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We present here an innovative experimental methodology for the quantitative investigation of chemotaxis in vitro by live
imaging of cell movement in a reconstituted three-dimensional collagen gel. A well-defined chemoattractant gradient is
generated by means of a novel direct viewing chamber having two compartments (separated by a membrane), one con-
taining the chemoattractant solution, the other the cell-seeded collagen gel matrix. Cell migration is observed by means
of a time-lapse motorized video-microscopy workstation equipped with an incubating system and quantified by image
analysis techniques. Experimental results on three different cell lines (Jurkat, fibroblasts, and lymphocytes) are pre-
sented for the isotropic control case (no chemoattractant) and in presence of a concentration gradient. Cell motility
data are in line with the concentration profile, both theoretically calculated from Fick’s law and experimentally meas-
ured by epifluorescence microscopy. In particular, a transient peak in cell response was found, possibly due to cell
membrane receptor saturation. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 4025–4035, 2013
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Introduction

Chemotaxis, the preferential movement of cells toward a
concentration gradient of a soluble chemical, plays an impor-
tant role in physiological and pathological processes, such as
tumor growth,1,2 skin and mucosa wound healing3 and

morphogenesis,4 and inflammation.5 In the former case, it is
well-known that cancer cells can migrate through both indi-
vidual and collective cell-migration strategies.6 Furthermore,
it has been recently shown that diffusional instability7 mecha-
nisms can induce the separation of single or clustered cells
from the main tumor body, which can then migrate toward
the source of a nutrient, for example, a blood vessel, thus,
invading wider areas and tissues. Fibroplasias, the phase of
wound healing in which fibroblasts repopulate the wound, is
generally believed to involve the stimulation and chemotactic
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attraction of fibroblasts by growth factors and photolytic frag-
ments of extracellular matrix molecules generated within the
wound by macrophages.4,8 For maintenance of immunity and
tolerance, organs and tissues of the organism are connected
by migrating leukocytes, in particular lymphocytes. Under-
standing leukocyte migration is essential for many disorders
and diseases, especially, in mucosa-lined tissues. Leukocytes
adhere to the vascular endothelium, and subsequently, leave
the circulation by transendothelial migration driven by che-
moattractants (chemokines), a process known as diapedesis.
Reversible adherence of leukocytes to endothelium, basement
membranes, and other surfaces on which they crawl, is an
essential event in the establishment of inflammation. Detailed
analyses of migrating lymphocytes have been performed both
in vivo and in vitro with the aim of increasing the knowledge
about the molecular machineries that control chemokine gra-
dient sensing and migration of immune cells. It was found
that different migration mechanisms can be active in two-
dimensional (2-D) and in three-dimensional (3-D), due to dif-
ferent roles of adhesion.9

Hence, the development of physiologically relevant in
vitro assays to study cell motility and chemotaxis in a quan-

titative way is a topic of growing interest.10 Due to the com-

plexity of the cell response, a detailed quantitative

chemotaxis assay requires a rigorous approach, based on the

measurement of objective cell movement indices and on the

application of transport phenomena concepts. For this reason,

the analysis of such biological problems is nowadays within

the core business of Chemical Engineering.11

Several experimental approaches have been proposed in

the literature to investigate cell chemotaxis both qualitatively

and quantitatively. Among the first commonly used cell

migration assays, the Boyden chamber12 and the under aga-

rose assay13 have the disadvantages that cell migration can-

not be monitored as a function of time and that

concentration gradients are not well-defined. Direct visual-

ization chambers are considered the gold standard for inves-

tigating the dynamic behavior of cells migrating under a

chemotactic gradient.14 Microfluidic devices, usually fabri-

cated in PolyDiMethylSiloxane (PDMS) by soft lithogra-

phy,15–18 have been recently proposed as a tool to observe

cell behavior and motion under chemotaxis or interstitial

flow conditions. Convective and diffusive transport can be

decoupled using microfluidics agarose membranes; in addi-

tion, the effect of shear stress can be investigated by expos-

ing the cells to static or pulsating flows.19,20 Direct

observation chambers where the chemoattractant solution is

in contact with a 3-D gel containing cells have been also

reported.21,22 Two compartments, containing chemoattractant

and cells, respectively, are connected side by side horizon-

tally23 in the Zigmond chamber or as concentric rings24 in

the Dunn chamber. A different technique25 is based on gradi-

ent generation by producing patterns on the surface of a col-

lagen gel via printing with a micropump that dispenses small

droplets of solution at controlled rates.
An ideal in vitro assay of cell chemotaxis should be car-

ried out in a tissue-like collagen or fibrin gel, allowing for
cell tracking and imaging of the concentration gradient of
the chemotactic factor (CF) within the (optically transparent)
gel, and be relatively simple to set up with significant repro-
ducibility. These criteria have been fulfilled in the in vitro
assay of leukocyte chemotaxis reported by Moghe et al.,26 in
which cells are initially dispersed throughout the gel rather

than concentrated on the filter surface as in the Boyden
chamber, thus minimizing cell—cell interactions and cell
alteration of the CF gradient. Furthermore, cell migration
occurs over distances many times the cell dimension, as in
physiological processes involving chemotaxis, and can be
directly observed. Another advantage of this “free diffusion”
assay is that the spatial CF concentration gradient decays
over a few hours (typically 12–24 h), that is, enough time
for the cells to spread and migrate27 significantly. In a sim-
ple modification of this leukocyte chemotaxis assay reported
by Tranquillo et al.28 a gradient of similar steepness is gen-
erated for longer periods thus allowing to test slower cells,
such as fibroblasts. This involves the placement of a barrier
between the two halves of the chamber (one-half initially
containing CF at uniform concentration), leaving a small
opening at one end of the barrier that serves to geometrically
(or dimensionally) constrain free diffusion. Hence, the pas-
sage of the diffusing molecules is hindered, thereby, slowing
down the decay rate of the spatial gradient, which emanates
radially outward from the opening.

The aim of the present work is the development of a novel
direct-viewing chamber for chemotaxis studies, which allows
one to overcome some of the limitations of the existing
assays and is based on time-lapse microscopy with motorized
sample positioning and stage incubation, coupled with image
analysis techniques. Overall, our methodology provides an
integration of features, which are not found altogether in
other assays from the literature: live cell imaging with both
low and high-resolution optics, a 3-D extracellular matrix,
quantitative data analysis based on cell tracking, a well-
characterized concentration gradient lasting for extended
time periods, an autoclavable chamber simple to operate and
including a control well.

In the assay presented in this work, a chemoattractant con-
centration gradient in a collagen gel sample seeded with
cells was generated by diffusion trough a porous membrane.
We analyzed migration of cells from an immortalized lym-
phocyte line (Jurkat), human peripheral lymphocytes, and
fibrosarcoma epithelial cells under concentration gradients of
different chemoattractants. The diffusion process of the latter
was monitored by epifluorescence microscopy of Fluorescein
IsoThioCyanate (FITC)-labeled dextran. Cell motion under
the action of the chemoattractant gradient was followed by
time-lapse video microscopy. Cell tracking was performed
offline by image analysis and the results were expressed in
terms of a chemotactic index.

Material and Methods

Chemotaxis chamber

The chamber was designed with the requirements of main-
taining both cell viability and good optical quality over a
time scale of 24 h. The chamber, shown in Figure 1, consists
of two steel blocks (Part 1 and 2 in Figure 1) each glued on
top of a microscope slide using a silicone adhesive. The
blocks are separated by a porous membrane (0.22 lm pores,
Millipore) and assembled together by two mounting screws.
Part 1 in Figure 1 has two independent compartments: the
first one (A) is used as the control well while the second one
(B) is the reservoir of the chemoattractant solution. In Part
2, there is only one compartment (C) which is used for the
cell seeded collagen gel. Once assembled the membrane sep-
arating chemoattractant (B) and gel (C) compartments is

4026 DOI 10.1002/aic Published on behalf of the AIChE November 2013 Vol. 59, No. 11 AIChE Journal



sandwiched between the two rectangular open frames in Part
1 and 2, thereby, allowing chemoattractant diffusion from B
to C. The diffusion can be considered one-dimensional along
the x direction, as supported by the experimental finding of a
constant concentration (see CF concentration profile mea-
surement subsection) for any given value of x over the y and
z range of interest, that is, far from the gel-air interface,
where the sample is investigated.

At one side of Part 1 a recess, open at one side, extends
the C compartment over the top part of the B compartment.
The collagen level in the compartment C is made slightly
higher than the open frame so as to completely fill the
recess, with the advantage that possible lens effects due to
the free interface of the gel in contact with the steel surface
of the open frames near the membrane are avoided. This
allows to image the sample region adjacent the membrane
without optical distortions.

The A and C compartments are 12 mm 3 18 mm, while
the B compartment has a smaller size (12 mm 3 6 mm) in
order to minimize the amount of chemoattractant needed for
each experiment. The open frame is 3 mm high along the
vertical (z) direction, starting from the glass surface, and
extends over the entire 12 mm of the C compartment width.

Preparation of chemotaxis assays

Collagen gels are prepared with the following composition
(volume basis): Dulbecco’s Modified Eagle Medium
(DMEM) (2%), 0.1 M NaOH (13.2%), 103 minimum essen-
tial medium (10%), Fetal Bovine Serum (FBS) (6.7%), P/S
(0.1%), L-glutamine (1%), and Vitrogen 100 collagen solu-
tion (67%, Celtrix Laboratories). The collagen concentration
in the final solution was 2 mg/mL. It is worth mentioning
that the matrix type or morphology, that is, fibers length and
density, and matrix stiffness can also influence cell motil-
ity.29,30 Matrix morphology can be influenced by changing
the collagen concentration and the time and temperature of
incubation during fibrillogenesis (e.g., polymerization could
also be run, without cells, overnight at 4�C, leadings to thin-
ner and longer fibres).

Cells preliminary suspended in DMEM with 10% FBS are
added to the mixture in such a way that the initial cell con-
centration is between 103 and 104 cells/mL. Such a low cell
concentration is chosen in order to minimize cell restructur-
ing of the fibril orientation,31 matrix degradation, or distor-
tion of the chemoattractant concentration profile. The
collagen solution is placed in the A and C compartments of
the chamber, preliminarily sterilized in an autoclave. Colla-
gen gelification is allowed to occur in a humidified incubator
at 37�C, and final gel thickness is about 2 mm.

Time lapse microscopy

Microscope observations have been run using a video
microscopy time lapse workstation.32–34 The microscope
(Zeiss Axiovert 200, 103 and 203 objectives) is equipped
with a high sensitivity cooled CCD camera (Hamamtsu Orca
AG) and motorized stage, focus (Marzhauser) and filter
wheels (Prior) for automated 6-D Time Lapse imaging. The
stage repositioning error (repeatability:< 1 lm, resolution:
0.01 lm, accuracy: 6 3 lm, data from the manufacturer), is
below the optical resolution of our experiments, due to the
pixel size (0.5–1.0 lm, depending on the optic used), and
we can consider the overall planar repositioning error to be
around 1 lm. The workstation is operated by means of a
Labview control software. The microscope is also equipped
with a home-made incubator allowing one to keep the sam-
ple temperature at 37 6 0.1�C in a saturated moisture atmos-
phere with 5% CO2. Preliminary tests showed no difference
in morphological and physiological cell features between a
bench top and our microscope incubator up to 48–72 h,
depending on the cell line. During the experiments different
fields of view were chosen for each collagen gel compart-
ment of the chemotaxis chamber; each position was periodi-
cally scanned acquiring a z-stack of about 40 images at
different focus position. Images were stored on hard drive
for offline analysis. The time interval between consecutive
acquisitions was chosen in the range 2–10 min (depending
on cell speed) in order to allow accurate tracking of cell tra-
jectories. The actual image acquisition time (measured in

Figure 1. 3-D rendering of the chemiotaxis chamber.
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milliseconds by the PC internal clock) was recorded and
used for the post processing calculations.

Cell Culture

Jurkat cells

Jurkat cells are an immortalized line of T lymphocyte cells
which are widely used to study acute T cell leukemia and T
cell signaling. Jurkat cells are also useful because of their ability
to produce interleukin 2, which is a chemokine involved in cell
interactions and migration. The Jurkat cells used in our experi-
ments were grown in Roswell Park Memorial Institute (RPMI)
1640 medium supplemented with 10% (v/v) FBS, sodium pyru-
vate 1%, nonessential aminoacids 1%, and antibiotics (50 units/
mL penicillin and 50 mg/mL streptomycin). Cell culture was
carried out in a humidified incubator at 37�C under an atmos-
phere of 5% CO2 in air. The chemoattractants used during the
chemotaxis experiments on Jurkat cells are Stromal cell-Derived
Factor 1 (SDF)-1a/CXCL12 (PeproTech)35 and Rantes/CCL5
(R&D),36 at a concentration of 2.5 and 50 nM, respectively, in
the chemoattractant (B) compartment of the cell.

Lymphocyte isolation

White blood cells were purified from peripheral blood from
consenting healthy human volunteers using density gradient
centrifugation. First, the leukocyte rich plasma was obtained
by sedimentation from undiluted blood. Subsequently, separa-
tion of the different populations of white blood cells was per-
formed by centrifugation with different gradients overlaid
with the leukocyte rich plasma. The optimal separation of the
mononuclear cells was obtained by the centrifugation of the
leukocyte rich plasma overlaying the gradient containing 24
parts of 9.5% Ficoll and 10 parts of 34% Isopaque. The mono-
nuclear leukocytes (95% Lymphocytes and 5% Monocytes)
formed a monolayer band at the plasma-Ficoll-Isopaque inter-
face and other blood cells migrated to the bottom of the tube.
The separated mononuclear leukocytes responded to stimula-
tion with phytohemagglutin and viability of all leukocytes was
not affected by Ficoll-Isopaque separation. In the chemotaxis
experiments we added SDF-1a35 at a concentration C0 5 4.5
nM in the B compartment of the cell.

Fibroblasts

HT1080 is an epithelial cell line of fibrosarcoma from
connective tissue. This cell line presents a good cell motility,
a significant morphological polarization and an excellent
growth capacity that allows an adaptation to different experi-
mental conditions. The cells are cultured in DMEM medium
supplemented with 10% (v/v) FBS, sodium pyruvate 1% and
antibiotics (50 units/mL penicillin and 50 mg/mL streptomy-
cin) and maintained in a humidified incubator at 37�C under
an atmosphere of 5% CO2 in air. In chemotaxis experiments,
we added 1 mL of FBS in the B compartment of the cham-
ber,37 and the collagen gel composition was modified by
substituting FBS with an equal quantity of DMEM.

CF concentration profile measurements

To study chemoattractant diffusion a fluorescently labeled
dextran (FITC-dextran from Sigma) of comparable molecular
weight was used. The mean gray level, which is proportional
to fluorescence intensity, was measured by confocal micros-
copy (Zeiss Pascal) as a function of time and position in order
to characterize the propagation of the FITC-dextran front in

the collagen gel. A preliminary calibration on gels with uni-
form FITC-dextran concentration was performed to convert
intensity measurement to concentration values. A linear
dependence was found in the entire concentration range exam-
ined (up to 100 lM), which was wider than the concentration
range actually investigated in the chemotaxis tests.

In order to determine the diffusion coefficient of FITC-
dextran in the chemotaxis chamber the mean grey level in
eight fields of view arranged in pairs at gradually increasing
distance from the porous membrane was measured as a func-
tion of time, for every x, y position three images were
acquired at 10 different focus position along the z direction,
in the range 20–2000 micron as measured from the surface
of the glass. The distance of the fields of view from the
membrane (along the x-axis) ranged from 3 to 6 mm. A
schematic of the arrangement of the selected fields of view
is shown in Figure 2a.

Measurements of the FITC–dextran gradients were made
at 0.5, 1, 12, 15, and 24 h after loading the chemoattractant
compartment. A typical image showing the fluorescence

Figure 2. (a) Schematic of sample scanning areas dur-
ing the diffusion characterization experiment;
(b) Fluorescence image of FITC-dextran; (c)
Surface plot of the fluorescence image; (d)
Comparison of the concentration profile as
experimentally determined from fluorescence
intensity, and the calculation according to
data fit at three different acquisition times.
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intensity gradient is presented in Figure 2b. A 3-D surface
plot of the same image, where the light intensity is on the
vertical axis, is shown in Figure 2c.

An analytical approximation of the concentration gradient
was obtained by assuming the model of free Fickian diffu-
sion (Eq. 1).

@C x; tð Þ
@t

5D
@2C x; tð Þ
@x2

(1)

By invoking the symmetry of our assay chamber, we
approximated the steady concentration at the membrane as
C0/2, where C0 is the initial concentration in the chemoat-
tractant compartment (compartment B in Figure 1). In addi-
tion, we assumed that the chemoattractant concentration was
low enough not to influence mass transport, that is, the diffu-
sion coefficient was constant,38,39 and that the chamber walls
were far from the membrane (i.e., C|x!15 0). As the initial
condition we set concentration to 0 in the entire diffusion
chamber at t 5 0 {C 5 0, t 5 0, x> 0}. The resulting well-
known solution of Eq. 1, that is

C x; tð Þ5 C0

2
12erf

xffiffiffiffiffiffiffiffi
4Dt
p
� �� �

(2)

was fit to experimental data to determine the diffusion coef-
ficient of FITC-dextran, which turned out about 2 3 1026

cm2/sec, in good agreement with data from the literature.26

In Figure 2d, we reported the spatial concentration profile
C, normalized with respect to the initial chemoattractant con-
centration in the reservoir (C0), at three different timepoints.
The concentration decreased exponentially with distance at
each time. The continuous lines in Figure 2d corresponds to
profiles calculated according to Eq. 2, while the symbols rep-
resent experimental data, measured as fluorescence intensity
and converted to concentration according to the above men-
tioned calibration. The open frame of the chamber design
inherently creates a 2-D diffusion gradient in the x and z
directions. However, no significant differences in the concen-
tration measurements have been observed among images
acquired at the same x position, but different y and z, con-
firming the diffusive flow can be considered to be essentially
along the x direction in our experimental conditions. The
predicted profiles are in very good agreement with experi-
mental measurements, in the range of concentration of inter-
est in our experiments. It is worth mentioning that at long
times the concentration at the wall opposite to the membrane
departs from the initial zero value, and this is also accompa-
nied by a decrease of the concentration at the membrane-
collagen interface. So, at long times, the semi-infinite
medium approximation (Eq. 2) starts to fail, as expected.
The time when Eq. (2) fails to describe the actual concentra-
tion profile depends on the length of the chamber, that is, on
the distance of the membrane from the opposite wall, the
longer the chamber the wider the agreement.

The main aim of the FITC-Dextran diffusion tests was to
provide experimental evidence that the chemotaxis chamber
here presented is able to realize controlled and reproducible
concentration profiles, which are in agreement with predic-
tions from Fick’s law. The molecular weight of the FITC-
dextran (10 kDa) was comparable to that of the chemoat-
tractants investigated in this work (about 8 kDa), so that a
similar diffusion behavior can be assumed.40,41 In the case
of SDF-1a, (molecular weight 8.6 kDa) the measured value
of the diffusion coefficient is 1.7 3 1026 cm2/s,42 in good
agreement with our estimate. This agreement rules out pos-
sible interactions between the diffusing chemoattractant
molecules and the surrounding medium, that is, the colla-
gen gel.

Cell tracking

Cell trajectory was measured by means of a semiauto-
mated image analysis macro based on standard software
libraries43–45 (Image Pro Plus) that allows the user to iden-
tify each cell on the best focus layer at each time step (i.e.,
every 2–10 min, depending on cell line). Cell position arrays
were then processed by a Matlab script in order to calculate
mean squared displacements, average velocities and the che-
motactic index.

The trajectory of each cell is represented by the sequence of
the n positions of the cell center of mass as observed at given
time steps. In a typical experiment, a cell number M � 50–100
was obtained in 3–6 fields of view. As already pointed out, a
low cell concentration was chosen in this work, but it is worth
mentioning that cells at higher concentrations can be tracked
with the proposed method as well, provided the delay time
between consecutive images, which is selected in the Time
Lapse microscopy experiment, is low enough to avoid over-
lapping between trajectories of adjacent cells.

Cell movement in isotropic substrata can be described as a
persistent random walk, and analyzed in terms of persistence

Figure 3. Jurkat cell trajectory projected on the x, y
plane and reported to the same origin.
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time, root mean squared speed, and diffusion coefficient,46 in
analogy with Brownian particles.47 Under a directional stim-
ulus, like the chemoattractant gradient imposed in the com-
partment C of the chemotactic chamber, the space
orientations are not equivalent and a directional bias in cell
movement is expected. To quantitatively assess the degree of
directionality in cell movement a chemotactic index (I) was
calculated. Every experiment was divided in time intervals
of about 1 h length, and for each of them we measured the
net displacement (Dxm) of every cell m in the direction of
the chemoattractant source as the distance along the x direc-
tion between the cell positions at the end and the beginning
of the time interval. For each time interval, we also calcu-
lated the length of the trajectory described by every cell (Lm)
as the sum of all the displacements measured over two con-
secutive images. We then calculated the mth cell chemotaxis
index over each time interval (Im5 Dxm/Lm). The value of
the average chemotaxis index during each time interval (I)
was calculated as the average of Im over the entire popula-
tion of M cells, weighted according to the trajectory
described by each cell (Lm) so that the cells describing the
longer trajectories count the most (3):

I5

XM

m51
ImLmXM

m51
Lm

(3)

The chemotactic index ranges from 11 (trajectory fully
oriented towards the source of the chemoattractant) to 21
(trajectory fully oriented in the opposite direction, corre-
sponding the so called negative chemotaxis), whereas I 5 0
corresponds to random movement.

Results

In this work, we report results from experiments per-
formed on three different cell lines, in order to validate our
assay. Cell behavior in the absence of external migration
stimuli (compartment A) was also analyzed as a control.

Jurkat cells

A direct analysis of cell trajectories allows to preliminarily
detect qualitative differences in cell behavior in presence or
absence of chemoattractant. Time lapse images were
acquired every 2 min and analyzed in order to detect cell

positions, the trajectories of eight cells referred to the same
origin and projected on the xy plane are plotted in Figure 3a.
It can be noticed that the motion is random and no preferen-
tial direction is observed. In Figure 3b, the same chart is
reported for 12 cells subjected to an SDF-1a (CXCL12)
concentration gradient (C0 5 2.5 nM). In this case, a pre-
ferential direction is evident, most of the cells migrating
toward the chemoattractant source, that is, the negative
x direction.

In a different experiment, Rantes (CCL5) with a concen-
tration C0 of 50 nM was used as a chemoattractant and cell
motility was studied by trajectory reconstruction as previ-
ously described. We report here the analysis of a field of
view located 1.5 mm from the membrane. Cell motility was
tracked for about 16 h with time intervals of about 70 min,
and for each time interval data have been averaged on
some 30 cells. Visual inspection of the time-lapse videos
showed that only a fraction of the cells did actually move
during the experiment. A cell was considered mobile if its
total displacement exceeded its own diameter. Based on this
criterion, the fraction of mobile cells (Nmob/N) is reported
as a function of time in Figure 4. It should be noticed that
the range of mobile cells (10–30%) is in line with previous
studies from the literature48,49 on Jurkat cells in response to
SDF-1a (the same applies to lymphocytes,50–52 see next
subsection). Furthermore, the motion of cells was not ran-
dom in the presence of the chemoattractant. This can be
assessed quantitatively using the chemotactic index. A posi-
tive value corresponds to cell movement in the direction of
the chemoattractant source, while negative values corre-
spond to movement in the opposite direction. In Figure 4,
the bar chart reports the average chemotactic index, calcu-
lated at the same intervals as the fraction of mobile cells;
the error bars shows the standard deviation of the cell popu-
lation at each point. The evolution over time of the chemo-
tactic index suggests that at short times cells are not yet
affected by the presence of chemoattractant. At about 8 h
after the beginning of the experiment a peak is found,
reaching a value of about 0.18, while at later times the
influence of the chemoattractant becomes vanishing, result-
ing in values of the chemotactic index oscillating around 0,
which can be associated to random motility. The two data
sets in Figure 4 show a correlation between the fraction of
mobile cells and the chemotactic index. A possible interpre-
tation of the transient nature of the chemotactic response is
a saturation of the cell membrane receptors,53,54 which
should be reached at a local chemoattractant concentration
close to the dissociation constant of the cells’ receptor for
the attractant.55

It is worth mentioning that a rough estimate of the order
of magnitude of the chemoattractant diffusion coefficient can
be obtained by dividing the squared distance of the distance
from the membrane (1.5 mm) by the time we observe the
effect of the chemoattractant gradient (450 min). This calcu-
lations gives a value of D � 1026 cm2/s, in good agreement
with the FITC-dextran measurement. This, however, should
be regarded as a rather approximate argument, due to the
dependence of the chemotaxis response on both chemoattrac-
tant concentration and gradient.

Lymphocytes

Lymphocyte motility was investigated by using SDF-1a as
a chemoattractant with a concentration C0 5 4.5 nM. In the

Figure 4. Analysis of motility for Jurkat cells under
Rantes chemoattractant gradient (C0 5 50nM).
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time-lapse experiments shown in Figures 5 and 6 two fields
of view, at 3.6 and 9.9 mm from the membrane, respec-
tively, were observed. Data analysis was performed in the
same way as previously described for Jurkat cells. In Figure
5a, we report the evolution of the chemotactic index over
time for cells in the field of view at 3.6 mm from the mem-
brane. As already observed for the Jurkat cells, the chemo-
taxis index shows a maximum about 60 min after the
beginning of the experiment. The ability of a cell to sense a
chemotactic gradient depends both on the chemoattractant
concentration as well as the concentration gradient.23 The
latter can be expressed as a specific gradient (SG),26 a scaled
measure of the chemoattractant gradient steepness, having
the dimension of an inverse length, which in our geometry
can be calculated as follows

SG x; tð Þ5 dc x; tð Þ
dx

1

c x; tð Þ5
exp 2 x2

4Dt

� �
ffiffiffiffiffiffiffiffi
pDt
p

12erf xffiffiffiffiffiffi
4Dt
p
� �h i (4)

Cell response can also depend on the differences in the
fraction of receptors occupied between the front and the rear
of a cell, this quantity being higher for nonlinear compared
to linear gradients.56 In Figure 5b, the evolution of the nor-
malized concentration C/C0 over time (1) is shown at x 5 3.6
mm, based on the estimated value of D 5 2 3 1026 cm2/sec,
(it should be noticed that no significant differences would
appear by using the value of D reported in the literature,
which is1.7 3 1026 cm2/s).42 In Figure 5c, SG time profile
is reported for the same value of x. Comparing the peak in
the chemotactic index with the C/C0 and SG profiles, the
maximum cellular response appears to be about 1 h from the

Figure 6. Analysis of motility for lymphocyte cells under
SDF chemoattractant gradient (C05 4.5 nM).

Figure 5. Analysis of motility for Lymphocyte cells
under SDF-1a chemoattractant gradient
(C0 5 4.5nM).
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beginning of the experiment, corresponding to a value of C/
C0 � 0.005, SG � 20 cm21.

In Figure 6, the same analysis is shown for the field of
view 9.9 mm from the membrane. In this case too we calcu-
lated the time profile of C/C0 and SG, which are presented

in Figures 6b and c, respectively. The highest value (Figure
6a) of the chemotactic index is found about 12 h from the
beginning of the experiment, corresponding to a value of
C/C0 � 0.008, SG � 7 cm21. The differences between the

two fields of view can be further discussed by noting that in
the case of Figure 6 (9.9 mm from the membrane) the SG
reached a value � 20 cm21 after about 3.5 h, corresponding
to a C/C0< 1025; in these conditions it is likely that chemo-
attractant concentration is too low to elicit a significant cell

response. At later times (12 h), the increased concentration
level would result in a significant cell response, even in the
presence of a slightly reduced SG. As time goes on both the
chemoattractant concentration and the SG increase further,

while the SG reduces only slightly, approaching a plateau
value, but at some point all the receptors will become satu-
rated with ligands and the cell is unable to sense the gradi-
ent. This explanation is in agreement with previous works in

the literature showing that cell ability to sense a concentra-
tion gradient is hindered at high chemoattractant concentra-
tion due to receptor saturation,54,55 and that the cell response
depends both on the concentration and SG value.23 The

value of the dissociation constant for SDF-1a on lympho-
cytes is estimated to be about 10 nM from the literature.
This value can be considered in good agreement with dose-
dependent chemotaxis response curves found by the Boyden
assay,57 where the maximum chemotactic response corre-

sponds to a concentration of 10 nM in the lower chamber
(the other tested values being 0.1, 1, or 100 nM). In our
experiment, the concentration in the chemoattractant reser-
voir was 4.5 nM, and this value alone would suggest an

agreement with Boyden data. However, our technique allows
to monitor the dynamic evolution of cell motility and to
compare it to the corresponding concentration profiles. By
averaging the values from the two results reported in Figures

5 and 6, we can estimate that the peak in the chemotactic
response corresponds to an actual concentration of about
0.03 nM, which is much lower than the concentration in the
chemoattractant well, that can be considered in agreement to

previous estimations of Kd from the literature. It should be
mentioned that also in the Boyden assay the actual concen-
tration surrounding the cells is lower than the value in the
chemoattractant chamber, being variable over the time and
space, even if at the filter midline the concentration and the

gradient rapidly approach a value that keeps substantially
constant for several hours.58 This result could appear in dis-
agreement with previous observations, reporting that the
optimal chemotactic response is expected for concentration

values near Kd,23 showing a higher cell sensitivity to chemo-
attractant concentrations. It is expected that the conditions
that provide optimal chemotaxis in one system may not be
those that provide optimal chemotaxis to the same factor in

a different system or to different chemotactic agents in the
same assay system.58,59 The analysis we performed differs
from the Boyden assay not only because of differences in
the chamber geometry, that result in differences in the con-

centration and SGs profiles58 but also in terms of how the
chemotactic response is analyzed. Like other visual assay,
we monitor the dynamic behavior of cells, expressing

quantitative parameters such as the chemotactic index, rather
than monitoring the cell’s ability to pass through a filter,
comparing only the conditions at the beginning and at the

end of the essay, like in Boyden. Furthermore, the concentra-
tion and SG profile imposed is typically not steady state, but
evolves dynamically during the cell reaction (while the con-
centration rises, the SG rapidly drops), as reported in Figures
5 and 6 for our chamber, or by Lauffenburger and Zig-

mond58 for other assays. It should be noticed, however, that
the dependence of the chemotactic index on concentration
and concentration gradient is still to be elucidated,40 due to
the complexity of the problem, different results obtained

using different techniques can be expected to be different.
As before, a rough estimate of the diffusion coefficient

can be obtained by dividing the squared characteristic length,
that is, the distance between the two fields of view, by the
characteristic time, that is, the observed delay time between

Figure 7. Analysis of motility for fibroblast under FBS
chemoattractant gradient.
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the two peaks. As already pointed out, the unknown depend-
ence of the chemotaxis response on both SG and C makes
this estimate not really straightforward, and can explain the
difference between the estimated value of � 1025 cm2/s and
the measured value of the diffusion coefficient.

Fibroblasts

For the HT1080 cell line we used FBS as a chemoattractant.
In Figure 7a, we report the chemotactic index as a function of
time. For each time interval the measurement of about 40 cells
was averaged, and the error bars correspond to the standard
deviation of each population. As before, the chemotactic index
grows up to a maximum, than goes back to a baseline value
around 0. For comparison, in the inset of Figure 7a, the che-
motactic index is shown for a control sample (i.e., in absence
of chemotactic gradient) and no significant trend is observed.
Once again, the peak in the chemotactic index is related to an
increase in the fraction of mobile cells (data not shown for the
sake of brevity).

For fibroblasts and other tissue cells with much slower
migration speed and more polarized morphologies than
Jurkat or lymphocytes the chemotactic cell response can be
also quantified in terms of cell orientation.28 The elongation
of the cell body in the direction of the membrane up to the
gradient of chemoattractant concentration (cell polarization)
can be measured by image analysis, as shown in Figure 7b.
In Figure 7c, a typical sample image is reported, where the
cell major axis was manually overlaid. The measurement of
the cell orientation angle a was performed on a z-stack
acquired at the end of the experiment, that is, about 10 h
from the start, for a population of about 50 cells. The distri-
bution of the cell orientation angle is reported in Figure 7d.
The distribution is well peaked around the gradient orienta-
tion (a 5 0) and in good agreement with a Gaussian fit
(R2 5 0.94), displayed as a continuous line. Polarized light
observation of the collagen gel shows no preferential fiber
orientation, thus confirming that cell polarization is induced
by the chemotactic gradient and not by contact guidance.60

As a further check, we measured the orientation distribution
in the absence of chemoattractant gradient (see the inset of
Figure 7d), and, as expected, in this case no preferential ori-
entation is observed.

Conclusions

In conclusion, in this work, we present an innovative
methodology for the experimental investigation of chemo-
taxis in vitro by time-lapse live cell imaging of cell move-
ment under a controlled gradient of a chemoattractant in a
direct viewing chamber. The latter is made of two compart-
ments separated by a membrane allowing chemoattractant
diffusion from the reservoir to the 3-D cell seeded collagen
matrix and is autoclavable and reusable. The concentration
profile can be experimentally quantified by fluorescence
microscopy. The chamber allows comparing the results
with a control sample, not subjected to any chemotactic
gradient. The advantage is the ability to test both samples
in the same experiment using the two wells of the chemo-
taxis chamber. The setup is easy to use, versatile and
allows one to study chemotaxis on individual or clustered
cells.

We validated our assay by three different case studies
where Jurkat, lymphocyte, and fibroblast cells where stimu-
lated by different chemoattractant gradients. In all cases, cell

concentration was low enough to avoid possible degradation
of the collagen matrix and distortion of the concentration
gradient. The data have been analyzed by measuring the
directionality of cell migration in terms of quantitative
parameters, such as the chemotactic index. The proposed
assay proved to be valid to investigate cell motility in ran-
dom condition and under the presence of a chemotactic gra-
dient, both in the case of fast moving (like white blood
cells) and slow moving (like fibroblasts) cells. In all the
cases investigated, we showed that cell response is transient,
with a maximum corresponding to the onset of the chemo-
tactic gradient in the field of view, likely due to cell mem-
brane receptor saturation in agreement with previous studies.
The motility data are in good agreement with the predicted
concentration profile from Fick’s law. The concentration
value corresponding to the peak in the chemotactic index is
significantly below the Kd value, as it could be expected
from previous results from the literature. This discrepancy
can be attributed to the fact that our assay is intrinsically
transient both because the concentration profile and SG
evolve in time, and because, like in other visual assays, cell
behavior is monitored dynamically, rather than limiting to
compare their position at the beginning and at the end of the
test. The dependence of the cell motility on concentration
and concentration gradient is still to be elucidated. The
experimental approach here presented can be considered a
valid instrument to quantitatively correlate the concentration
profile with cell motility parameters.
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