions for 2D circular disks, below 0.83) but varying �f. We
monitor the time series changes of different observables (Fig. 4)
including normalized body length, normalized contraction speed,
normalized reactive force, squeeze flow viscosity, and change in
the energy budget. In the main text, we only report the results
of � = 0.79 as the results are similar. See SI Appendix, Fig. S5
for the results of � = 0.67, and SI Appendix, Fig. S11 for results
with parameters variation.

Since the model parameters are chosen to ensure dynamic
similarity, we can compare our outputs to experiments. We first
analyze the cell length changes during the contraction process.
In Fig. 4A, all systems contract monotonically as expected,
and systems with greater entanglement finished up at a larger
normalized body length after 5 ms. The system with �f = 0

ends up at a normalized body length of less than 20%, which
is far below the experimentally observed final length (marked by
the gray zone in the figure), indicating that the vacuoles alone
at a subcritical volume fraction are not sufficient to dampen the
kinetics. For our simulation setting, the system with �f = 0.268
has a final body length matching the experimental observations.

We also compare the contraction speed in simulation to the
experimentally observed contraction speed. In Fig. 4B, we can see
that systems with �f ≥ 0.268 rapidly dampen the contraction
speed to be below the experimentally observed peak velocity,
while systems with �f < 0.268 fail to dampen the velocity
and maintain their contraction speed at peak level for roughly
2–3 ms, which is unrealistic. This indicates that the entangled
topology can act as a damper and slow down the contraction
kinematics. Note that the initial peak is much greater than the
experimentally observed peak velocity, likely because we did not

A B C

FED

Fig. 4. Geometric constraints turn entangled particle systems into topological dampers in constant force simulation. Systems with the same � of 0.79 but
varying �f were compressed by a constant boundary force. (A) Normalized body length over time. The gray zone indicates the experimentally observed final
body length after contraction (40%–50%) (7). The system with �f = 0.268 falls within the range. (B) Normalized contraction rate in x-direction over time. The
dashed line indicates the experimentally observed peak velocity (0.2 m/s) (7). Systems with �f ≥ 0.268 can rapidly dampen the velocity, while systems with
lower �f have their contraction velocity at peak level for roughly 3 ms. (C) Normalized reactive forces in x-direction over time. The dashed line indicates the
magnitude of external load, normalized to 1. Increasing topological constraints increases the ability of the system to counteract external forces, which explains
the rapid slowdown in contraction kinematics. (D) Squeeze flow viscosity of the system as a function of time. The dotted line is the estimation of the actual
organism based on the peak strain rate and normal stress in x-direction (0.25 Pa-s, see SI Appendix, Section A.7.8). Systems with �f of 0.268 and 0.322 maintain
comparable squeeze flow viscosities to experimental estimations, while systems with �f < 0.268 fail to maintain their viscosities despite the initial peak. (E and
F ) Energy budget of two systems with the same � of 0.79 but �f of 0.0 and 0.268. The cumulative net energy input is plotted in the black line, while other colored
lines indicate different energy terms. The system with no entanglement has a larger cumulative net energy input. It rapidly responds to the energy input but
is not able to store the energy for greater than 2 ms. Systems with entanglement reduce the cumulative net energy input to one-third and also have a better
ability to buffer the energy input. Note that the majority of the energy contribution comes from the particle interfacial tension term, and the contributions from
strings or string rupture are minimal.
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consider the initial time required to build up cytoplasmic calcium
concentration and build up the force to the peak.

As for the reactive force on the boundaries, Fig. 4C shows that
systems with�f < 0.268 have a lower force magnitude in general,
and the time series of reactive forces show more fluctuation.
On the other hand, systems with �f ≥ 0.268 have persistently
larger force magnitude, up to 90% of the external load, and
the time series show less fluctuation. These differences in force
magnitude explain the observed differences in contraction speed
across different systems and the rapid slowdown in contraction
kinematics for systems with a larger degree of entanglement. The
high degree of fluctuation in reactive forces for systems with
lower �f probably comes from the frequent rearrangement of
particles and relaxation of forces, while the entangled topology
in systems with high �f restricts the rearrangement and prevents
force relaxation.

Informed by these changes in kinematics and boundary forces,
we seek to quantify the changes in mechanical properties of the
system and compare that to estimation from experiments. Here,
we define squeeze flow viscosity (�s) as the ratio between the
normal stress in the x-direction (�xx) and the contracting strain
rate in the x-direction ( ˙�xx), or

�s ≡
�xx
˙�xx

. [1]

The dotted line is the estimation of the actual organism based
on the peak strain rate and normal stress in x-direction (0.25
Pa-s, see SI Appendix, section A.7.8). Systems with �f ≥ 0.268
maintain their squeeze flow viscosity at a level comparable to
estimation from experiments, while systems with �f < 0.268
fail to maintain their squeeze flow viscosity despite the initial
peak. This result provides a solution to the energy dissipation
conundrum we mentioned previously. Although the cytoplasm
viscosity we set for the simulation is only 0.005 Pa-s (SI Appendix,
section A.7.4), the entangled architecture increases the squeeze
flow viscosity, an effective viscosity of the entire structure, to
a value matching our back-of-the-envelope estimation. This
increased squeeze flow viscosity in entangled deformable particles
supports that the entangled cytoplasmic structure can act as a
topological damper for the contraction process.

Our dimensionless-matched model also allows us to dissect the
energy budget from different energy terms during the contraction
process. In Fig. 4 E and F, we compare the energy budget
of two systems with the same � of 0.79 but �f of 0.0 and
0.268. The system with no entanglement has a larger cumulative
net energy input, as the system is less capable of counteracting
the forces and there is more displacement. The nonentangled
system can rapidly respond to the energy input. However, the
system is not able to store the energy as it rapidly relaxes through
particle rearrangement. Systems with entanglement can reduce
the cumulative net energy input and also have a better ability to
buffer the energy input. Note that the majority of the energy
contribution comes from the interfacial tension term of the
particles, indicating that the majority of potential energy in
the system comes from the deformation of the vacuoles. The
contribution from string stretching, string bending, and the
sacrificial bond from string rupture are all minimal, indicating
that the effect of increased squeeze flow viscosity and better ability
to hold energy is purely a topological effect (rather than from
the mechanical strength of the strings). In SI Appendix, section
A.7.11, we also discuss how variations in model parameters can
change the dominant energy terms in the systems. However, even
considering the variations in parameters, the energy contributions

from string stretching, string bending, and string rupture remain
minimal. This suggests that in the real organism, RER does not
have to be unrealistically stiff to play a mechanical role, and it
can potentially thicken the cytoplasm by its entangled topology
with vacuoles alone.

Aside from deceleration, preservation of neighboring rela-
tionships is also physiologically relevant, as previous studies
have demonstrated the importance of organelle connectomes in
other eukaryotic organisms (38). In our simulation, by tracing
the neighboring relationships among particles before and after
contraction, we can see that the system with no topological con-
straints shows a massive rearrangement of neighboring particles,
which can potentially break the interorganelle connections if
happen in real organisms. On the contrary, the systems with high
topological constraints can better preserve the spatial relationship
among particles (Fig. 5A andB), suggesting a better capability for
entangled organelle architecture to preserve the organelle spatial
relationship. This is also consistent with our analysis of the energy
budget. As systems with entanglement have less cumulative net
energy input and more energy buffered by the potential energy,
less amount of energy is needed to be viscously dissipated at each
time, which reduces the fluid shear, prevents rearrangement, and
preserves neighboring relationships.

Strings Thicken the Deformable Particle Systems through Topo-
logically Assisted Strain-induced Jamming Transition. From a
mechanistic point of view, the phenomenon of topological
damping can be explained via strain-induced jamming transition
below the classical critical volume fraction threshold due to
entanglement. It is well established that, for 2D hard friction-
less spherical particles, when the averaged contact number (〈z〉)
of the particles exceeds 4, the system is jammed because the
total number of constraints (Nc〈z〉/2) exceeds the total degree of
freedom (2Nc) of the system (condition of isostaticity) (39). In
our current model for topologically induced damping, we explore
how increasing the number of interconnecting strings in the
system creates additional contacts between strings and particles
under contraction, which also impose additional constraints on
the particles and make it easier to be in a jammed state.

Fig. 5C shows the averaged total contact number of particles
(including both contact from other particles or strings) with
respect to time for the same systems in Fig. 4. None of the
systems plotted started from a jammed state even including
the effect of strings. Yet systems with �f ≥ 0.268 rapidly
enter a contracting strain-induced jamming when the systems
start contracting. The system with �f = 0.161 is right on
the boundary of the jamming transition, while systems with
�f < 0.161 do not jam. Note that as the shape deformation
in our simulation is area-preserving, we did not change � of the
system. The systems have strain-induced jamming at a subcritical
volume fraction due to topological constraints, which prevent
the particles from rearrangement and fully utilizing the volume
available in the system. These differences in jamming also explain
the qualitative differences in behaviors shown in Fig. 4, as systems
with �f ≥ 0.268 show a very different pattern in reactive forces
and squeeze flow viscosity.

To further quantitatively validate this effect, we provide a
prediction on the mean contact number contributed from strings
using probability theory. For points distributed according to
a Poisson process in the plane with constant intensity, the
average neighbor of each vertex on the Delaunay diagram is
six (40). �f of the system can thus be estimated as �f ∼
Nf /(6Nc/2). The total perimeter of the particles in the system is
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A B

EDC

F G

Fig. 5. The phenomenon of topolog-
ically assisted strain-induced jamming.
The entangled strings create more con-
tact with neighboring particles, mak-
ing the particles overly constrained
and jammed more easily. (A) Preserved
neighboring relationship after contrac-
tion for two systems. The neighbors are
identified as the edges on the Delau-
nay diagram. Newly formed neighbors
are pink, while preserved neighbors are
gray. The left figure (�f = 0) preserves
19.6% of neighbors, while the right figure
(�f = 0.268) preserves 54.0%. � = 0.79
for both systems. Scale bar = 100 μm.
(B) The preserved neighboring relation-
ship of the system over time. Increas-
ing topological constraints helps pre-
serve the neighboring relationship after
contraction. (C) Averaged total contact
number of the particles over time for
systems with different �f . Systems with
�f ≥ 0.161 undergo strain-induced jam-
ming transition as the averaged total
contact number is above 4 (39). (D and
E) Velocity unit vectors of vacuoles in re-
laxed (D) and contracting (E) organisms.
In relaxed organisms, vacuole move-
ments are disorganized, indicating poor
spatial correlation. In the contracting
organisms, the vacuoles on both ends
are directed toward the center, and the
vacuoles near the middle are directed
away from the center in perpendicular
direction, showing a strong spatial cor-
relation. Scale bar = 100 μm for both.
(F ) Velocity unit vectors of particles for
the same system as in (A) at the end of
contraction. The velocity unit vectors for
the system with no entanglement (Left)
show less spatial correlation, while the
ones for the system with entanglement
(Right) show more spatial correlation.
Scale bar = 100 μm. (G) Spatial correlation
of velocity direction as a function of
normalized intervacuole distance (mean
± SE). Jammed cases in simulations and
contracting organisms (three organisms,

total 118 vacuoles) exhibit slower decay in spatial correlation, with negative correlation when normalized distance exceeds 0.3 due to confinement. The
unjammed case shows a faster decay in spatial correlation and a negative correlation at larger distances. Relaxed organisms (three organisms, total 182
vacuoles) show fast decay in spatial correlation at short distances and nearly zero correlation as the normalized distance goes beyond 0.1. These indicate
that the vacuolar meshwork is not jammed in relaxed organisms but jammed in contracting organisms, constituting a strain-induced jamming transition
(Normalized distance where spatial correlation = 0.25 (mean ± SE): �f = 0.268: 0.148 ± 0.006; �f = 0: 0.071 ± 0.007; experiment (contracting): 0.147 ± 0.013;
experiment(relaxed): 0.040 ± 0.007) (SI Appendix, sections A.9 and C, and Fig. S12).

Nc
2 (2�Rc + 2� × 1.4Rc) = 2.4�NcRc, where Rc is the baseline

radius (SI Appendix, section A.7.2). As defined in SI Appendix,
section A.7.2, the natural length of each string is 1.4×mLf×Rc.
The total length of strings in the system can then be estimated
as (1.4mLfRc)(3Nc�f ). As each string is capable of touching
two particles on each side, the predicted additional contact from
strings (〈zf 〉predicted) can be predicted as

〈zf 〉predicted = 2×
4.2mLfRcNc�f

2.4�NcRc
=

3.5mLf
�

�f . [2]

In SI Appendix, Fig. S7, we compare the ratio between the
observed mean contact number from strings in simulations (〈zf 〉)
to our prediction, and we see that the time trajectory of the
ratio 〈zf 〉/〈zf 〉predicted for systems with different �f collapse
to the same curve and reach a plateau of 1.2. This provides
quantitative guidance for how we can produce strain-induced
jamming systems with topological constraints.

The Vacuolar Meshwork of S. ambiguum Undergoes Strain-in-
duced Jamming Transition. Experimentally, however, it is very
hard to quantify the contact number of vacuoles from microscopy
images even if we have the highest resolution in 3D as RER and
cytoplasm occupy the space between neighboring vacuoles. We
thus use the spatial correlation of velocity direction as a surrogate
(41) to demonstrate the strain-induced jamming transition in
Spirostomum. Fig. 5 D and E show the velocity unit vectors
of vacuoles in relaxed and contracting organisms, respectively.
The vacuole movements in relaxed organisms come from the
cytoplasmic streaming (SI Appendix, Movie S12). The velocity
direction spatial correlation in contracting organisms is much
stronger than in relaxed organisms, showing a clear pattern
that vacuoles on both ends are directed toward the center, and
vacuoles near the middle are directed away from the center. As
we compare these observations with the known jammed and
unjammed cases in simulations (Fig. 5F ), we see that the velocity
directions of vacuoles in unjammed case (�f = 0, Left) are also
less directed, with vacuoles seemingly moving in swirls. As for
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the known jammed case (�f = 0.268, Right), the vacuoles on
both ends are directed toward the center, and the vacuoles near
the middle are directed away from the center in a perpendicular
direction, similar to the observation in contracting organisms in
Fig. 5E. Quantitative measurements of velocity direction spatial
correlation confirm these observations (Fig. 5G). The spatial
correlation of velocity direction in contracting organisms shows
a similar decaying pattern as the simulation with �f = 0.268 at
t = 5 ms (entangled and jammed). On the contrary, the spatial
correlation of velocity direction in relaxed organisms shows poor
correlation even for short intervacuole distances, similar to the
pattern from the simulation with �f = 0 (not entangled and not
jammed). The negative correlations at large intervacuole distances
are expected for the two simulations and contracting organisms,
as the systems are confined and have boundary movements. The
velocity direction spatial correlation patterns indicate that the
vacuolar meshwork is not jammed in relaxed organisms but
jammed in contracting organisms, constituting a strain-induced
jamming transition (SI Appendix, sections A.9 and C).

Table-top Experiments Demonstrate the Concept of Topologi-
cal Damping. To conceptually demonstrate the idea of topolog-
ical damping and its potential application and build intuition
for this phenomenon, we also created a table-top 3D model
of simplified metamaterial capturing the key aspects of this
unique ER-vacuole system with entangled table tennis balls and
inextensible fabric (Fig. 6 and SI Appendix, section A.8) (Note
that here we use hard particles as a demo). The two systems that
we tested have the same number of table tennis balls and the same
amount of fabrics, but one includes fabric cut into stripes and
entangled with the table tennis ball, while the fabric in the other
system simply encloses the table tennis balls in a sealed bag. We
can see that the system with entangled topology has a better ability
to resist external load (Movies S8 and S9), and the differences
can also be seen more quantitatively using compression testing
(Fig. 6C and Movies S10 and S11).

Discussion

Identification of the RER-vacuolar Meshwork Entangled
Architecture. In this study, we demonstrate that there is a
clear topological association between RER and vacuoles in
S. ambiguum. Past TEM data on S. ambiguum either focus on

the cortical region (9, 37, 42–49) or focus on other organelles
(50–54). Some of the papers mentioned ER but did not correlate
the structure with the vacuolar meshwork, most likely due to
poor preservation of the vacuolar meshwork (48, 51, 55). By
performing high-resolution TEM and confocal microscopy, we
provided extensive evidence of this topology of the cell, which
is preserved in both contracted and relaxed states. Organelles
have a very specific spatial relationship with each other, and that
is crucial for the fundamental function of the cells. Without
the shock absorber, incredible damage can be done to the cell
because the interorganelle connectivity and proximity will be
broken. As a single Spirostomum would go through at least 300–
400 contractions in their life cycle (one contraction event every
15 min without any perturbation, and its generation time is
roughly 4 d) (56, 57), the importance of the topological damper
on preserving cellular architecture is obvious.

Mechanical Role of RER. Our study also shows that RER can have
a mechanical role inside a cell by providing topological constraints
on the vacuolar meshwork and inducing jamming transition. In
fact, there are some other examples showing the mechanical roles
of ER inside the cell. In plant cells, the ER-plasma membrane
contact sites have been shown to provide mechanical stability to
the plant cells (58). In the Drosophila embryo, intact ER net-
works are critical to maintaining the pulling forces of the mitotic
spindle (59). ER has also been shown to impact the viscosity
of cytoplasm, and failure to reorganize ER during mitosis can
cause chromosome mis-segregation (60). Our study, however, is
distinct from these examples in that the mechanical role of the ER
network is established in the context of entanglement with other
organelles and the ultrafast nature of the contraction process in
Spirostomum. Our physically matched model suggests that RER
does not have to be unrealistically stiff to thicken the cytoplasm,
as in our simulations, the strings bear minimal forces compared
to the interfacial tension force of the particles, storing roughly 4%
of the potential energy only (for the system with � = 0.79 and
�f = 0.268). In our simulation, we allow the strings to rupture.
However, the sacrificial bond of string rupture also accounts for
minimal energy compared to particle deformation. The implica-
tion that RER can potentially transform the mechanical proper-
ties of cytoplasm, not by its own mechanical strength, but instead
by creating topological constraints on nearby organelles, warrants
us to label this unique entangled architecture as a metamaterial.

A B C

Fig. 6. We used 45 table tennis balls and fabrics to demonstrate the concept of topologically assisted strain-induced jamming. Two systems were compared,
with an equal number of table tennis balls and fabrics. One system was arranged in an entangled topology [lower in (A)], while the other was not [upper in (A)]
(see Materials and Methods for details). (B) After applying a 2,450-g external load, the entangled system showed superior resistance to the load. Refer to Movies
S8 and S9. (C) Quantitative differences between the entangled and untangled systems are demonstrated through compression testing. Mean curves of three
samples in each group are shown as solid lines, while individual experimental data are transparently displayed. The system’s reactive forces are normalized
by the reactive forces of an individual table tennis ball when compressed by 5 mm (mean ± SE = 152.1 ± 0.7 N). At a compression of 95 mm (dashed vertical
line), corresponding to the onset of unavoidable table tennis ball deformation, a rapid increase in reactive forces was observed in all traces. Refer to Movies
S10 and S11.
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The Nature of RER-vacuole Contact Sites. Although the exact
nature of the contact sites between RER and vacuoles is unknown
and beyond the scope of this paper, some preliminary results
using BLAST (basic local alignment search tool) on the recent
transcriptomics data of S. ambiguum (61) showed that there is an
expression of proteins analogous to MOSPD2 in Spirostomum,
a protein that connects RER and lipid droplet (62). (It should
be noted though, that the vacuoles are not lipid droplets. See SI
Appendix, section D.) The close and uniform distance between
RER and vacuoles also suggests that physical forces such as the
Casimir effect can be at play. In the past, Bradonjic has discussed
how the Casimir effect can be the driving force of rouleaux
formation in red blood cells, and we can estimate the stable
distance between two membranes by differentiating the potential
with respect to separation distance (63). Assuming a membrane
dielectric constant of 6 (64), and a surface charge density of ER
to be 60 mC/m2 (65), we can estimate the separation distance
between the two to be roughly 30 nm, which matches the
observed distance in orders of magnitude. As the surface charge
density of a lipid bilayer membrane can vary greatly based on the
surface protein and lipid composition (65), it is thus possible to
hold ER and vacuoles together simply by physical forces. More
detailed imaging with antibody staining and measurements is
needed to further delineate the nature of this contact site.

Evaluations of Alternative Possibilities. In this study, we focus
on the role of organelle architecture in dampening the extreme
motility of S. ambiguum. Another obvious candidate for this role
is the cytoskeletal network. For example, in the hypodermal syn-
cytia of C. elegans, the ER network is anchored to the cytoskeletal
network (microtubules and actins) by ANC-1, an ortholog of
Nesprin-1/2, and helps maintain the proper positioning of other
organelles when the worm is crawling (66). It is interesting to
see that ER again is used for intracellular structural support,
though through its anchoring on the cytoskeletal network.
In Spirostomum, the cytoskeletal network is mostly localized
in the cortex. An actin-like protein is found only localized
around the macronucleus and along the membranelles, not
throughout the cytoplasm (67). Microtubules are only localized
in the longitudinal grooves of the cortex (9, 68). Other major
structural proteins, such as centrins, spasmins, GSBP1, and
GSBP2, are the major players in calcium-triggered ultrafast
contraction in Spirostomum but are all localized in the cortex
as well (68). None of these are entangled with the ER or vacuolar
meshwork in Spirostomum. We acknowledge that we did not
successfully perform perturbation experiments to demonstrate
that RER-vacuolar meshwork is the only dominant factor in
maintaining the architecture (see SI Appendix, section B for
our attempts to use ER drugs to perturb ER network), and
it is still possible that the ER-vacuolar meshwork is anchored
to the cortical cytoskeleton. However, we use our physically
matched model to demonstrate that the entangled architecture is
mechanically capable of dampening the motion. Given the spatial
separation between the cortical cytoskeleton and other organelles
in Spirostomum, it is unlikely for just periphery anchoring to
cause the jamming transition in the entire cytoplasm without the
entangled architecture, even if the anchoring between ER and
cytoskeleton exists.

Topologically Assisted Strain-induced Jamming. From a physi-
cist perspective, our study also points to a way to induce jamming
(69). In the traditional phase diagram, a granular system can
become jammed through cooling, increasing volume fraction, or
decreasing external load. In our athermal topologically entangled
system, however, the system becomes jammed by increasing

external load without changes in volume fraction. In our
study, we described the physics of strain-induced jamming of
topologically connected particles. Through velocity direction
spatial correlation, we also demonstrated strain-induced jamming
transition in an intracellular context. With a physically matched
model, we further showed the potential biological role of
intracellular strain-induced jamming transition in an ultrafast
single-cell organism. A similar phenomenon of strain-induced
jamming at a subcritical volume fraction has been observed in
granular particles with frictions (70). However, the topological
constraints we added in the paper are fundamentally different
from friction. First, frictions are always limited to nearest-
neighbor interaction, while the topological constraints we have
can connect and restrain the movement of particles that are
beyond the nearest neighbor. Second, frictions can only affect
two particles at a time, while the topological constraints created
by one string can affect more than two particles. Another example
that is similar to our study is the jammed wire-reinforced granular
column (31). However, our study is also different from those
systems, as the purpose of flexible strings in our model is not
to confine free-standing piles into a rigid structure, but instead
to convert confined granular materials into an effective damper
with other biologically relevant functions.

Comparisons with Other Damping Materials. From an engineer-
ing perspective, it is very interesting to compare the geometry
of our system with previously identified structures that are
effective in providing braking, shock absorption, or mechanical
support. Many types of geometries and architectures have been
identified as effective energy absorbers and have wide applications
in aerospace, military, and civil engineering (3). These include
layered cylindrical structure (71), multicell tubes (72), honey-
combs (73), foams (74), interdigitated structures (75), auxetic
materials (76), and interpenetrating lattices (32). Our table-
top experiment demonstrates the potential of our topologically
entangled granular system to be a class of shock-absorbing
materials, which still preserve flexibility and permit deformation
but can be readily jammed. This provides mechanical strength
when experiencing external load and still remains flexible.

Limitations of the Model. Our model simulates a dense array
of deformable biological particles while trying to match all
physically relevant dimensionless numbers. Our rigorous sim-
ulation approach from first principles allows our model to give
explicit predictions on the system with no tuning knobs. Several
limitations remain for the model we used despite our greatest
effort to make it physically accurate. First, the length of the
strings is set to be uniform, while in reality, we would expect that
the length of bridging ER should have some distribution, even
though we do not think this will change the main conclusions
of the model. Second, several key features of the contraction
process of Spirostomum are not accounted for. These include
the asymmetry of the contraction process (77) and the torsional
component of the contraction process (15). While we expect
that the asymmetry should do little with respect to the braking
of cytoplasm, it is possible for the torsional component to
bring the system under topological confinement faster than
pure contraction. However, as it is not possible to introduce
torsion in a 2D simulation, we will leave that as future work.
Third, our model also did not account for the time required
to develop boundary forces. It is unlikely for the organism to
reach maximum force at time 0 as it takes time to build up the
calcium concentration within the cytoplasm. Compared to the
actual time series of contraction speed in Spirostomum (7), the
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peak velocity did not occur at time 0, and this discrepancy likely
comes from this difference. However, we believe that the general
conclusion of our paper should still hold, as that simply changes
the amount of energy input in the system and does not impact the
energy dissipation mechanism inside the system. Also since the
detailed time development of the boundary force in Spirostomum
is not known, our model presents the most simple case with
no additional assumptions. Fourth, our model did not account
for all possible interactions between RER and vacuoles and only
focused on the topological effects. From our observations in Fig.
2 and our previous discussion, it is very likely that the interactions
between RER and vacuoles include attractive forces, in addition
to the effect from entangled topology. This discrepancy might
explain why the observed particle deformation is not as large as
the deformation in actual vacuoles. Fifth, in our model, we did
not simulate the relaxation process. As our paper focuses more on
energy dissipation and damping of contraction kinematics, it is
reasonable for us to limit our discussion to the contraction phase
because the deceleration happens during the contraction phase
only. Historically, it has also been shown that the relaxation
of S. ambiguum is an active process that requires ATP (78),
and it is probably out of the scope of our model. Practically,
our dynamically similar model also requires a small time step
and makes simulating the slow relaxation phase prohibitively
costly (SI Appendix, section A.7.5). For these reasons, we did not
simulate the relaxation process. Finally, extending our model to
3D would require a new definition of the degree of entanglement.
In 2D particle systems, entangled topology can be achieved by
strings with point attachments to the particles, and we can
quantify the degree of entanglement by the filament fraction
defined in this manuscript. In 3D, however, a definition based
on the reduced total degree of freedom is likely required, as two
particles can now be connected by strings or sheets, which can
give different degrees of constraint. Despite these differences, we
expect our observations in 2D that increased entanglement in
the system can create a strain-induced jamming material, help
dampen the kinematics, and enhance the mechanical strength of
the system can be readily extended to 3D cases. Also, our table-top
experiments of table tennis balls and fabrics are a 3D realization
of the concept, demonstrating that the concept is transferable
across 2D and 3D.

Conclusions

In conclusion, we have identified a unique entangled ER-vacuolar
meshwork topology in S. ambiguum, with a fenestrated ER
sheet spanning the entire millimeter-scale single-celled organism,
wrapping around the vacuoles. Our work provides a perspective
on the potential role of ER geometry as a metamaterial critical for
the survival of a cell undergoing rapid acceleration/deceleration
cycles. Through modeling and table-top experiments, we demon-
strate that the topological constraints from the entanglement
can provide a braking/damping function, increase squeeze flow
viscosity, and help preserve internal spatial relationship against
extreme motility, by strain-induced jamming transition. Using
velocity direction spatial correlation of vacuolar meshwork, we
confirm the presence of intracellular strain-induced jamming
transition in S. ambiguum during its ultrafast contraction. Our
study suggests a mechanical role of RER, demonstrates a frame-
work for gigantic cells to organize their organelle architecture
efficiently and according to their evolutionary need, and points
out a general design principle for one class of shock-absorbing
materials.

Materials and Methods
Protocols to Culture S. ambiguum. S. ambiguum was cultured in spring water
infused with Timothy hay and boiled wheat grains (79) (SI Appendix, section A.1).

Live Cell Imaging and High-speed Imaging. The organisms were introduced
in a rectangular microfluidic chip of glass slides with copper side walls which
act as electrodes. A Phantom V1210 high-speed camera mounted to a Nikon
ECLIPSE Ti2 microscope and an electrophysiological DC pulse generator were
synchronized with a microcontroller (SI Appendix, sections A.2 and A.3.

TEM. The TEM sections of relaxed and contracted organisms were either imaged
using a Tecnai 12 120kV TEM and data recorded using an UltraScan 1000 with
Digital Micrograph 3 software at UC Berkeley, or imaged in the JEOL JEM-
1400 120kV with photo taken using a Gatan Orius 2k X 2k digital camera at
Stanford University. See SI Appendix, sections A.4 and A.5 for detailed sample
preparations.

Confocal Microscopy. The confocal imaging was done on an inverted Zeiss
LSM 780 multiphoton laser scanning confocal microscope. See SI Appendix,
section A.6 for detailed sample preparations.

Detailed Model Description. See SI Appendix, section A.7 for the detailed
model descriptions. This includes the model overview (SI Appendix, section
A.7.1), basic definitions (SI Appendix, section A.7.2), description of energy
terms (SI Appendix, section A.7.3), determination of parameters (SI Appendix,
section A.7.4), boundary movement and time step selections (SI Appendix,
section A.7.5), practical considerations of running the simulations (SI Appendix,
section A.7.6), details on tracing neighboring relationship (SI Appendix, section
A.7.7), calculation of squeeze flow viscosity (SI Appendix, section A.7.8),
validations of the models (SI Appendix, section A.7.9), the biological relevance
of the model (SI Appendix, section A.7.10), and sensitivity testing to simulation
parameters (SI Appendix, section A.7.11).

Table-top Experiments. We used table tennis balls wrapped by sheer fabric
backdrop curtains. In the topologically constrained group, the fabric was cut
into interconnected stripes, and 45 table tennis balls were randomly attached
to stripes in an interwoven fashion. In the control group, the fabric was joined
to form a bag, and 45 table tennis balls were put into the bag (SI Appendix,
section A.8).

Data, Materials, and Software Availability. The data that support the plots
within this paper and other findings of this study are available on BioImage
Archive (access number: S-BIAD728) (80). The code used for simulation and
analysis is available on GitHub (jrchang612/Entangled_Soft_Particles) (81).
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