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Introduction

The influence of cellular energy status,
microtubules, and crowding on
mitochondrial motion

Beatrice Corci, (2°° Werner J. H. Koopman, (2 %¢ Amalia M. Dolga {© ¢ and
Christoffer Aberg () *@

Eukaryotic cells rely on a tightly regulated system to transport vesicles and organelles within the cell, as
thermal diffusion becomes inefficient for larger cargo. This transport system is composed of the
cytoskeleton, a polymer mesh extending throughout the cell, together with different types of motor
proteins that attach to and walk along the cytoskeleton, thereby carrying the cargo along with them.
Here we used mitochondria in human cells as a model system for cargo transported by motor proteins,
followed their motion using microscopy, and analysed the trajectories. Consistent with previous studies,
we observed that the mitochondria often remain within a limited region, rattling around, for long
periods of time, before finally taking a longer jump. To elucidate the mechanisms behind this behaviour
we subsequently perturbed the system. Depletion of cell energy substantially prolonged the waiting time
before taking a jump, but also decreased the jump lengths and, to a lesser extent, the extent of the
rattling. Disruption of the microtubule network showed a more modest effect on the motion, the largest
effect being an approximate doubling of the waiting time before making a jump. Similarly, increasing
intracellular crowding by osmotically compressing the cells also had a rather small effect on
mitochondrial motion. Again, there was an approximate doubling of the waiting time before making a
longer jump, coupled to a more modest decrease in the extent of the rattling. Overall, our data give
quantitative insights into the mechanisms underlying motor protein-driven motion and, in particular,
highlights the waiting time before making a longer jump as a key parameter.

organelles and vesicles are transported along an oriented mesh
of microtubule fibres (minus ends close to the cell nucleus and

A eukaryotic cell is a complex system composed of many
different elements, such as macromolecules and organelles,
which are often precisely distributed and organised within the
cell. While small molecules typically diffuse in the cytosol,
eukaryotic cells also have a cell energy-dependent process,
motor-protein driven transport across the cytoskeleton, to
achieve more efficient transport of larger cargo." For transport
along the microtubular part of the cytoskeleton, in particular,
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plus ends towards the cell periphery), assisted by the motor
proteins kinesin (towards plus ends) and dynein (towards
minus ends).>* This process, fuelled by the hydrolysis of cell
energy in the form of ATP molecules, is thought to ensure a fast
and directed transport of cargo.”

In the last decade, similarities between the motion within
living cells and the one in glassy systems have emerged. The
phenomenology of the motion in glassy systems encompasses
highly heterogeneous motion, non-Gaussian displacement dis-
tributions, and trajectories which can often be described in
terms of extended periods of confined ‘rattling’ interspersed
with longer ‘jumps’.*®
a variety of living organisms, including bacteria,® yeast,”
human cells,® and plant cells.” Previously, we have observed
that mitochondria in a range of cell types also display a motion
analogous to that in glassy systems.'®

Such a behaviour has been observed in

To understand in more detail the nature of intracellular
motion, a common approach is to perturb the system. In the
case of motor protein-driven motion, this is typically achieved
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by depleting cell energy or disrupting the cytoskeleton.
Such alterations can be achieved by exposure to chemical
compounds that suppress ATP synthesis’®> or microtubule
stability.'® Besides factors directly involved in motor protein-
driven motion, crowding within the cell is another potential
mechanism that could affect the transport. Indeed, eukaryotic
cells are composed of macromolecules and organelles occupy-
ing 5-40% of the volume."” Against this background, it has
been posited that the dense nature of the cytosol can interfere
with cell physiology'® and slow down intracellular motion due
to physical constraints.'®*°

For their biological relevance and transport mechanism,
mitochondria are a very suitable endogenous probe to explore
intracellular motion."® These organelles, present in virtually all
eukaryotic cells, play a role in many essential processes.>"*>
While their shape and distribution depends on cell type,* in
many cells the majority of mitochondria are found highly
interconnected in a network with the remaining mitochondria
detached from the network.”**® While network remodel-
ling occurs through fission and fusion events,>**” the deta-
ched mitochondria are moved around the cytosol by motor
proteins.*®*

Here we used these characteristics of mitochondria to study
the effect of different perturbations on the motion of detached
mitochondria. Using live-cell imaging, we recorded mito-
chondria moving inside cells, determined their trajectories,
and analysed their motion. Our results demonstrate that mito-
chondrial motion is negatively affected by cell energy depletion,
by microtubule disruption, and upon cell crowding, albeit to
different extents and in different manners. Moreover, we are able
to quantify these changes in the motion, giving more detailed
insights into the nature of intracellular motion in general, and of
mitochondria in particular.

Experimental

Cell culture

HEK 293 (American type culture collection, ATCC; no. CRL-
1573, lot no. 63966486) cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, Life Technologies,
Eugene, OR, USA), with 4.5 g L™ " p-glucose, 1.1 g L ™" of
pyruvate, 8.62 ¢ L' of 1-glutamine and supplemented with
10% (v/v) foetal bovine serum (FBS; Gibco, Life Technologies,
Eugene, OR, USA). The cells were kept in a 37 °C and 5% CO,
incubator and were subcultured twice per week. Cells were used
between passage 3-24.

Stably transfected Flp-in T-Rex293 cells (derived from HEK
293 cells) conditionally expressing the green fluorescent pro-
tein AcGFP1 fused to the mitochondrial-targeting sequence
cox8 were cultured in DMEM supplemented with 10% (v/v)
FBS, 1% (v/v) pen/strep (Thermo Fisher, Waltham, MA, USA),
hygromycin 200 pg mL~"' (Thermo Fisher, Waltham, MA, USA),
and blasticidin 50 pg mL~" (Gibco, Thermo Fisher, Waltham,
MA, USA). The cells were kept in a 37 °C and 5% CO, incubator
and subcultured twice per week. To induce the expression of

This journal is © The Royal Society of Chemistry 2026

View Article Online

Soft Matter

AcGFP1, doxycycline 1 pg mL™" (Sigma Aldrich, St. Louis, MO,
USA) was added to the medium for 24 h. Cells were used
between passage 8-15.

Regular mycoplasma tests were carried out for both cell lines. All
experiments presented here are from mycoplasma negative cells.

Cell treatment and mitochondrial staining

Experiments were conducted 48 h after cell seeding. For experi-
ments on HEK 293 cells, 60 000 cells were seeded into p-slide 8
glass bottom wells (Ibidi, Gréfelfing, Germany). To decrease
ATP levels, cells were treated with sodium azide (Sigma Aldrich,
St. Louis, MO, USA) by preparing a 50 mg mL~" solution of
sodium azide in cell culture medium and adding it to the wells
already containing cell culture medium to reach a final sodium
azide concentration of 5 and 10 mg mL ™', respectively, after
which the cells were incubated for 3 h at 37 °C and 5% CO,.
Microtubule depolymerization was induced by treating the cells
with nocodazole (Biovision, CA, USA) in DMEM at a final
concentration of 5 uM and 10 puM for 4 h.

For mitochondria visualisation, cells were stained with
MitoTracker Deep Red (Invitrogen, Waltham, MA, USA) diluted
in transparent live cell imaging solution (Invitrogen, Waltham,
MA, USA) at 200 nM, after which the cells were incubated for
25 min at 37 °C and 5% CO,. Mitochondria were stained after
any eventual cell treatments and cells were directly imaged after
the staining incubation. For experiments on fixed cells, cells
were first stained with MitoTracker Deep Red, as described
above, and later fixed with 4% paraformaldehyde for 15 min at
room temperature.

For experiments with AcGFP1-expressing HEK 293 cells,
200000 cells were seeded into glass bottom microwell Petri
dishes (MakTek, Ashland, MA, USA) for 48 h. To observe the
effect of crowding, cells were treated with p-sorbitol (Merk,
Darmstadt, Germany), by adding a 5 M solution of sorbitol
in Phosphate-Buffered Saline (PBS) to the Petri dish already
containing cell medium to reach a final concentration of
550 mM sorbitol. As a control, the same procedure was applied
using only PBS (without sorbitol). The cells were observed
under the microscope before and after the treatment.

ATP bioluminescence assay

In order to measure ATP levels, 900000 HEK 293 cells were
seeded into 6-well plates. After 24 h, they were treated with
sodium azide (as described above). After removing the medium
to collect eventual dead cells, the remaining cells were har-
vested in 1 mL of PBS. Next, 200 000 cells per condition were
resuspended in 200 pL SONOP buffer [70% (v/v) ethanol contain-
ing 2 mM EDTA at pH 10.9] and left in it for 2-3 min. The ATP
luciferase enzyme (ATP assay kit, Roche, Basel, Switzerland) was
added in a 1:1 volume ratio to the cell suspensions in a black
96-well plate. Luminescence was quantified using a SpectraMax
iD3 microplate reader (Molecular Devices, San Jose, CA, USA).

Microtubule immunostaining

To visualise the microtubule network, HEK 293 cells were (after
nocodazole treatment, as described above, or in the absence of
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nocodazole treatment, in the case of the control) fixed with 4%
paraformaldehyde for 15 min at room temperature. Subse-
quently, the cells were permeabilized with 0.1% (v/v) Triton
X-100 for 5 min at room temperature. A 1 h exposure (at room
temperature) to a blocking solution (9 mL PBS + 30 pL Triton-X-
100 + 500 pL FBS) was done prior to staining. Then, exposure to
a-tubulin antibody (#3873; Cell Signaling Technology, Danvers,
MA, USA) was done overnight at 4 °C, followed by an additional
1-2 h of exposure (room temperature) to the anti-rabbit
AlexaFluor 488-conjugated secondary antibody (Invitrogen,
Waltham, MA, USA). The cells were then left for 5 min at room
temperature with DAPI (4',6-diamidino-2-phenylindole) at
1 ug mL ™" in PBS to stain the cell nuclei. Images were acquired
with a Zeiss Celldiscoverer 7 confocal microscope using a 405
(DAPI) and a 488 nm (AlexaFluor 488) diode excitation laser,
and a quadruple band pass filter (425/30; 514/30; 592/25; 709/
100 nm).

Cell area assessment

To assess the size of the cells, brightfield microscopy was
performed on AcGP1-expressing HEK 293 cells both on control
cells (not treated with anything), negative control cells (cells
treated with PBS) and crowded cells (cells treated with 550 mM
sorbitol). Timelapses were recorded every 5 s for 10 min with a
Zeiss Celldiscoverer 7 microscope. To determine the cell area,
Image]** was used to manually draw a region of interest around
individual cells with the ‘polygon selection’ tool and thereby
quantify the area. The same approach was used to measure the
area of cells under all three different conditions.

Live-cell imaging

Cells were observed with a Zeiss Celldiscoverer 7 confocal laser
scanning microscope, equipped with an Airyscan unit (Zeiss,
Oberkochen, Germany) using a water immersion 50x objective
(numerical aperture 1.2, magnification changer 1x). Images
were acquired every 300 ms (350 ms for the AcGFP1-expressing
cells) for 3 min. To visualise MitoTracker Deep Red-labelled
mitochondria, a 640 nm diode excitation laser and a quadruple
band pass filter (425/30; 514/30; 592/25; 709/100 nm) were used.
To visualise GFP-labelled mitochondria, a 488 nm diode excita-
tion laser and the same quadruple band pass filter were used.
Cells were kept at 37 °C and 5% CO, during microscopy.

Organelle tracking

Cells showing signs of phototoxicity were not analysed. Single
punctate mitochondria were tracked using the Fiji**/Image]**
plugin TrackMate**?” (version 7.10.2) as previously described.'®
Briefly, a region of interest was selected to focus on a single or
multiple mitochondria. Their trajectories were automatically deter-
mined with the software and subsequently manually checked to

avoid potential misidentification.

Trajectory analysis

The analysis procedure followed that of our previous work.*'°
As a starting point, for each trajectory the square displacement,
Ar?, was calculated (in two dimensions) between all pairs of
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time points for which the trajectory was defined. This data was
binned by lag time, using bins based on the average acquisition
rate. The time-averaged mean square displacement for indivi-
dual trajectories was subsequently calculated by averaging over
lag time. The time- and ensemble-averaged mean square
displacement was calculated by another averaging over all
acquired trajectories.

The displacement distribution was obtained from the same
square displacements, by taking the square root to form the
displacement, Ar, then grouping all displacements by lag time
and pooling all trajectories together. For each lag time, a
histogram of displacements was calculated, normalised by
the total number of displacements and bin size (meaning that
its integral over Ar was 1). Finally, the histogram was divided by
2mAr to exclude the effect of the two-dimensional geometry.

A two-dimensional version® of the model developed by
Chaudhuri et al.**® (see previous literature® for the somewhat
lengthy expressions) was fitted to the experimentally deter-
mined displacement distributions. The model was fitted to
the logarithm of the distribution with 4 free parameters (I, d,
71, and 1,; see main text for their definition) and for all lag
times simultaneously (a global fit). The errors on the fitting
parameters were determined as the square root of the diagonal
elements of the covariance matrix of the parameters.

The distribution of waiting times before a mitochondrion
moved a given distance for the first time and the waiting time
before it moved the distance a subsequent time was determined
as proposed by Wang et al.>® For all trajectories, all ‘subtrajec-
tories’ formed from the original trajectory by varying the
starting point along the trajectory were considered. However,
only subtrajectories lasting at least 10 s and only the first
10 seconds of those subtrajectories were considered to avoid
bias (see Wang et al.>® for a discussion of this point). The first
waiting time was then determined as the first time a mitochon-
drion moved a given distance along the subtrajectory; any
(potential) subsequent move the same distance, starting from
the previous time the mitochondrion moved the given distance,
was used to determine the subsequent waiting times. A histo-
gram of waiting times was calculated using logarithmically-
sized bins, normalised by both the total number of sampled
waiting times as well as the bin width (not the logarithm of the
bin width). This normalisation results in the probability density
function for the waiting time, aside from that the procedure for
determining the waiting times*® has an upper limit (10 s in our
case); because of this, the normalisation with the total number
of samples is not quite accurate, but the distribution will
nevertheless carry most of the statistical weight.

Results and discussion
Model system and approach

As a model system to investigate the effect of perturbations on
motor protein-driven intracellular motion, we followed the
motion of mitochondria in Human Embryonic Kidney (HEK)
293 cells. Mitochondria move on the microtubule network by
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motor proteins, being carried by kinesin motor proteins
towards the plus ends (typically towards the cell periphery)
and by dynein motor proteins towards the minus ends (typically
towards the cell body).>****! To localise the mitochondria
inside the cells, we fluorescently labelled them with a commer-
cially available probe (MitoTracker Deep Red); in some experi-
ments we instead used HEK 293 cells expressing a green
fluorescent protein (AcGFP1) fused to a mitochondrial-targeting
sequence (cox8) for labelling.***?

To follow the labelled mitochondria in time, images were
recorded using live-cell confocal microscopy. Two-dimensional
time lapses were acquired every 300 ms (350 ms for the AcGFP1-
expressing cells) for 3 min, resulting in 600 frames (515 frames)
in total, using a pixel size of 120 nm for a total image size of
58.79 x 58.79 um” (488 x 488 pixels). See Fig. 1 and Movie S1
for an example. These settings largely avoided inducing photo-
toxicity to the cells, but if a response was observed (e.g., the cell
shrinking and/or the mitochondrial network rapidly changing
shape) then the field of view was not analysed.

While most mitochondria form a network inside the cell,
some mitochondria remain punctate and detached from the
network (Fig. 1; arrows). We focussed on these detached
mitochondria, as we considered them more appropriate as
examples of motor protein-driven motion,'*** and determined
their trajectories as described in the Experimental section. The
majority of mitochondria are not in the vicinity of the (outer)
cell membrane, so we do not expect boundary effects to be
important.** While the detached mitochondria were easier to
track, the tracking procedure nevertheless remains challenging
due to the two-dimensional acquisition and the presence of a

|l

Fig. 1 Mitochondria in HEK 293 cells. Mitochondria in HEK 293 cells were
fluorescently labelled with MitoTracker Deep Red and observed live using
confocal microscopy. The punctuate (or spot-like) detached mitochondria
(some examples indicated by arrows) were subsequently tracked as
described in the Experimental section. See Movie S1 for the time series.
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dense mitochondrial network. Therefore, a distribution of
trajectories of different lengths was obtained (Fig. S1-S3).

As a control, we exposed the cells to an agent that crosslinks
the intracellular proteins, stopping most dynamic events but
still preserving cellular structure (fixed cells). The mitochondria
were subsequently followed in these cells and we evaluated
their ensemble- and time-averaged mean square displacement.
It exhibits a plateau up to 30-40 s, with an increase at a longer
timescale of around 100 s (Fig. S4). We interpret the plateau to
represent the finite precision with which we can localise a
mitochondrion, in which case the intercept represents (due to
the two dimensions) 4 times the localisation precision
squared;***® the lowest value 0.00231 um? then corresponds
to a localisation precision of ,/0.00231 pum?/2 = 0.024 pm.
Furthermore, the increase at longer times is presumably due
to a small drift of the microscope stage which is difficult to
completely prevent at these timescales (the mean square dis-
placement after 180 s is 0.0158 pum?®, which corresponds to an
average drift of only \/(0.0158 — 0.00231) pm/180 s = 0.7 nm s~ ).
As will transpire below, this increase at longer times is completely
negligible compared to all results for the mean square displace-
ment of mitochondria in living cells (Fig. S5).

To gauge the level of reproducibility of the approach, we
took advantage of the fact that we acquired two different
datasets of mitochondria in unperturbed HEK293 cells (one
for the experiments on cell energy depletion and the other for
the experiments on microtubule disruption) and compared
their ensemble- and time-averaged mean square displacement
(Fig. S6). Although not completely identical, the mean square
displacement from these two datasets are in good agreement,
especially at short time scales (Fig. S6). The extent of such
differences should be kept in mind when considering the effect
of the perturbations we perform on the cells in what follows.

Cell energy depletion

We started by characterising the effect of cell energy depletion
on mitochondrial motion. Indeed it is known that a lack of cell
energy results in a slowing down of active motion.">*”™*°
To this end we used sodium azide (NaNj3), a compound that
inhibits the respiratory chain enzyme cytochrome ¢ oxidase (on
the mitochondrial inner membrane), causing a decrease in ATP
production.'>>° As mitochondria produce cell energy, it should
be acknowledged that perturbing cell energy production may,
aside from the lowered amount of cell energy available, directly
affect them as the cell attempts to counteract the depletion.
Nevertheless, as will transpire below, the effect of cell energy
depletion on mitochondrial organisation and motion was fairly
moderate under the conditions we applied. Moreover, the
fluorescent stain we used to label the mitochondria only labels
the metabolically active mitochondria,” so the (subpopulation
of) mitochondria we analysed should behave normally, aside
from the depletion of cell energy whose effect we are
interested in.

Cell energy was depleted by exposing the cells to 5 and
10 mg mL™ " of sodium azide for 3 h. Upon cell energy-
depletion, the cells gradually changed shape and shortened

Soft Matter, 2026, 22,1510-1525 | 1513
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Fig. 2 Cell energy depletion in HEK 293 cells. (a) Brightfield images of cells not subjected to ATP depletion (Ctrl) and of cells subjected to ATP depletion
by being exposed for 3 h to 5 and 10 mg mL ™! sodium azide (NaNs). (b) ATP quantification of cells after cell energy depletion. The same number of cells
were measured under all conditions and most dead cells were removed during sample preparation (see Experimental section for details), so the results
should be interpreted as the amount of ATP per living cell. Cells exposed to 70% ethanol for 30 min were used as a positive control. The bars represent
the mean over three independent experiments, with the symbols representing the mean over duplicates for each individual experiment.

their protrusions, showing less interconnected cell networks
than unperturbed cells (Fig. 2a). To measure the degree of cell
energy decrease, we quantified ATP levels by luminescence
(Fig. 2b). In the presence of sodium azide, ATP levels decreased
in a concentration-dependent manner, roughly halving at a
concentration of 5 mg mL ™" and decreasing to around a third
at a concentration of 10 mg mL™'. To assess the effect of
cell energy depletion on mitochondrial organisation, we also
performed an (illustrative) analysis of the network structure
from the microscopy images (Supplementary methods) which
shows that the mitochondrial network undergoes some struc-
tural changes upon cell energy depletion (Fig. S7). As a further
decrease of ATP levels may cause the cells to counteract the lack
of cell energy by various processes, we used the conditions
illustrated here to evaluate the influence of decreasing ATP
levels on mitochondrial motion.

We thus tracked the detached (as opposed to the network-
forming) mitochondria in time under both unperturbed
and cell energy-depleted conditions (see Fig. S1 for trajectory
length distributions). Qualitative inspection of their trajectories
already gives an idea of how the motion changes under the
different conditions (Fig. 3a). In unperturbed cells, mitochon-
dria alternate moments of rattling (moving within a limited
region) with longer jumps of a few micrometres, the latter often
with a unidirectional character (Fig. 3a; Ctrl). Upon cell energy
depletion, mitochondrial motility gradually decreased. For
mitochondria in cells with halved cell energy (Fig. 3a; NaNj
5 mg mL™"), the trajectories are dominated by small rattling
movements and a few longer jumps; these jumps become
increasingly rare as cell energy is further depleted (Fig. 3a;
NaN; 10 mg mL ™).

For a more quantitative analysis, we evaluated the
mean square displacement as a function of time, first for
individual trajectories where the averaging is over lag time
(Fig. 3b). In unperturbed cells, mitochondria exhibit highly
heterogeneous behaviour with quite different displacements
over time (Fig. 3b; Ctrl). However, upon cell energy depletion,
the heterogeneity of the trajectories is noticeably reduced
(Fig. 3b; NaN; 5 and 10 mg mL™") with mitochondria behaving
more similarly and moving shorter distances as cell energy is
reduced more.

1514 | Soft Matter, 2026, 22,1510-1525

The decrease in overall motion is more evident in the
ensemble- and time-averaged mean square displacement
(Fig. 3c). Mitochondria in unperturbed cells show a mean
square displacement that grows roughly as a power law up to
around 20 s (Fig. 3c; Ctrl) in a superdiffusive fashion (cf. the two
solid lines in Fig. 3c representing diffusive and ballistic beha-
viour, respectively). At longer timescales the mean square
displacement appears to level off but it should be noted that
statistics is limited here. Upon halving of cell energy (Fig. 3c;
NaN; 5 mg mL ") the mean square displacement exhibits a
slower rate of growth, in particular at shorter timescales. Upon
further decrease of cell energy (Fig. 3c; NaN; 10 mg mL ") the
mean square displacement at subsecond timescales grows even
slower. Given the proximity of these results to those from
immobilised mitochondria (Fig. 3c; Fixed cells) we cannot
unequivocally confirm the presence of an apparent plateau;
however, our previous results using a different experimental
set-up,'® where the localisation precision was better, hint at it
being real (Fig. S8). Regardless, even upon the stronger energy
depletion (Fig. 3c; NaN; 10 mg mL ') the mean square dis-
placement nevertheless starts to grow more rapidly at longer
timescales.

To better characterise the effect of cell energy-depletion on
the motion, we next calculated the displacement distribution at
timescales of 0.6-3 s (Fig. 4, data points). Mitochondria in
unperturbed cells exhibit a non-Gaussian displacement distri-
bution, from which we observe that the majority of mitochon-
dria move only short distances ~0.05-0.10 pm and that only a
few of them move further than 0.10 um (Fig. 4a; note the log-
scale). As cell energy is reduced, the probability of a mitochon-
drion moving longer distances decreases, while the probability
that the mitochondrion remains at a similar position increases
accordingly (Fig. 4b and c). In unperturbed cells, the mean
square displacement grows approximately as a power law up to
20 s (Fig. 3c; Ctrl); interestingly, using the exponent of this
power law to rescale space makes the displacement distribu-
tions roughly collapse to a universal function (Fig. S9). The
situation is less clear for cell-energy-depleted cells, where
the mean square displacement cannot be represented by a
single power law, even approximately (Fig. 3c; NaN; 5 and
10 mg mL ™).

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Mean square displacement of mitochondria in cell energy-depleted HEK 293 cells. The results are shown for control cells (not depleted of cell
energy), together with cells depleted of cell energy by exposure to 5 and 10 mg mL™* sodium azide (NaNs). (a) Representative examples of mitochondrial
trajectories. (b) Time-averaged mean square displacement of 20 random mitochondrial trajectories as a function of lag time, t. Error bars represent
standard error of the mean. (c) Ensemble- and time-averaged mean square displacement of mitochondria. Error bars represent standard error of the
mean (most of them too small to be visible). Solid lines represent diffusive motion (proportional to 7) and ballistic motion (proportional to t2), respectively,
as a guide to the eye. Mitochondrial trajectories in fixed cells (grey) were used as a control.
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Fig. 4 Displacement distribution of mitochondria in cell energy-depleted HEK 293 cells. Displacement distribution in (a) control cells (not depleted of
cell energy), together with cells depleted of cell energy by exposure to (b) 5 mg mL™, and (c) 10 mg mL~* sodium azide (NaNs) for 3 h. A previously
presented model describing the motion in several glassy systems*3® was globally fitted to the data for displacements larger than 0.05 pm (dashed lines)
with the resulting fitting parameters reported in Table 1 and Table S1.

To extract more information we instead fitted a mathematical instantaneous - but rather that it is a useful analogy. From

model to the displacement distribution. Given the tendency of
mitochondria to often remain (fairly) stationary for extended
periods of time before moving longer distances (Fig. 3a)
we have previously suggested that viewing the motion of mito-
chondria as glassy may be fruitful.'® We stress that we do not
wish to imply that the motion of mitochondria is identical
to that in a glass - for example, the jumps appear less

This journal is © The Royal Society of Chemistry 2026

this perspective, it is convenient that Chaudhuri et al.**® have
shown that a simple mathematical model describes the dis-
placement distribution in several glassy systems very well,
including that in simulations of a silica melt,**® simulations
of a binary Lennard-Jones system,” a colloidal hard sphere
glass,” an attractive colloidal gel,®® and a driven granular
system.56 Their model is, indeed, based on the notion that
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objects spend much of their time rattling around within a
confined area, before taking a longer jump.

In mathematical terms their model, which we have pre-
viously® translated into the two dimensions appropriate for the
experiments described here, is based on a continuous time
random walk formalism.>”*® Thus we describe the rattling
around in terms of a Gaussian displacement distribution with
a characteristic length I, viz. (2r*) "exp(—r?/2/?). Similarly, we
describe the extent of the jumps in terms of another Gaussian
distribution, (2nd*) 'exp(—r*/2d®), now with characteristic
length, d. The time an object spends rattling around before
taking a jump, the waiting time, is more involved. First, when
applying the continuous time random walk formalism to glassy
systems, one has to make a distinction between the first waiting
time, that is, the time an object waits from the start of the
observation time until the first time it makes a jump, and any
of the subsequent waiting times. Second, both of the waiting
time distributions are in reality highly non-trivial. However,
Chaudhuri et al. argue®® that in practical terms it is possible to
progress by assuming that both waiting times are exponentially
distributed, viz. 7, ‘exp(—1/t,) and 7, 'exp(—1/1,). Here 7, and
7, are the characteristic times for the first and subsequent
jumps, respectively, and to reflect their interpretation in terms
of first and subsequent waiting times it must hold that 7, < 1.
We have previously demonstrated®'° that this model provides a
good description of the displacement distribution inside cells
of several different objects, including mitochondria, in multi-
ple cell types, including the HEK 293 cells used here.

We thus fitted this model to the present results, only fitting
to distances larger than 0.05 pm (corresponding to the mean
square displacement in fixed cells; Fig. S4). As expected this
model fits the motion of mitochondria in unperturbed cells
well (Fig. 4a, dashed lines), but it also fits the data for cells with
lowered cell energy well (Fig. 4b and c, dashed lines). While one
should not attach absolute significance to the fitting para-
meters extracted from such fits, the fitting parameters are
nevertheless useful as a quantitative means of assessing how
cell energy-depletion affects the motion (Table 1). We observe
that the waiting time before making a first jump, 7,, increases
substantially as cell energy levels decrease, which within
the model would mean that the lower cell energy, the longer
a mitochondrion has to wait before making a first jump.

Table 1 Parameters describing mitochondrial motion in cell energy-
depleted HEK 293 cells. The parameters were extracted by fitting a
previously presented model describing the motion in several glassy
systems*®® to the displacement distribution (Fig. 4). This model is based
on four different parameters: 13, the time before a first jump; o, the time
before any subsequent jump; (, the size of the rattling; and d, the size of a
jump. The time before a subsequent jump, 1o, was not well-determined
from the fits and has been excluded to avoid confusion (for completeness
it may be found in Table S1)

Condition 74 (8) [ (um) d (um)

Control 3.35 £ 0.20 0.063 + 0.002 0.147 + 0.011
5 mg mL ™" NaN; 8.10 + 0.41 0.056 + 0.001 0.118 £ 0.004
10 mg mL ™" NaNj; 35.46 + 3.11 0.045 £+ 0.001 0.080 £ 0.003
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The waiting time for subsequent jumps, 7,, was not well-
determined from the fits (Table S1) so we will not discuss it
further. The extent of the rattling, /, and the distance covered
during a jump, d, decrease as cell energy is depleted (Table 1).
This is particularly true for the jumps, d, which at the lowest
cell energy level we tested was reduced to almost half of the
length under unperturbed conditions.

The above analysis depends on the model borrowed from
glassy dynamics, which, while useful, is not completely appro-
priate to describe intracellular motion. To complement the
results on the waiting times, we also performed a model-
independent characterisation. Thus, we calculated how long
it took the mitochondria to move a given distance for the first
time, and how long it took to move the same distance any
(potential) subsequent time, directly from the trajectories (for
further details about the procedure see Experimental section).
The calculation was done for different distances starting from
0.15 pm, which is roughly the extent of a jump performed by
mitochondria in unperturbed cells extracted from the fitting
(Table 1, d). For all cases shown here and for all distances
defining the waiting time, the distribution before moving the
distance the first time does not overlap with the waiting time
before moving the distance a subsequent time (Fig. 5; cf. blue
and orange symbols). This ‘decoupling’, a feature of glassy
dynamics,*>® is something we previously observed for several
different objects moving in several different cell types.®*°

Even if decoupling is preserved across all conditions, the
distributions do change upon cell energy depletion. Clearly, the
stronger the cell energy depletion, the longer a mitochondrion
waits before moving the distance a first time (Fig. 5; blue) but
also before moving the distance a subsequent time (Fig. 5;
orange), and this is more prominent the longer the distance
considered. Furthermore, in the more extreme scenarios (larger
energy-depletion and/or long distances) the probability that a
mitochondrion moves the distance in a short time decreases to
such a large extent that there is the formation of a ‘peak’ at
longer waiting times around 3.7 s (Fig. 5c; last column).

In summary, we observed that decreasing cellular energy
levels causes a decrease in overall mitochondrial movement
and mitochondria increasingly spend most of the time rattling
around, waiting longer before taking a (unidirectional) jump.
In interpreting these results we note that for both kinesin and
dynein the taking of one step along a microtubule is tied to ATP
hydrolysis.®" It should also be kept in mind that typically
multiple motors, of both types, attach to the same vesicle.®?
Regardless, even when cell energy is depleted the extent of the
rattling is larger than a single step, suggesting that cell energy
depletion, rather than completely stopping individual steps,
makes processive runs less likely. Another effect to keep in
mind, though, is that cell energy depletion also diminishes
fluctuations of the cytoskeleton, fluctuations which can also
drive motion."**?

Microtubule perturbation

As a second factor involved in the motion of the mitochondria,
we considered the cytoskeleton. With regards to the actin part

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm01174d

Open Access Article. Published on 19 January 2026. Downloaded on 4/5/2026 5:18:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a Ctrl

0.8 < First jump .
S Next jump(s)

0.15 pm

View Article Online

Soft Matter

NaN; 5 mg mL" NaN; 10 mg mL"

0.0 T

0.8 -

0.6 =

0.4 s

0.30 um

P() (s")

0.2 4

0.0 T

0.6 9

0.4 -

0.45 ym

P() (s)

0.0 T

—T T T T — T

4
&

10° 10’ 10°
T(s)

T — T T T

) v
10’ 10° 10’
1(s)

—T T T T — T

T(s)

Fig. 5 Waiting time distributions of mitochondria to move a given distance in cell energy-depleted HEK 293 cells. The time before moving a certain
distance the first time (blue) and any subsequent time (orange) was evaluated for distances of (a) 0.15 pm; (b) 0.30 pm; and (c) 0.45 pm. The results are
presented in terms of the normalised probability density function of the two times. Note the log scale. The calculations were limited to the first 10 s only

(see Experimental section for details).

of the cytoskeleton, the myosin motor protein Myo19°* has
recently been shown to bind to mitochondria® and to move
them along the actin network in filopodia of HeLa cells.®® The
actin network also contributes to mitochondrial fission,®” ®°
mitochondrial dynamics during cell division,®>”°
migration.”"”*> Nevertheless, for long distance movement of
mitochondria, the microtubule network remains the more
important mode of transport.>® Furthermore, we avoided inves-
tigating dividing and moving cells. For these reasons we
focused on the microtubule part of the cytoskeleton.

In order to disrupt the microtubule network, we exposed the
cells to nocodazole, an anticancer drug,”*’* at concentrations
of 5 and 10 uM for 4 h. To assess whether the microtubule
network was thereby broken down, the cells were observed
using brightfield microscopy (Fig. 6a) and the o-tubulin sub-
unit of microtubules was fluorescently labelled using immu-
nostaining (Fig. 6b). Unperturbed cells spread out on the
substrate (Fig. 6a; Ctrl) and the presence of long microtubule
fibres can be observed throughout the cells (Fig. 6b; Ctrl). After
nocodazole exposure, however, the cells spread out less (Fig. 6a;
Nocodazole 5 and 10 uM) and microtubules are no longer
visible or are much shorter (Fig. 6b; Nocodazole 5 and
10 pM). There are also fewer cells after nocodazole exposure

and cell

This journal is © The Royal Society of Chemistry 2026

(Fig. 6a; Nocodazole 5 and 10 uM), probably because the lack of
a microtubule network makes the cells attach less well to the
substrate, causing them to be removed when the cell medium is
exchanged during the experimental procedure. While there is a
clear difference between cells exposed or not exposed to noco-
dazole, there is no major difference between the two concen-
trations of the compound (aside from that possibly more cells
detach at 10 pM), implying that exposure of 5 pM nocodazole
for 4 h is sufficient to disrupt the microtubule network. We also
performed an (illustrative) analysis of the effect of microtubule
network disruption on mitochondrial organisation (Fig. S10).
In general, the effect is not very pronounced, though after
microtubule disruption the mitochondrial network tends to
be more branched and the mitochondria appear to be larger
after exposure to 5 UM nocodazole. Even if the microtubule
damage looks similar for the two nocodazole concentrations,
both were considered for further analysis on the motion to
verify a possible difference in the overall dynamics.

To observe mitochondrial motion after microtubule impair-
ment, microscopy and tracking of mitochondria were per-
formed following the same procedure as above (Fig. S2 shows
the trajectory length distributions). Note that, compared to
cell energy depletion (Fig. 3-5) new data were collected for
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Fig. 6 Microtubule depolymerization in HEK 293 cells. (a) Brightfield images of cells not subjected to microtubule disruption (Ctrl) and of cells where
microtubules have been disrupted by exposure to 5 and 10 pM nocodazole for 4 h. (b) Visualisation of the microtubule network with a-tubulin

immunostaining (green) and nuclear staining (DAPI; blue).

unperturbed cells (Fig. S6). We performed the same analysis of
the trajectories as for cell energy-depleted conditions, and
hence have relegated some results to the supplementary infor-
mation for brevity.

Qualitative inspection of the trajectories (Fig. 7a) shows that,
compared to in unperturbed cells (Fig. 7a; Ctrl), most mito-
chondria move shorter distances and perform fewer large scale
movements after microtubule disruption (Fig. 7a; Nocodazole 5
and 10 uM). However, not all mitochondria undergo the same
change upon microtubule disruption, with some of them still
moving longer distances, in a similar fashion as in unperturbed
cells. This high heterogeneity in the motion is present for both
nocodazole concentrations (5 and 10 pM).

The mean square displacement averaged over lag time for
20 randomly selected trajectories shows a modest decrease in
the heterogeneity of the motion comparing unperturbed cells
(Fig. 7b; Ctrl) to microtubule disrupted ones (Fig. 7b; Nocoda-
zole 5 and 10 uM). The largest difference is an overall reduced
displacement upon microtubule disruption, both for shorter
and longer timescales, with no major difference between the
nocodazole concentrations (5 and 10 pM). The change in
motion upon microtubule disruption is clearly visible also in
the ensemble- and time-averaged mean square displacement
(Fig. 7c). While mitochondria in unperturbed cells move super-
diffusively for most of the observed time (Fig. 7c; Ctrl), after
microtubule disruption, the mean square displacement shows a
slightly sub-diffusive behaviour for short time scales up to ~10 s.

The displacement distribution likewise shows an overall
decrease in the motion upon microtubule disruption

1518 | Soft Matter, 2026, 22, 1510-1525

(Fig. S11). Fits of the mathematical model originally developed
to describe the motion in glassy systems still describes the data
well, both in unperturbed and microtubule-disrupted cells
(Fig. S11), providing the opportunity to quantify changes to
the dynamics through the model parameters (Table 2). Both the
waiting-time before taking a first jump, 74, and the waiting-time
before taking a subsequent jump, 7,, increase upon microtu-
bule disruption, implying that microtubule-disruption causes
mitochondria to wait for longer before making a jump. The
extent of the rattling, /, and the length of the jumps, d, instead
show far less of a variation, suggesting that the majority of the
change is in the waiting times. Nevertheless, there does seem to
be a decrease of both lengths upon microtubule disruption.

To support the observed change in waiting times, we again
calculated the time it takes to move a given distance the first
and subsequent time(s) directly from the data. We focus on a
distance of 0.30 um (Fig. 8) but present two other choices in the
supplement (Fig. S12). Comparing unperturbed cells (Fig. 8;
Ctrl) with cells where the microtubules have been disrupted
(Fig. 8; Nocodazole 5 and 10 pM), shows a substantial increase
both in the waiting time before a mitochondrion moves the
distance a first time (blue data points) and a subsequent time
(orange data points), in line with the results extracted from
fitting (Table 2).

Summarising, disruption of microtubule fibres seems to
negatively affect mitochondrial motion for long distances.
Upon disruption, the mean square displacement becomes
subdiffusive, in accordance with previous observations
for micron-sized beads within endosomes,”” lysosomes,”® and

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Mean square displacement of mitochondria after microtubule disruption in HEK 293 cells. The results are shown for control cells (no microtubule
disruption), and for cells where microtubules have been disrupted by exposure to 5 and 10 uM nocodazole for 4 h. (a) Representative examples of
mitochondrial trajectories. (b) Time-averaged mean square displacement of 20 random trajectories as a function of lag time, z. Error bars represent
standard error of the mean. (c) Ensemble- and time-averaged mean square displacement of mitochondria. Error bars represent standard error of the
mean (most of them too small to be visible). Solid lines represent diffusive motion (proportional to t) and ballistic motion (proportional to t2), respectively,
as a guide to the eye.

Table 2 Parameters describing mitochondrial motion after microtubule disruption in HEK 293 cells. The parameters were extracted by fitting a
previously presented model describing the motion in several glassy systems*>® to the displacement distribution (Fig. $11). 7; denotes the time before a

first jump; 1, the time before any subsequent jump; [, the size of the rattling; and d, the size of a jump

Condition 74 () 75 () [ (um) d (pm)

Control 1.69 £ 0.08 1.22 £ 0.19 0.072 £ 0.002 0.104 £ 0.005
5 uM nocodazole 3.81 £ 0.17 2.50 £ 0.38 0.058 £ 0.001 0.096 + 0.003
10 uM nocodazole 2.98 £ 0.15 2.27 £ 0.28 0.062 £ 0.001 0.085 £ 0.003

macropinosomes.”® However, the mitochondria still perform
longer jumps and move longer distances, albeit less frequently
than under unperturbed conditions. While the majority of
microtubules are disrupted, smaller fragments still remain
(Fig. 6b), so it may be that mitochondria thereby have some
opportunity to move longer, explaining the presence of rare
jumps. It should also be considered that microtubule disrup-
tion using nocodazole is reversible;”” while we minimised the
time between nocodazole removal and microscopy acquisition,
a minor (re)polymerization might have taken place. However,
previous literature reports observations of longer scale move-
ments for nano-sized particles injected into the cytosol of cells,
both under unperturbed conditions and upon microtubule
disruption."® Given that nano-sized particles injected into
the cytosol are very unlikely to be carried by motor proteins,

This journal is © The Royal Society of Chemistry 2026

these observations indicate that objects can move far also
without access to motor-protein driven transport along the
cytoskeleton, consistent with our observations of mitochondria
moving longer distances even after microtubule disruption.
Notably, while the presence of the actin network can confine
mitochondria and thereby decrease their motility,”®”° through
actin-myosin contractile activity it can also stir the cytoplasm
causing diffusive-like fluctuations of mitochondria.™

Crowding

Even if not directly involved in motor protein-driven motion,
the crowded environment inside the cell could influence how
organelles move.'®'® Indeed, mammalian cells, such as the
human cells used here, consist of a multitude of different
macromolecules, organelles and cytoskeleton components all

Soft Matter, 2026, 22,1510-1525 | 1519
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Fig. 8 Waiting time distributions of mitochondria to move a given distance in microtubule-disrupted HEK 293 cells. The time before moving a certain
distance the first time (blue) and any subsequent time (orange) was evaluated for a distance of 0.30 um (other choices of distance are shown in Fig. S12).
The results are presented in terms of the normalised probability density function of the two times. Note the log scale. The calculations were limited to the

first 10 s only (see Experimental section for details).

‘packed’ inside the cell. It has been estimated that an eukar-
yotic cell has around 300-400 g L™ of macromolecules, mean-
ing that up to 40% of the volume is occupied, significantly
reducing the amount of free volume.** One should also con-
sider that such estimates are averaged over the cell, and it is
certainly possible that it is even more crowded close to a
microtubule, where many different organelles all need to be
transported.

In order to test the effect of crowding on mitochondrial
motion, we used a different system compared to above, namely
HEK 293 cells where the mitochondrial matrix has been fluor-
escently labelled with the fluorescent protein AcGFP1,***
thereby labelling the mitochondrion itself. These cells, while
derived from HEK 293 cells, are not identical to HEK 293 cells.
To assess how different they are from the point of view of this
work, we directly compared the movement of mitochondria in
these cells with that in the ‘normal’ HEK 293 cells used above
(unperturbed cells from the cell depletion and microtubule
disruption experiments). Although there is less overlap than
when the two independent datasets from ‘normal’ HEK 293
cells are compared with each other, there is nevertheless a
substantial agreement (Fig. S6).

To alter the level of crowding, we used sorbitol, a sugar
commonly used as molecular crowder,®® to increase
the osmotic pressure of the cell medium, that is, make the
medium hypertonic. When cells are exposed to such a hyper-
tonic solution, water is transported out of the cell, thus
reducing cell volume and consequently increasing intracellu-
lar crowding. Sorbitol was added to the cell medium, in which
cells were already growing, as a small volume of concentrated
solution to reach a final concentration of 550 mM of sorbitol.
Such a high sorbitol concentration has previously been shown
to induce a substantial amount of crowding in HEK 293
cells.®® To be sure that the crowding was due to the addition
of sorbitol, and not the act of adding solution to the cells, an
isotonic buffer (Phosphate-Buffered Saline; PBS) was added
to a separate Petri dish with cells in the same volume as the
sorbitol solution.

1520 | Soft Matter, 2026, 22, 1510-1525

To confirm that the cells indeed were crowded, we observed
the cells using brightfield microscopy (Fig. 9a). As expected,
when sorbitol was added to the cell medium, the cells started
to shrink, becoming more ‘rounded’, while no such effect is
observed for unperturbed cells or cells where only PBS was
added. To quantify the level of crowding, we measured the
change in cell area, readily available from the brightfield
images (Fig. 9a), which showed a roughly halving upon expo-
sure to sorbitol (Fig. 9b). We also monitored how cell area
changed with time (Fig. 9¢). It is clear from these results that
cell area does not change substantially over time for unper-
turbed cells, and also not for cells where PBS was added; in
the presence of sorbitol, however, cell area decreases abruptly
in the first 2 min, and progressively stabilises after around
10 min.

To follow the motion of mitochondria upon crowding, the
cells were observed using fluorescence microscopy and the
detached mitochondria tracked (Fig. S3 shows the trajectory
length distributions). It was possible to follow cells from the
same Petri dish before and after crowding, though not always
the same cell, as the addition of sorbitol invariably moves the
microscopy stage. Of note, increasing cell crowding necessarily
pushes everything together inside the cell, thereby challenging
the visualisation of the detached mitochondria, more easily
hidden by the mitochondrial network, making the tracking
harder than under the conditions investigated above. It also
biases the results in the direction of the less crowded regions of
the cell, as these are the regions where tracking detached
mitochondria is easier.

Compared to non-perturbed cells (Fig. 10a; Ctrl) mitochon-
dria under crowding exhibit more confined trajectories, but
still some of them present moments of longer-scale movement
(Fig. 10a; Sorbitol 550 mM). This is also reflected in the time-
averaged mean square displacement of individual trajectories,
where crowding largely does not seem to affect the hetero-
geneity among different trajectories, though the mean square
displacements are overall shifted downwards as well as
increase with a less steep slope (Fig. 10b). The latter is more

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Crowding in HEK 293 cells. (a) Brightfield images of cells not subjected to crowding (Ctrl); cells where only PBS was added (PBS); and cells
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Fig. 10 Mean square displacement of mitochondria in crowded HEK 293 cells. The results are shown for control cells (not subjected to any perturbation)
and for cells crowded through exposure to 550 mM sorbitol. (a) Representative examples of mitochondrial trajectories. (b) Time-averaged mean square
displacement of 20 random trajectories as a function of lag time, 7. Error bars represent standard error of the mean. (c) Ensemble- and time-averaged
mean square displacement of mitochondria. Error bars represent standard error of the mean (most of them too small to be visible). Solid lines represent
diffusive motion (proportional to 1) and ballistic motion (proportional to 1), respectively, as a guide to the eye.

clear from the ensemble- and time-averaged mean square
displacement, which is lowered overall but whose exponent

also drops from slightly superdiffusive to slightly subdiffusive
upon crowding (Fig. 10c).
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Table 3 Parameters describing mitochondrial motion in crowded HEK 293 cells. The parameters were extracted by fitting a previously presented model
describing the motion in several glassy systems*® to the displacement distribution (Fig. S13). t; denotes the time before a first jump; 1., the time before
any subsequent jump; [, the size of the rattling; and d, the size of a jump

Condition 74 () 75 (8) I (um) d (pm)
Control 2.03 £+ 0.09 1.01 £ 0.17 0.077 £+ 0.002 0.111 £ 0.007
550 mM sorbitol 3.27 £ 0.16 2.33 + 0.41 0.062 £ 0.001 0.101 £ 0.004
Ctrl Sorbitol 550 mM
0.4 -
0.3 ? 3 d
.ﬁ 0.2 - o o
E'/ _ <
0.1 4
0.0 - ——m —— . ————
10° 10’ 10° 10'
T(s) T(s)

Fig. 11 Waiting time distributions of mitochondria to move a given distance in crowded HEK 293 cells. The time before moving a certain distance the
first time (blue) and any subsequent time (orange) was evaluated for a distance of 0.30 um (other choices of distance are shown in Fig. S14). The results
are presented in terms of the normalised probability density function of the two times. Note the log scale. The calculations were limited to the first 10 s

only (see Experimental section for details).

The displacement distribution (Fig. S13) supports the idea
that mitochondria move shorter distances upon crowding.
Furthermore, since the mathematical model still describes
the data well, we may quantify the change of motion upon
crowding through the fitting parameters (Table 3). Even though
the cells are slightly different, the parameters for unperturbed
cells are quite similar to those of the cells used above (Tables 1
and 2). Indeed the extent of the motion is in the range of
~0.06-0.08 pm for the rattling (/) and in the range of ~0.10-
0.15 pm for the jumps (d). In terms of the effect of crowding,
the extent of the rattling (/) decreases, together with a more
modest decrease in the jumps (d). More prominent is the
change in the timescales, where the waiting time before taking
a first jump (7,) and the waiting time before taking a subse-
quent jump (7,) both increase upon crowding. Both of these
observations are consistent with the idea that the extent of
rattling decreases concurrently with an increase in the waiting
time before moving longer.

To lend more weight to the observed change in waiting
times, we again evaluated the distribution of waiting times
before moving a certain distance directly from the trajectories,
showing that mitochondria in crowded cells indeed take longer
before moving (Fig. 11; Sorbitol 550 mM) regardless of the
distance considered (Fig. S14).

Overall, increasing the level of cell crowding seems to have a
minor effect on the motion of mitochondria. It is possible that
we miss some effect of crowding specifically for motion in the
vicinity of the mitochondrial network which gets very dense
upon crowding and where mitochondria consequently are
difficult to follow. Nevertheless, the mitochondria that we are
able to follow should also experience a crowded environment,

1522 | Soft Matter, 2026, 22,1510-1525

and the modest effects we observe thus suggest that the impact
of crowding is less relevant compared to other factors. Never-
theless, while mitochondrial motion in crowded cells is still
characterised by stalling interspersed with periods of longer
movements, just like in unperturbed cells, the motion in
crowded cells clearly differs. Thus the extent of the rattling
appears to be lower, as evidenced both by the overall lowering
of the mean square displacements (Fig. 10b and c) as well as by
the modest decrease in the fitting parameter describing
the extent of the rattling (/; Table 3). Furthermore, the waiting
time before moving longer becomes larger upon crowding, as
observed from the slower growth of the mean square displace-
ments (Fig. 10b and c), as well as the increase in waiting times
extracted from the fitting (r; and t,; Table 3) and the direct
calculation (Fig. 11). Both of these observations may be
expected from crowding, as when the cellular components get
pushed together, there is simply less space to rattle around as
well as fewer opportunities to move longer distances. Aside
from such physical constraints, it has been shown that macro-
molecular crowding can also more directly affect the behaviour
of motor proteins® as well as alter the rate of polymerization/
depolymerization of microtubules;*® such effects may also
contribute to the slowdown of mitochondrial motion.

Conclusions

In this work we have followed the motion of mitochondria in
human cells as a model system for cargo transported by motor
proteins. In particular, we subjected the system to various
perturbations in order to gain quantitative insights into the

This journal is © The Royal Society of Chemistry 2026
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mechanisms underlying motor protein-driven motion. Thus we
depleted cell energy (ATP), a key driver of motor protein-driven
motion; we disrupted the microtubule network, upon which
the (mitochondria-carrying) motor proteins move; and we
increased cellular crowding, making the cell interior more
packed. In all cases, we observed changes to the motion of
mitochondria, though depending upon the perturbation, in
different ways and to varying extents.

Cell energy depletion has a large effect on mitochondrial
motion. Under unperturbed conditions, mitochondrial motion
is characterised by moments of rattling, where the mitochon-
dria only explore a limited region, interspersed by jumps, where
the mitochondria move much longer, often in a roughly uni-
directional manner. Upon cell energy depletion, the largest effect
is that the waiting time before performing a jump becomes
substantially longer, though there is also a decrease in the jump
lengths and a more modest decrease in the extent of the rattling.
One interpretation of these observations is that cell energy deple-
tion affects the processivity of motor protein-driven motion. The
extent of rattling becoming smaller upon cell energy depletion is
also consistent with a diminishing of cytoskeleton fluctuations,
which are also cell energy dependent. These fluctuations can also
drive longer scale movements,">* and their decline upon cell
energy depletion could also play a wider role.

Disruption of the microtubules, instead, has a smaller effect
on mitochondrial motion. Again, the largest difference appears
to be in the waiting time, but in this case it only increases by a
factor of 2 or so upon microtubule disruption, with no major
difference in the extent of rattling or the lengths of longer scale
movements. While the presence of longer-scale movements in the
absence of microtubules may seem surprising, such movements
have previously been observed also for objects not carried by
motor proteins,">* probably driven by intracellular fluctuations,
including of the (remaining part of the) cytoskeleton.

Finally, the effect of increased crowding also has a rather
small effect. This seems to be driven by both an increase, at the
most by a factor of 2, in the waiting time, together with a
modest decrease in the extent of the rattling, upon crowding.
These observations are consistent with crowding causing fewer
opportunities for longer scale movements, thereby increasing
the waiting time, but also making the cell interior more dense,
decreasing the extent of the rattling.

Overall, our observations illustrate that motor protein-driven
motion is mechanistically highly complex. Nevertheless, in all
cases, the largest change upon perturbation of the system appears
to be in the waiting times. This suggests that the picture of motor
protein-driven motion constituting a combination of rattling
mixed with infrequent jumps provides a useful framework for
understanding the motion and, in particular, underscores the
importance of the transition between rattling and jumping.
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