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A biological tissue is an ensemble of soft cells in close physical contact. Events such as

cell-shape changes and, more rarely, cell-divisions and apoptosis continuously occur

in a tissue, whose collective behavior is set by the cumulative occurrence of such

events. In this complex environment, quantifying the single-cell dynamics is key to

extract quantitative information to be used to capture the fundamental ingredients of

this collective tissue dynamics for validating the predictions of models and numerical

simulations. However, tracking the motion of each cell in a dense assembly, even in

controlled in vitro settings, is a demanding task, because of a combination of different

factors, such as poor image quality, cell shape variability and cell deformability. Here

we show that Differential Dynamic Microscopy (DDM), an approach that provides a

characterization of the sample structure and dynamics at various spatial frequencies

(wave-vectors), can be used successfully to extract quantitative information about a

confluent monolayer of Madin-Darby Canine Kidney (MDCK) epithelial cells. In particular,

combining structural and dynamical information obtained at different wave-vectors, we

show that DDM can provide the single-cell mean squared displacement and the cell

division rate at various stages during the temporal evolution of the monolayer. In contrast

with tracking algorithms, which require expert supervision and a considerate choice of

the analysis parameters, DDM analysis can be run in an automated fashion and yields

an unbiased quantification of the dynamic processes under scrutiny, thus providing a

powerful means to probe the single-cell dynamics within dense cell collectives.

Keywords: cell motility, epithelial monolayers, optical techniques, differential dynamic microscopy, structure

factor, intermediate scattering function

1. INTRODUCTION

With or without fluorescent labeling, optical microscopy is widely used tomap in space and time the
shape, structure and dynamics of cells in isolation, as well as in large groups. Through quantitative
microscopy, it has become clear in the last years that cells in a collective tend to behave very
differently from isolated cells. In particular, confluent epithelial cell monolayers were found to
exhibit a range of states that resemble the liquid and solid states of inert soft matter, with the liquid
state being favored at small cell densities and the solid one emerging at larger densities [1]. While
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the transition between the liquid-like and solid-like states of
monolayers might be an expected mechanical response of
tissues, which are constantly subjected to physical stresses, it
has been shown to be governed by a variety of biophysical and
biochemical interactions and characterized by peculiar states and
emerging collective properties [2, 3]. The latter might have strong
implications not only for interpreting fundamental biological
processes, but also in determining the outcome of diseases, first
and foremost in cancer dissemination [4].

In this frame, being able to quantify the motility of
individual cells at an arbitrary density but particularly in a
dense, confluent tissue remains of key importance not only for
characterizing and understanding the tissue but also to obtain
accurate estimates of biophysical quantities to be compared
with theoretical models and simulations [5]. However, several
factors make this quantification very difficult and, whenever
possible, quite time-consuming and rarely operator-free. One
limiting factor is that cells are very deformable objects, whose
shape is not prescribed, which leads to the impossibility of
using standard shape-matching or correlation based approaches.
Another problem is that the optical quality of microscope images
does not always ensure a proper signal-to-noise ratio to enable
a sufficiently accurate and automated reconstruction of the
features of the cell assembly. In practice, this implies that the
reconstruction e.g., of cell positions as a function of time is a
task that often requires to be operator-supervised. Additionally,
repeating this operation over several image frames of a time-
lapse recording often entails an overwhelming amount of work
to ensure the required quality of typical outputs, such as the
mean squared displacement (MSD) of cells as a function of
time.

In principle, an alternative approach to probe cells is
represented by Differential Dynamic Microscopy (DDM), a
quantitative method that analyzes intensity fluctuations in
microscope images by using a combination of spatial Fourier
transforms and differences of the acquired images [6]. DDM,
which has been successfully used in the past ten years with a
variety of biological and non-biological systems, probes samples
as a function of the Fourier wave-vector q thus enabling a
multi-scale characterization of their structural and dynamical
properties [7]. Being DDM equivalent to a scattering technique
[8, 9], the multi-scale information extracted from it is in general
revealing of the collective effects on the system. For instance,
DDM performed on Brownian colloidal particles mostly probes
their collective dynamics rather than the self one, which is
usually the result of real-space particle tracking approaches
[10]. However, while for inert colloidal particles a theoretical
framework exists [11] that enables to extract a large amount
of information about the particle-particle interactions from
the q resolved scattering information extracted by DDM [12],
using a similar approach with cell monolayers is a challenging
feat. In fact, a general theoretical framework to treat collective
effects in cells is currently lacking, although few remarkable
studies have been performed, in which collective density or
velocity fluctuations in confluent monolayers were effectively
characterized by studying their correlation properties in the
Fourier space [1, 13, 14].

Here we address successfully a simpler problem, as we
show for the first time that, by a combined use of structural
and dynamical q-resolved information, DDM provides single-
cell motility information without need of tedious real space
tracking of themoving cells. Our experiments are performedwith
confluent monolayers of Madin-Darby Canine Kidney (MDCK)
cells during time. We acquire data both with phase-contrast
microscopy, in which the cell membrane and different organelles
are visible, as well as with wide-field fluorescence microscopy
of EGFP-H2B expressing cells, which highlights the cell nuclei.
As far as the fluorescence movies are concerned, we first extract
the nuclei MSD with standard particle-tracking algorithms [15],
as a function of time as the monolayer ages. For each stage, we
find a super-diffusive behavior for large delay times 1t, whereas
for shorter times the MSD exhibits a milder 1t-dependence.
As the monolayer ages, the dynamics slows down, as expected
for jamming monolayers [1, 16]. We then apply our DDM
methodology to analyze the nuclei dynamics only for those wave-
vectors q for which the effect of interactions is suppressed, by
focusing only on those wave-vectors for which the structure
factor of the monolayer, which encodes the interactions, is equal
to one. When these data are converted into q-dependent MSDwe
find that they do not collapse on a single master curve, coincident
with the MSD determined by real-space tracking. We show that
this apparent discrepancy is the result of nuclei undergoing other
events (e.g., rotations, internal dynamics, mitosis events) that
introduce a q-dependent dynamics. By extrapolating the MSD to
q → 0 we recover the same result of tracking and we can isolate
the spurious dynamics, which is found to be mainly dominated
by cell division events, in particular for young monolayers. In
addition, we also analyze the phase-contrast movies, on which
standard tracking approaches are not easily applicable: DDM
analysis gives MSD identical to the ones obtained with the
nuclei only for large times (i.e., in the super-diffusive regime),
whereas the short-time dynamics is found to contain additional
information likely originated from sub-cellular dynamics of
portions of the cells other than the nuclei.

Our results prove that microscopy-based scattering-like
experiments may indeed be very useful for assessing single-cell
properties of dense cell monolayers, a situation in which the
use of standard light scattering methods has been in the past
very limited [17–19], mainly because of technical challenges
arising when using them with cells. Our work also paves the
way to the DDM study of the interplay between single-cell
dynamics, structural properties and collective effects in dense cell
monolayers, which will be addressed in the future.

2. MATERIALS AND METHODS

2.1. Cell Culture
MDCK cells were maintained in Dulbeccos Modified Eagle
Medium medium (Lonza) supplemented with 5% fetal bovine
serum (Sigma Aldrich) and 1% L-Glutamine (EuroClone).
Constitutive expression of EGFP-H2B was achieved by retroviral
infection. The plasmid pBABE-puromycin (puro)- EGFP-
H2B was provided by IFOM-Imaging Facility. Packaging of
retroviruses was performed following standard protocols. Viral
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supernatant was collected and filtered through 0.45 µm filters.
Cells were subjected to four cycles of infection and selected using
the appropriate antibiotic (1.5 µg/ml puromycin).

2.2. Microscopy Observation
Cells were seeded in a 6-well plate (1.5·106 cells/well) in complete
medium and cultured until a uniform monolayer had formed.
Cell medium has been refreshed 16 h before performing the
experiment by adding fresh complete media and the day after
before starting imaging. Olympus IX81 inverted microscope with
10x objective was used to acquire images (both in wide-field
fluorescence and in phase contrast) every 60 s over a 24 h period
(Supplementary Movies SM1, SM2). Six independent fields-of-
views (FOVs) are considered. The assay was performed using an
environmental microscope incubator set to 37◦C and 5% CO2

perfusion. Under the above-described experimental conditions,
the entire available space is occupied evenly by the cells, that form
a dish-spanning monolayer. The analysis of cell motion is then
performed across different, randomly positioned FOVs. This
protocol is aimed at minimizing inhomogeneity and anisotropy
in cell density and shape and at preventing any directional bias in
the motility pattern of the monoloayer.

2.3. Image Processing
The acquired images are processed with a combination of
different image processing tools to obtain a characterization
of the monolayer in direct space (with particle tracking) and
reciprocal space (with DDM). In all cases, in order to follow the
time evolution of the monolayer dynamics, each image sequence
(composed of about 1,400 frames, acquired at 1 frame/min)
is divided into 13 evenly spaced and partially overlapping
sub-sequences, each one composed by 200 consecutive frames.
Each sub-sequence is analyzed separately, under the implicit
assumption of stationarity of the statistical properties within a
200 min time window.

2.3.1. Particle Tracking
Single particle tracking (PT) is performed on fluorescence image
sequences by using the ImageJ [20, 21] MosaicSuite plugin.
Details on the tracking algorithm can be found in Sbalzarini
et al. [15]. Thanks to the fair monodispersity and circularity
of the fluorescent nuclei and to their high contrast, only a
minimal preprocessing (smoothing of the images with a Gaussian
filter with standard deviation of 0.5 pixels) was necessary
before running the tracking algorithm (Figure 1A). The tracking
algorithm identifies the positions of all “particles” in each frame
and links the positions of the same particle in consecutive frames
to reconstruct its trajectory (Figure 1B). The tracking routine
provides thus the position xn(t) of the centroid of each nucleus as
a function of time. The output of the tracking software is loaded
by a custom code developed inMATLAB that performs statistical
analysis of the data. In particular, we calculate the mean square
displacement (MSD) of the nuclei as

〈|1x|2〉PT =
〈

∣

∣xn(t0 +1t)− xn(t0)
∣

∣

2
〉

n,t0
. (1)

Here the angular brackets 〈·〉n,t0 indicates an average over all
nuclei n and initial time points t0 such that both t0 and t0 + 1t
are comprised in the considered time window. In the calculation
of MSD, we consider only nuclei whose reconstructed trajectory
is fully connected and longer than 50 time steps.

2.3.2. Obtaining Structural Information About the

Monolayer
The cell spatial arrangement is determined by the direct
interactions, which are encoded in the static structure factor

S(q) =

〈

1

N0

∑

n,m

e−jq·(xn−xm)

〉

. (2)

where N0 is the total number of cells in the FOV, xn the position
of the n-th cell (identified as the centroid of its nucleus) and 〈·〉

indicates an average over different experimental realizations and,
in the case of a stationary system, over a prescribed time window.
Since in our experiments the monolayers dynamics exhibit a
structural isotropy, we define and use the isotropically-averaged
static structure factor S(q) ≡ 〈S(q)〉|q|=q, which is obtained
as the orientational average 〈·〉|q|=q of S(q). In this work, S(q)
at different stages of the monolayer evolution is estimated via
(Equation 2) by using the cell positions provided by PT analysis of
fluorescence images. The average is performed over 10 different
frames (uniformly distributed within the 200 consecutive frame
subsequence) and over six independent FOVs.

2.3.3. Differential Dynamic Microscopy
DDM is a simple yet powerful tool to analyze time-lapse
microscopy experiments and extract quantitative information
about the structure and dynamics of a large class of microscope
samples. As of today, DDM was applied successfully to a
wide variety of physical and biological systems [7], including
dilute isotropic [6, 22] and anisotropic [23, 24] colloidal
particles, dense colloidal suspensions [12, 25, 26], molecular
[27] and complex [28, 29] fluids, motile microorganisms [12,
30, 31], sub-cellular structures [32, 33], and microrheology
[34, 35]. DDM offers numerous advantages [9], such a simple
implementation based on optical microscopes, low sensitivity
to normal amounts of dirt or multiple scattering, and the
possibility of using a variety of image-contrast mechanisms:
bright field [6], dark-field [22], phase contrast [30], wide field
fluorescence [36], polarized [24, 29], differential interference
contrast [32], light sheet [37], and confocal microscopy
(ConDDM) [12, 25, 26, 38]. The image processing algorithm
on which DDM is based, described in detail in Croccolo
et al. [39], Cerbino and Trappe [6], Giavazzi et al. [40],
and Giavazzi and Cerbino [9] is here only briefly recalled.
A sequence of N digital images I(x, t) is acquired, where
x = dpix (nx, ny) and t = n1t0. Here dpix is the effective
pixel size (the physical pixel size divided by the objective
magnification), nx, ny are integer numbers comprised between
1 and the image size M (expressed in pixels and assumed to
be the same for both dimensions) and 1t0 is the time interval
between two consecutive images. The dynamical information is
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FIGURE 1 | (A) Representative wide-field fluorescence microscopy image of a highly-confluent MDCK monolayer. Bar corresponds to 100 µm. Black dots indicate

the positions of the nuclei, as obtained from PT. The red network is the Voronoi diagram of the nuclei. (B) Trajectories of the nuclei over a time interval of 200 min,

about 3 h after the beginning of the experiment. (C) Structure factor S(q) of the monolayer about 3 h after the beginning of the experiment, obtained as an average

over 6 independent FOVs. Colored points are drawn in correspondence of the five smallest wave-vector qi for which S(q) = 1. (D) ISF obtained from DDM analysis for

the five wave-vectors outlined in (C), with the same color code. Continuous black lines are fits to the data with the model given in Equation (11) (see text for details).

The slowest decay obtained from the fit is also shown as dashed gray lines. (E) Signal amplitude A(q) (continuous line) and noise baseline B(q) (dashed line), as

obtained from Equations (5, 6). (F) Continuous lines: MSD 〈|1x|2〉 extracted from direct inversion the ISFs shown in (D) using (Equation 10) (color code as in C,D),

black dots, low-q limit of the MSD; green dots, MSD obtained from PT. (G) Relative amplitude α and correlation rate γ of the fast decay obtained by fitting the ISFs

shown in (D) with Equation (11). The dashed horizontal line corresponds to γ = 0.5 min−1.

extracted from the image structure function D(q,1t), which is
calculated as

D(q,1t) =
〈

∣

∣FFT
[

I(x, t0 +1t)− I(x, t0)
]∣

∣

2
〉

(3)

where FFT indicates the the Fast Fourier Transform operation
and q = q0 (mx,my), with mx,my integers comprised between

−
(

M
2 − 1

)

and M
2 and q0 = 2π

Mdpix
. The expectation value 〈·〉

is taken over time and, possibly, over different replicas of the
same experiment. For a linear space-invariant imaging process,
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the image structure function takes the form [40]

D(q,1t) = A(q)
[

1− f (q,1t)
]

+ B(q) (4)

where A(q) is an amplitude term that depends on the spatial
intensity correlations present in the images and B(q) accounts
for the noise of the detection chain. The function f (q,1t)
coincides with the normalized intermediate scattering function
(ISF) probed by Dynamic Light Scattering [9, 41]. We note that
if all the time-independent, additive spurious contributions to
the image intensity (due for example to stray light, out of plane
fluorescence, dirt in the optical path) are negligible, the amplitude
of the structure function coincides, up to an additive noise term,
with twice the mean value of the Fourier spectrum of a single
image [9]:

A(q)+ B(q) = 2
〈

∣

∣FFT(I)
∣

∣

2
〉

. (5)

This is relation is found to hold with very good approximation for
the experiments presented in this work, for both the employed
imaging conditions (wide-field fluorescence and phase contrast).
In a typical imaging condition, the most relevant contributions to
the fluctuating noise in a digital image come from the “readout”
noise (associated with the camera electronic circuit) and from the
“shot” noise (due Poissionan fluctuations in the number of sensed
photons) [42]. In both cases, the random intensity fluctuation
is substantially uncorrelated over different pixels, leading to a
“white” spatial noise power spectrum B(q) ≃ const ≡ B. Under
this assumption, a simple mean to estimate B is provided by
Equation (5) that, in the limit of large q, (where A(q) → 0) reads
[43]:

B ≃ 2
〈

∣

∣FFT(I)
∣

∣

2
〉

(for q → qmax). (6)

If the conditions under which Equations (5, 6) hold are
fulfilled, A and B can be unambiguously estimated from static
measurements. This enables extracting the ISF directly from the
structure function as:

f (q,1t) = 1−
D(q,1t)− B

A(q)
(7)

without assuming a priori any model nor performing any
curve fitting procedure, as typically done when the above
condition are not met [9]. A number of high performance
DDM software packages has been developed and made freely
available from different authors in the last years. The interested
reader could consider, for example, one the following resources:
https://github.com/peterlu/ConDDM [12], https://github.com/
MathieuLeocmach/DDM [44], or https://engineering.ucsb.edu/~
helgeson/ddm.html [22].

2.3.4. Characterizing the Dynamics of the Monolayer
The dynamics of the monolayer at different length scales is
captured by the ISF f (q,1t), which we estimate from DDM
analysis by using (Equations 4, 7). For a system of identical

particles with no internal degrees of freedom, f can be written
as

f (q,1t) =
1

S(q)

〈

1

N0

∑

n

e−jq·1xn

〉

+
1

S(q)

〈

1

N0

∑

n6=m

e−jq·(xn(t+1t)−xm(t))

〉

. (8)

In this expression, the ISF f is expressed as a sum of its self part
fs, that involves only single particles displacements 1xn, and its
distinct part, that depends of mutual displacements of different
particles. In particular, for all wave-vectors q such that S(q) = 1,
f coincides with its self part fs that, for a system of identical
particles with no internal degrees of freedom, is equal to the
Fourier transform of the single particle displacement probability
density function P(1x,1t) [9, 11, 45]

fs(q,1t) = 〈e−jq·1x〉 =

∫

d1xP(1x,1t)e−jq·1x. (9)

A special case is the one where, for a given 1t, P(1x,1t) is a
Gaussian function of 1x, with zero mean and variance 〈|1x|2〉.
In this case, the ISF reads [35]

f (q,1t) = exp

(

−
q2〈|1x|2〉

4

)

. (10)

Equations (9, 10) are valid under the assumption that the
only relevant degree of freedom contributing the optical signal
is the one associated with the displacement of the centroids
of the particles. In particular, the particles should maintain
their shape and orientation over time. For the sample under
study, this is only approximately true. In particular, during cell
division, the nucleus suddenly shrinks and elongates and its
shape changes dramatically. This effect is particularly striking
when the monolayer is observed in fluorescence microscopy,
while in phase contrast it has a milder optical signature (see
Supplementary Movie SM3). We incorporate this effect in the
ISF by assuming the following form

f (q,1t) = exp

(

−
q2〈|1x|2〉

4

)

[

α(q)g(q,1t)+ (1− α(q)
]

,

(11)
where g is a function describing the dynamics of cell shape
fluctuation and α is a relative amplitude associated with such
a fluctuation. In fact, neglecting for simplicity noise and stray
light contributions, each image of the monolayer can be written
as I(x) =

∑

n ψn (x− xn, t), where the sum is performed
over all cells within the field of view. ψn(x, t) is the intensity
distribution associated with the n-th cell or nucleus, that can be
thought as the sum of a time-independent term and a fluctuating
one with zero time average ψn(x, t) = 〈ψn(x, t)〉t + δψn(x, t).
Assuming that translational dynamics (encoded in xn) and shape
fluctuations (encoded in δψn) are statistically independent, it

can be shown that Equation (11) holds, with α(q) ≡
〈|δψ̂(q,t)|2〉

〈|ψ̂(q,t)|2〉
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and g(q,1t) ≡
〈δψ̂(q,t+1t)δψ̂∗(q,t)〉

〈|δψ̂(q,t)|2〉
, where the symbol ·̂ indicates

the two-dimensional Fourier Transform. We note that, tacking
into account that shape changes are “impulsive” in nature [that
is, for a given cell, δψn(t) is significantly different from 0 only
during the short duration of a division event], the coefficient α
is expected to be proportional to the number m of events per
unit time per cell: α = J

〈|ψ̂(q,t)|2〉
m. Here J is a constant given

by average integrated power associated with a single duplication
event: J = 〈

∫

event dt|δψ̂(q, t)|
2〉. Since the total intensity ψ̂(0, t)

associated with a fluorescent nucleus is approximately conserved,
we expect: α(0) ≃ 0. From the expressions above, it is also clear
that g(q,1t) is a decreasing function of the delay time 1t, with
g(q, 0) = 1 and lim1t→∞ g(q,1t) = 0. The characteristic decay
time of g should reflect the average duration of a shape change
event.

3. RESULTS AND DISCUSSION

3.1. Structure Factor of the Monolayer
The spatial structure of the monolayer is characterized by
calculating the structure factor S(q) of the centroids of the nuclei,
as described in detail in subsection 2.3.2. A typical structure
factor obtained in the first stages of the experimental observation
is shown in Figure 1C. Qualitatively, the overall shape of S(q)
is very similar to the one of a dense fluid phase, as previously
reported for a different epithelial cell line [2]. For q → 0 a
significant increase in S(q) is observed. This feature is indicative
of large-scale density fluctuations within the monolayer and
has been attributed to the presence of activity-driven, non-
equilibrium clusters of cells [1, 2]. The structure factor is found
to be substantially constant over time. Only a moderate shift in
the peaks to larger q-values is observed as a consequence of the
progressive increase (of about 25% from the beginning to the
end of the experiment) in the cell number density due to cell
divisions . At each stage of the monolayer evolution, the wave-
vectors qi (i = 1, 2, ...) for which S(q) = 1 are determined by
linear interpolation of S(q) (Figure 1C).

3.2. Self-Intermediate Scattering Functions
At each stage of the monolayer evolution, the image structure
function D(q,1t) is obtained from DDM analysis of both
fluorescence and phase-contrast image sequences. The amplitude
A(q) and the noise baseline B of the image structure function,
evaluated from the statics as described in subsection 2.3.3
are shown in Figure 1E as a continuous and a dashed line,
respectively. As it can be appreciated from the figure, which refers
to the case of fluorescence imaging, a good signal-to-noise ratio
is obtained for q / 1.3 µm−1. The so-obtained A and B are then
used to extract the ISF from D(q,1t) via Equation (7).

In Figure 1D the ISF obtained in the early stages of the
experiment for different values of qi (i = 1, .., 5) is shown as
filled symbols. The color code is the same of Figure 1C, where
the corresponding values of qi are marked with filled circles. We
observe that, while for the lowest q-values the ISF presents a
well defined single decay, a faster secondary decay is observed
for larger q. To separate these two contributions, we adopt the

following self-consistent procedure. By using (Equation 10), we
obtain for each qi a first estimate of the MSD, as

〈|1x|2〉i ≃ −
4

q2i
log f (qi,1t). (12)

As also shown in Figure 1F the obtained MSDs do not collapse
on a single curve, showing instead and a systematic spread,
in particular for short delay times. We attribute the spurious
speed-up of the short-time dynamics observed for large qs to
the presence of other processes (like cell divisions). According
to the discussion in section 2.3.4, the relative weight of these
non-translational contributions to the ISF is expected to be a
monotonically decreasing function of q and to vanish for q = 0. A
reliable estimate of the “true” MSD 〈|1x|2〉 can be thus obtained,
for each given 1t, by extrapolating to q = 0 the sequence
(

qi, 〈|1x|2〉i
)

. As it can be also appreciated in Figure 1D, the
result of this procedure turns out to be very close to the value
〈|1x|2〉1 obtained by direct inversion of the ISF for the lowest
q-value for which S(q) = 1. We also note that, for this q-
value, the effect of shape changes and cell divisions on the ISF
is minimal and, compared to larger q, there is an excellent signal
to noise ratio, as the signal amplitude A(q) is a monotonically
decreasing function of q (see Figure 1G). These observations
suggest that a simpler, albeit less general, way to estimate the
single-cell MSD could be directly via 〈|1x|2〉1. Nevertheless, in
this work, we did not rely on this simplified procedure and single-
cell MSDs were always estimated by using the above-described
extrapolation scheme. We then fit the obtained MSD with a
model function of the form

〈|1x|2〉 = 1x20 + Deff1tβ (13)

that is found to accurately describe the data over all the
investigated range of delay times. Using this analytic expression,
and assuming a simple exponential decay for the shape
correlation function g(q,1t) = exp(−γ(q)1t) we fit all the
ISF f (qi,1t) (i = 1, ..., 5) with Equation (11), the only free
parameters being the amplitude α(q) of the fast decay and its
characteristic decorrelation rate γ(q). The best fitting curves
obtained with this procedure are shown as thick continuous
black lines in Figure 1F, while the purely translational part (1 −
α) exp(−q21x2/4) of the ISF is shown as a dashed line. The
good agreement between model and data supports the overall
consistency of the described procedure. The values of α and γ

obtained from the fit are shown in Figure 1G. As expected from
subsection 2.3.4, the relative amplitude of the fast decay α is
found to be an increasing function of q, while the estimated shape
decorrelation rate γ, although affected by a large uncertainty (of
about 50 %) does not seem to depend strongly on q. A more in-
depth discussion of these results is provided in subsection 3.2.3.

3.2.1. Impact of Non-gaussianity of Cellular

Displacements on DDM Analysis
Apparently, our procedure, bymaking use of Equation (10), relies
of the relatively strong assumption that cellular displacements
follow a Gaussian probability distribution function (PDF).
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Inspection of the experimental PDFs obtained from PT,
immediately indicates that this not the case for the system under
study (Figure 2). Indeed, for all the investigated delay times,
the PDFs show systematic deviations from a simple Gaussian
behavior, clearly displaying exponential tails, a recurring feature
in the dynamics of a variety of soft and bio-soft materials [46].
Nevertheless, and quite strikingly, our approach leads to an
estimate of the MSD which is in almost perfect agreement with
the one measured with PT, as discussed in more detail in the next
section. This apparent paradox can be explained by considering
that, in our case, the inversion of Equation (10) is extrapolated
to asymptotically low q, a regime where the following general
identity holds [47]

lim
q→0

−
2d

q2
log

(

fs(q,1t)
)

= 〈|1x(1t)|2〉, (14)

where d is the number of spatial dimensions (d = 2, in our case).
In qualitative terms, Equation (14) indicates that, if the density
fluctuation induced by the particle’s motion during a given time
interval1t is evaluated on a spatial length scale≃ 1

q much larger

than the typical displacement, than (Equation 10) still accurately
describes the initial relaxation of f (q,1t), even if the MSD does
not follow a Gaussian distribution, and can be thus used to obtain
an unbiased estimate of the MSD.

3.2.2. Cellular Mean-Squared Displacement
Single cell MSD were obtained from DDM analysis according
to the procedure described at the beginning of section 3.2.
Inspection of Figure 1F shows that an excellent agreement is
found with the MSD obtained with tracking (Equation 1), once
the latter is properly corrected for the particle localization error
[48]. Overall, the phenomenological model in Equation (13), is
found to provide a very good description of the data over the
whole investigated range of delay times. For large delay times
the MSD displays a clear super-diffusive scaling with exponent

β very close to 1.5. The short time behavior is well-described by
assuming a finite plateau for1t → 0. This plateau is reminiscent
of the one observed duringmicrorheology experiments with inert
soft materials, a case in which it often has an elastic origin (see
for instance Cicuta and Donald [49]). The application of the
described procedure to different image sub-sequences enables the
time-resolved estimate of the nuclear MSD over the course of the
experiment. The qualitative behavior of the MSD (Figure 3A) is
conserved over time. In particular, the exponent describing the
long-time scaling of the MSD remains very close to 1.5 for the
whole duration of the experiment (Figure 3B). The main effect
of aging is the progressive change in the “effective diffusivity”
Deff, decreasing by a factor of about 2 from the beginning to
the end of the experimental observation (Figure 3C). At the
same time, a slight increase of the short-time plateau is also
observed (see Figure S1), which is not surprising in view of the
fact that the monolayer is gradually approaching a jammed state
[1]. We note that extracting the MSD from DDM rather than
from PT could be advantageous, in terms of computational cost,
in particular when the number of tracked particles in the image is
very large. In that case, building the trajectories from the particles
positions becomes extremely time-consuming, to the point of
making unpractical the analysis of large, crowded FOVs with PT.
By contrast, for a given image size, the duration of DDM analysis
does not depend at all on the number of particles, which makes
DDM an ideal tool for the automated analysis of large FOVs.
As a representative example, PT analysis performed on an image
sequence of 200 frames with a resolution of 672 x 512, including
about 2,800 cells, required approximately 30 min, while a full
DDM processing of the same data, was completed in about 2 min
on the same computer.

3.2.3. Mitotic Division Rate
As anticipated in section 3.2, for large wave-vectors (i.e., for
q much larger than the first peak in the structure factor) the
self-ISF shows a two-step decay. While the slowest decay is

FIGURE 2 | Symbols: PDF P(1x,1t) of cellular displacements for different delay times (blue circles: 1t = 2 min, orange squares: 1t = 10 min, yellow triangles:

1t = 20 min, purple diamonds: 1t = 40 min) obtained from PT analysis over a time interval of 200 min, about 3 h after the beginning of the experiment. Continuous

lines correspond to best fitting Gaussian curves. For all delay times, the PDF displays a marked deviation from a Gaussian behavior, with exponential-like tails.
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FIGURE 3 | (A) Symbols: mean squared displacement MSD obtained from DDM analysis (wide-field fluorescence imaging), performed over a time window of 200

min, at different time points over the course of the experiment. Continuous lines are best fitting curves to the date with the model given in Equation (13). (B) Temporal

evolution of the exponent β describing the long-time scaling of the MSD (see Equation 13). Empty symbols are obtained from PT, filled symbols from DDM. (C)

Temporal evolution of the prefactor Deff of the power-law describing the asymptotic behavior of the MSD (see Equation 13) . Empty symbols are from PT, filled

symbols from DDM. (D) The relative amplitude α of the faster decay in the ISF (filled symbols) is compared with the fractional division rate (black continuous line). The

latter is estimated by nuclear counting and has been rescaled by an arbitrary factor to make the comparison easier.

FIGURE 4 | (A) Symbols: mean squared displacement MSD obtained from DDM analyisis (phase contrast imaging), performed over a time window of 200 min, at

different time points over the course of the experiment. Continuous lines are best fitting curves to the date with the model given in Equation (13). (B) Temporal

evolution of the exponent β describing the long-time scaling of the MSD (see Equation13). Empty symbols are obtained from PT, filled symbols from DDM. (C)

Temporal evolution of the prefactor Deff of the power-law describing the asymptotic behavior of the MSD (see Equation 13) . Empty symbols are from PT, filled

symbols from DDM.

due to the translational dynamics of the nuclei (see previous
section), we attribute the fast decay mainly to the mitotic activity
of the cell. This hypothesis is corroborated by the following
observations. Firstly, we find that the characteristic decorrelation
rate is roughly q-independent: γ(q) ≃ 0.5 min−1 (Figure 1G)
and its value is in good agreement with the inverse duration of
the duplication events (Supplementary Movie SM3). Moreover,

the temporal evolution of the amplitude α(t0) of the fast decay of
the ISF (for a given qi, i = 3, 4, 5) is qualitatively similar to the
fractional proliferation rate

(

N(t0 +1t)− N(t0)
)

/(N(t0)1t),
where N(t) is the number of nuclei within the FOV at time t,
that we estimate from PT (Figure 3D) This correspondence gets
partially lost during the monolayer aging. Our interpretation is
that contact inhibition of proliferation induces amarked decrease
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in the proliferation rate [50], which in turn makes the amplitude
α too small to be reliably quantified.

3.2.4. Phase-Contrast Experiments
We have shown how DDM can be used to probe the MSD
and the mitotic division rate in dense monolayers by using the
optical signal of the nuclei. Although with the fluorescent movies
DDM already showed its potential compared to PT, an interesting
question is if and how well DDM works with the phase contrast
movies obtained with the same cells, a case for which standard
PT is extremely difficult, if not impossible.

Already from visual inspection of the movies, it is clear
that they contain a richer set of contributions: for instance,
shape changes and membrane fluctuations are clearly visible. In
addition, we observe some artifacts that were not present in the
fluorescence microscopy movies. Typical examples are dead cells
detached from the monolayer rapidly traversing the FOV and
variations over time of the optical contrast.

Despite all these issues, when applying the same data analysis
procedure described above, we can recover a MSD (by inverting
the low-q limit of the self-ISF) that closely mirrors the one
obtained from PT or DDM on fluorescence movies. Results
obtained for the MSD at different monolayer ages, and portrayed
in Figure 4A, show that only the short-time limit of the
experimental MSD is affected by the above-mentioned effects,
whereas the long-time behavior coincides with the one extracted
from PT of the nuclei. The agreement with PT can be appreciated
in more detail in Figures 4B,C where we plot the power-law
exponent β and the value of Deff, respectively. The data obtained
from the DDM analysis of the phase contrast movies (filled
symbols) are in excellent agreements with the ones obtained by
PT of the nuclei (empty symbols) in the fluorescencemovies. This
agreement shows that simpler experiments with unlabeled cells
can still be very informative about the long-time behavior of the
monolayer, which is a key observable to discriminate liquid-to-
solid or solid-to-liquid changes of behavior, both in experiments
[51, 52] and simulations [3, 53].

As far as cell division is concerned, we could not
unambiguously isolate its contribution to the self-ISF. In
particular, the ISF does not display a clear two-step decay and this
makes fitting the data to the simple model described by Equation
11 unreliable. This could be probably due to the superposition
of multiple processes contributing to the short-time dynamics
(membrane fluctuations, internal rearrangements,..) and to the
milder optical signal associated with cell division.

4. CONCLUSION

In this work, we have used DDM for the first time as a
quantitative probe of the self dynamics of dense epithelial cell
monolayers. In particular, we have combined structural and
dynamical information to extract the self-ISF of an epithelial
monolayer for different values of the wave-vector q. This multi-q
DDM analysis of the single cell dynamics highlights two different
contributions: in the q → 0 limit, the self-ISF can be inverted
to provide a tracking-free estimate of the cell MSD as a function

of time, whereas for q 6= 0 substantial contributions from
cell division are also encoded in the ISFs. As far as the cell
MSD is concerned, we find that, whenever the DDM analysis is
performed on movies obtained with fluorescent nuclei, the DDM
results are in excellent agreement with the PT results for all time
delays. However, in contrast with PT, DDM can also be used
to extract the cell MSD on phase-contrast movies, in which the
signal from the nuclei is mixed to the one coming for all the cell
components that de-phase light: in that case, the DDM-obtained
MSD is in agreement with the one obtained for the nuclei only for
large time delays, showing that in a crowded environment DDM
can be safely used to determine the long-time MSD of the center
of mass of cells, a typical output of numerical simulations of cell
collectives [3, 53]. For short time delays, the MSD determined
by DDM differs from the one of the nuclei, as a consequence of
the non-negligible, fast, and high frequency relaxation processes
of other cellular components, such as the cellular membrane,
cytoplasmic vesicles and other organelles. In general, compared
to real-space based methods like PT, DDM has the advantage
of being less conditioned from operator-dependent choices, less
affected by cell-to-cell variability in the optical properties and
computationally more efficient, in particular in the case of tissues
comprising a very large number of cells. These results show that
DDM can be used as a high-throughput probe of the single cell
dynamics in the complex environment of confluent monolayers
and pave the way to a more complex q-dependent analysis of
collective effects, which in this work were not addressed.
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