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Abstract:We investigate the structure and the dynamics of dense suspensions of NIH 3T3 fibroblast cells. Using
two-photon microscopy we obtain three dimensional (3D) images from which the size and the packing structure
of the dense cell suspensions can be extracted. In addition, we analyse the global time-dependent behaviour
of the suspensions by time-lapse measurements of cell sedimentation. Since cell adhesion is a non-equilibrium
living process the interplay can be influenced by cell viability interfering with cell–cell interactions.
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Introduction
Particle suspensions at high concentrations can exhibit com-

plex non-Newtonian fluid behaviour.[1] If packed densely they can
display a glass and a jamming transition leading to a material with
a finite shear modulus due the repulsive restoring forces when the
particles are compressed and deformed. Such behaviour is well
known in the context of food, paint and pharmaceutical systems,
i.e. for suspensions of randomly distributed hard or soft particles
in a fluid medium.[2–6] However, for suspensions of a biological
nature, only a few studies exist.[4] The main focus of these pre-
vious studies has been on the rheology of suspensions such as
red blood cells, Chinese hamster ovary cells and rat aorta smooth
muscle cells.[6,7]

In our work we are investigating the structure and dynam-
ics of common living NIH 3T3 fibroblast cells established from
mouse embryo cultures. The fibroblast cell type has been chosen
because of their mesenchymal origin which implies that they are
dependent on adhesion to either the extracellular matrix (ECM)
or to other cells for survival.[4] The cells were purchased byATCC
(American Type Culture Collection) and were kept in culture in
Dulbecco’s Modified Eagles medium (DMEM), a high glucose
medium that contains 10% of Fetal Bovine Serum (FBS) and 1%
of Penicillin/Streptomycin as recommended by the provider. They
acquire nearly spherical shapes when kept suspended with a cell
diameter of about 15 micrometres, resembling particle suspen-
sions with a size in between the colloidal and the granular range.
What is new and interesting about these cell suspensions is that
the ‘particles’ (cells) interact via their interface, which is sticky
due to cell–surface bound protein receptors, and these attractive
interactions are expected to depend on whether the cells are alive
or dead.

Mesenchymal and other biological cells are often studied in
culture using light microscopy with a lateral resolution in the
sub-micrometre range. However, due to strong scattering and the
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by the mean), like our cell suspensions, crystallization is always
sup pressed and the dense suspensions remain disordered.[15] For
hard spheres or in the presence of only very weak attractions g(r)
is predominantly set by the steric excluded volume occupied by
the particles, expressed by the space filling or volume fraction.
For the case of stronger particle–particle attraction, phase sep-
aration can set in or non-equilibrium stable or meta-stable gels
are formed.[16] In our case we find that the measured g(r), at
volume fractions of 0.2 and above can be described by the well-
known Percus-Yevick theory for repulsive hard spheres[13,17]
(taking polydispersity into account as described in ref. [12]).
The parameters we obtain for a best fit of g(r) are also in quan-
titative agreement with the size and density determined directly
from the image analysis (Fig. 1). The presence of short-range
attractive forces, which would only weakly affect the g(r) on the
length scales studied by microscopy, cannot be easily resolved
in our imaging experiments. To overcome these difficulties, it
would be desirable to monitor the cell dynamics, i.e. their mo-
tion and thermal diffusion in space. Other ‘living’ biological
suspensions such as bacteria display active propulsion and en-
hanced diffusion using their flagella.[18,19] However, since our
fibroblast cells are not actively driven, we expect a subtler in-
fluence of the biological activity on their dynamics. The thermal
motion and the phase behaviour can be altered by the presence of
‘living’ interactions, i.e. sticky interactions and reorganization
processes in the ECM.

In practice we find that the cell motion at lower number den-
sities is masked by rapid sedimentation due to gravity. This is
the dominant mechanism in our case, due to the large buoyancy
mismatch and rather large cell size. It is thus difficult to study
time-dependent properties such as cell motion and thermal diffu-
sion. To overcome this problem, we study directly the sedimenta-
tion behaviour of living cells at higher densities where transient
gel-like structures are formed and compare our observation to
the well-studied behaviour of submicron sized colloids with at-
tractive depletion interactions induced by adding non-absorbing
polymers.[20]

need for optical sectioning, a conventional light microscope is not
well suited for the study of dense cell suspensions in three dimen-
sions. Thus, for many in vitro experiments, confocal or two-pho-
ton microscopy is used. Here we use the latter technique and to
this end we first label the cells with Rhodamine-B isocyanate and
then use a custom-made two-photon microscope for imaging.[8,9]
Compared to confocal microscopy the two-photon microscope
offers the advantage of a substantial increase in accessible depth
based on the principle of non-descanned detection of emitted
light.[9,10] The necessary condition for two-photon fluorescence
excitation (in the UV) and emission (in the visible spectral range)
is that two photons simultaneously excite a fluorescence mole-
cule. We aim a tightly focused fs-pulsed near infrared beam on
the sample using a Coherent Mira 900 Ti:Sapphire laser system
and collect the green emitted light at a wavelength λ −∼ 590 nm
to obtain a 2D image section by scanning the beam in a plane
(Fig. 1). By additionally scanning along the axial (z) direction we
obtain a z-stack of images which can be rendered in a 3D view
as shown in Fig. 1d.[11,12] We perform 3D template-based particle
tracking as described in ref. [12] and obtain the coordinates and
the size of each cell. Based on this approach the size of the cells
is determined to be approximately 11.5 µm.

Radial Distribution Function
From the 3D image (Fig. 1) we can determine the radial dis-

tribution function of the cell centre positions. The sample cuvette
has a volume of 25 µl with a height of 120 µm and we use the en-
tire volume for our analysis. Due to the relatively large size of the
individual cells the total number of cell layers is limited to about
eight. We can extract reliable measures of the radial distribution
function g(r) as shown in Fig. 1e.

The pair correlation functions for a liquid-like assembly of
uniform colloidal particles (and atomic liquids) are well stud-
ied.[13] In the absence of crystallization, the structure is isotropic
and the pair correlation function reduces to the radial distribu-
tion g(r). For suspensions with a finite size distribution and a
polydispersity of more than 6–7%[14] (standard deviation divided
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Fig. 1. (a) Two-photon image of a dense fibroblast suspension, field of view of 68 x 68 µm2. The average diameter d of the nearly spherical cells is
determined as d = 11.5 µm +/– 1.6 µm by 3D template-based tracking as described in ref. [12]. At a closer look some hairy protein strings or protru-
sions can be seen between the spheres. (b) Two-photon image with a larger field of view of 320x320 µm2. (c) Projections from a z-stack from differ-
ent points of view. (d) 3D digital reconstruction from tracked cell positions and sizes.[12] In the 3D reconstruction the cells are represented by perfect
spherical objects. The measured number density is 4.8·105 cells/µl. e) Open symbols: radial distribution function of the cell suspension. Comparison
to the Percus-Yevick model for hard sphere suspensions: A best fit to the data (solid line) yields a particle diameter of 12.6 +/– 1.3 µm and a volume
fraction of 41%.
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particles was induced by depletion. The main difference in our
work is that the origin of the weak aggregation and gel collapse
can be related to the cell attraction and the adhesive surface pro-
teins. The latter is naturally influenced by the ceding viability
of the cells (Fig. 3b) but it could for example also be influenced
by external triggers such as cell toxins, nutrition and buffer con-
ditions or temperature.

In summary we analysed the structure and sedimentation ki-
netics of dense assemblies of fibroblast active suspensions by
using a two-photon microscope and by monitoring the sedimen-
tation profiles over several hours. In order to increase the cell via-
bility under the two-photon microscope a combination with a life-
cell culture chamber has to be considered in future experiments.
Within the accuracy of our analysis we cannot detect signatures of
attractive interactions in the structure of the cell assembly based
on a snapshot of the cell assembly obtained from microscopy.
The two-photon microscopy results do however reveal clearly the
fuzzy ECM and the protruding ends which are responsible for the
attractive interactions between the cells. From our imaging data
we can calculate the radial distribution function and the results
we obtain are well described by a classical hard-sphere model.
While the structure is dominated by classical geometric packing
we find a distinct concentration dependence of the sedimentation
kinetics. Depending on the initial cell density we observe either
rapid or delayed sedimentation. We assume that the origin of this
delayed sedimentation is due to attraction mediated by surface
proteins leading to the formation a transition gel structure that
ages, coarsens and eventually collapses.
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Delayed Sedimentation in Cell Suspensions
We now turn our attention to sedimentation. The sedimenta-

tion experiments were carried out in standard cuvettes with a layer
thickness of 1 mm and a volume capacity of ca. 350 µl. Cuvettes
were filled to a height of approximately 2 cm (Fig. 2). The meas-
urements were carried out using a time lapse camera setup (Leica
Digilux 2) with an acquisition rate of one image per 15 minutes.A
typical experiment lasts over 20 hours and the typical total number
of images recorded is between 80 to 90. Each time lapse movie
is read using a custom-made code which allows us to determine
the interface between the supernatant and the sediment by image
analysis. The sediment height can be plotted versus the acquisi-
tion time, as shown in Fig. 3. The experiments were repeated for
different cell concentrations. The lower concentrated suspensions
sediment fast at the beginning of the measurements and then come
to rest at a constant final height of a weakly compressed sedi-
ment. However, if the cell number or initial volume fraction in
the suspension is above a certain threshold value of around 105

cells/µl the sedimentation proceeds differently. The suspension
sediments much more slowly until, at a specific point in time (the
collapse time) sedimentation accelerates and the transient gel that
was formed collapses as shown in Fig. 3. A closer look at the
images in Fig. 2 reveals that the collapse proceeds over the whole
volume of the cuvette and the gel first breaks up in domains that
become loosely connected eventually leading to failure. When
increasing the cell concentration in the suspension the collapse
time is increased and also the collapse duration is prolonged (Fig.
3). We observe occasionally that the transient gel is stuck at the

cuvette wall. In such cases the sedimentation process is arrested
at a certain height which could be higher than the finite height
of a compressed sediment. However, this can be tested by gently
shaking that can help to drive the systems towards the final height
observed in the absence of wall sticking.

Our experiments suggest that for low concentrations the
sticky contacts are not close enough to interact for the tran-
sient gel to stabilize and the sedimentation proceeds rapidly.
Therefore, the cells sink till they fill the vessel densely. In con-
trast, for the samples with an increased cell number, the distance
between the nearest neighbours is small leading to rapid contact
and the formation of weak cell–cell bonds. Thus, a space-fill-
ing network, or weak particle gel, can be formed, which does
not sediment in the classical sense but coarsens and ages until
it finally collapses. Our observations are qualitatively similar
to other non-living colloidal systems of attractive colloids, that
also show a delayed sedimentation. In the extensive work of the
Poon group[18] the attraction between submicron-sized colloidal
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Fig. 2. Sedimentation time lapse images of a cell suspension. The initial
concentration is 1.25·105 cells/µl.
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Fig. 3 (a) Sedimentation profile of cell suspensions at different initial con-
centrations. Note, the lower concentrated specimens sediment rapidly
while for higher concentrations a transient gel is formed followed by de-
layed sedimentation (105 cells/µl =̂ca. 10 vol. %). (b) Evolution of the cell
viability over time as determined by labelling the cells with Trypan blue
and counting living and dead cells using a Neubauer count chamber.
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