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Limited cell ingrowth is a major problem for tissue engineering and the clinical application of
porous biomaterials as bone substitutes. As a first step, migration and proliferation of an
interacting cell population can be studied in two-dimensional culture. Mathematical
modelling is essential to generalize the results of these experiments and to derive the
intrinsic parameters that can be used for predictions. However, a more thorough evaluation
of theoretical models is hampered by limited experimental observations. In this study,
experiments and image analysis methods were developed to provide a detailed spatial and
temporal picture of how cell distributions evolve. These methods were used to quantify the
migration and proliferation of skeletal cell types including MG63 and human bone marrow
stromal cells (HBMSCs). The high level of detail with which the cell distributions were
mapped enabled a precise assessment of the correspondence between experimental results
and theoretical model predictions. This analysis revealed that the standard Fisher equation is
appropriate for describing the migration behaviour of the HBMSC population, while for the
MG63 cells a sharp front model is more appropriate. In combination with experiments, this
type of mathematical model will prove useful in predicting cell ingrowth and improving
strategies and control of skeletal tissue regeneration.
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1. INTRODUCTION

Insufficient tissue formation is a major problem in the
clinical application of porous biomaterials as bone
substitutes in vivo and the generation of functional tissue
engineered constructs in vitro (El-Ghannam 2005;
Mauney et al. 2005; Mistry & Mikos 2005). Typically,
peripheral tissue formation canbe observed,while central
zones within a construct remain void (Bancroft et al.
2002; Erli et al. 2006). Such spatially inhomogeneous
tissue formation can be attributed to inadequate nutrient
transport, but may also result from limited cell ingrowth
following non-uniform seeding. Cell ingrowth may be
hampered by pore size restrictions, unfavourable surface
characteristics, or may be counteracted by chemotactic
movement towards external supplies of nutrients and
other important biochemical factors. To promote
ingrowth, cell attachment andmobility can be optimized
by applying surface modifications to the biomaterial
(Dimilla et al. 1991; Lauffenburger & Horwitz 1996;
orrespondence (bramseng@soton.ac.uk).
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Dee et al. 1999; Erli et al. 2006). As a first step in a
systematic approach, cell migration can be studied in
two-dimensional culture, combining ease of observation
and a high level of control over the cellular environment,
although, clearly, important differences between two-
and three-dimensional cell adhesion exist (Cukierman
et al. 2002).

In general, two experimental approaches can be
distinguished, whose results can be related theoretically
(Farrell et al. 1990). In the first approach, time-lapse
video and image analysis software are used to track the
movement of individual cells that are sparsely distributed
(Krooshoop et al. 2003). In the second approach,
migration of an interacting population of cells is
monitored. For example, an assay used in the study of
wound healing is based on the removal of a band of cells
from a monolayer by scraping, after which the rate at
which the cells repopulate the area is recorded (Maini
et al. 2004a). Similarly, cells can be seeded in a circle that
expands as the cell population spreads further out (Dixit
et al. 2001; Shin et al. 2004; Dolle et al. 2005).
Mathematical modelling is essential to interpret and
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generalize the results of these experiments and to derive
the intrinsic parameters that can be used to predict cell
behaviour (Tranquillo et al. 1988; Murray 2002). For
example, using theoretical modelling analogous to diffu-
sion, the random motility coefficient of an osteoblast
population was derived from the position of the cell front
in an under-agarose assay, on surfaces modified with
adhesive peptides (Dee et al. 1999).

Fisher’s equation has been used to represent experi-
mental data from wound-healing assays (Takamizawa
et al. 1996; Savla et al. 2004). In the context of tissue
engineering, Fisher’s equation has been applied to a
wound-healing migration assay for human peritoneal
mesothelial cells (Maini et al. 2004a,b). This equation
describes the behaviour of a cell population as a
combination of random cell motion and logistic
proliferation, i.e. proliferation up to a maximum cell
density. Fisher’s equation predicts that, under certain
conditions, the cell migration front takes the form of a
travelling wave of fixed shape that propagates at a
constant speed (Sherratt & Marchant 1996; Murray
2002; Maini et al. 2004b). This velocity is dependent
only on a simple combination of the migration
coefficient and the proliferation rate. Therefore, once
the migration front velocity has been determined
experimentally, it is straightforward to derive the
migration coefficient if the proliferation rate is known.

Measuring the position of the cell migration front is
relatively straightforward in cases where a sharp front
exists. However, for a more disperse front the definition
is less clear. The front definition can, for example, be
based on a certain cell density level to be reached,
which is unambiguous in cases where the front has a
constant shape that travels at a certain speed, but
introduces ambiguity in the early phase while the front
shape is still developing from the initial conditions. It is
therefore important not to rely on limited observations,
but to obtain a complete picture of the spatial
distribution of cells as a function of time.

Furthermore, it has been observed that the
migration front can be relatively sharp while Fisher’s
equation yields a comparatively smooth solution
(Maini et al. 2004a; Callaghan et al. 2006). This raises
the issue as to what extent this modelling approach is
appropriate. Thus, a ‘sharp front’ version of Fisher’s
equation has been proposed, but deemed unnecessary,
as it was possible to obtain a good fit of the front
velocity with the standard Fisher model (Maini et al.
2004a). However, instead of a largely phenomenologi-
cal description of the front velocity, a correct
representation of the actual cell distribution is needed
to indicate that the proposed model captures the main
underlying mechanisms involved. From a tissue
engineering perspective, it is important to consider
whether mitosis drives cell migration or vice versa
(Murray 2003, p. 450). In other words, do the cells
migrate outwards, which gives them room to divide,
or are they pushed forward as a result of cell division
and which mechanism is more important (Simpson
et al. 2007)?

The objective of the present study was a detailed,
quantified characterization of both the migration
and proliferation behaviour of osteoblast-like MG63
J. R. Soc. Interface (2007)
and human bone marrow stromal cell (HBMSC)
populations, which are relevant in the study and
application of skeletal regeneration. This study set
out to develop experimental methods for measuring the
evolving cell density distribution of these cell types at
high spatial and temporal resolution. These data then
provided a more thorough evaluation of the ability of
mathematical models, like Fisher’s equation, to rep-
resent the cell population behaviour and, critically,
insight into whether the underlying assumptions on cell
behaviour are appropriate and can be applied to cell
adhesion, spreading and migration in skeletal tissue
regeneration strategies.
2. METHODS

2.1. Experimental materials and methods

Experiments were performed for both the human
osteosarcomaMG63 cell line and passage zeroHBMSCs.
All tissue culture reagents were purchased from Sigma-
Aldrich, UK unless stated otherwise. MG63 culture
medium consisted of Dulbecco’s modified Eagle’s
medium (DMEM, 91%) and foetal calf serum (FCS,
9%). HBMSC culture medium consisted of alpha-
modified Eagle’s medium (aMEM, 89%), Penicillin–
Streptomycin (50!, 2%;CambrexBio Science,UK) and
FCS (9%). The bone marrow sample was obtained from
a haematologically normal patient (female 79 years old,
F79) undergoing routine total hip replacement surgery,
with approval from the Southampton Hospital Ethics
Committee and appropriate patient consent. Briefly,
HBMSCs were harvested, centrifuged at 1100 r.p.m. for
4 min, resuspended in aMEM and passed through a
70 mm cell strainer. HBMSCs were cultured for 6 days in
culture medium in a humidified incubator at 378C and
5% CO2, after which the cells were washed twice with
phosphate-buffered saline (PBS) and expanded for
another 6 days.
2.2. Circle migration assay

The cells were seeded in a circle using the following
procedure (figure 1a): cloning cylinders (nZ6, poly-
styrene, Sigma-Aldrich, UK, Cat. No. C7983) were
positioned in one or two six-well plates. Cells were
detached using trypsin and 50 ml of 1.7!105 cells mlK1

cell suspension was added to each cylinder, which
corresponds to 50 000 cells cmK2 based on a 4.7 mm
internal diameter. After allowing 4 h for attachment,
mediumwas added and the cylinder removed, resulting in
a circle of cells.Tomonitor the spreading of this cell circle,
thewells were photographed immediately afterwards and
every 24 h over the next 9 days at low magnification
(2.5!), with a Zeiss Axiovert 200 microscope fitted with
an AxioCam CCD camera, using AXIOVISION v. 4.5
software. During photography, the plate was positioned
at a heated stage kept at 378C and supplied with
humidified air containing 5% CO2. Since the cell circle
is too large to fit in a single image, for each well a
horizontal and a vertical overlapping series of images was
taken in a crosswise fashion, to generate an accurate
picture of the circle dimensions (figure 1b).
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Figure 1. (a) Seeding procedure as described in §2. (b) To determine the size of the cell circle, a series of horizontal and vertical
images was taken. (c) Example of cell circle expansion for HBMSC: combined images for the same well at days 0 and 9.
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2.3. Image analysis

Customized image analysis software was written in
MATLAB (v. 7.2, Image Processing Toolbox). For each
well, multiple horizontal and vertical images were
combined automatically using image correlation
(figure 1c). Several contrast enhancement steps were
performed, including normalization and filtering with
structuring elements to suppress the image background
and correct uneven illumination due to condensation.
To select the foreground area with the cells, the image
background was separated by thresholding. Areas
smaller than a critical size were removed. Since the
cells in the centre form a continuous sheet, individual
cells in the cell layer were identified by selecting the
J. R. Soc. Interface (2007)
local minima (spots darker than their surroundings, by

a certain level) within the foreground area in the

original image. The results were inspected visually and

a manual correction step was included if necessary.
To obtain the cell density distribution, first the

centre of the cell circle was determined. The horizontal
position of the centre was defined as the mean position
of the cells within the horizontal band of images and
analogously for the vertical position. If necessary the
centre was corrected manually. For each cell, the radial
distance to the centre was computed, after which all
cells within regular radial intervals were summed. Cell
numbers were normalized by the area of the corre-
sponding circle segment within the photographed area
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(MATLAB bwarea function) to yield the cell density. In
this process, a small area along the image boundaries
was excluded to remove incomplete cells.
2.4. Proliferation assay

Cell proliferation was assessed independently using the
colorimetric WST-1 assay (Roche, UK, Cat. No.
11 644 807 001). To establish the assay kinetics,
MG63 cells were added to a 24-well plate at concen-
trations of 0, 0.066, 0.20, 0.59, 0.89, 1.3, 2.0 and 3.0!
105 cells per well (nZ3, 1.9 cm2). After 19 h, the
medium was replaced with culture medium containing
9% WST-1 reagent and the plate transferred to an
incubator. After 0.5, 1, 2, 3, 4 and 6 h, the absorbance
was read at 450 nm on an ELx800 microplate reader
(BIO-TEK Instruments). Based on these results, a 2 h
period was selected for an optimal detection range in
subsequent experiments.

MG63 and HBMSCs were added to every well in a
24-well plate at 1!104 cells per well. The HBMSCs used
were from the same patient and the experiment started at
the same day as the circle assay. The medium was
refreshedonadaily basis. Every 24 h for thenext 5 days, a
column of four wells was harvested, WST-1 medium
added and the absorbance read following 2 h of incu-
bation. For each time-point, the measured absorbance
was corrected by subtracting the mean of a blank column
of wells, without WST-1, in the same plate, which was
corrected for the small difference between plain medium
and WST-1 medium following 2 h incubation.
2.5. Computational methods

Both the standard (equation (2.1)) and sharp front
Fisher equation (equation (2.2)) were evaluated. The
standard Fisher’s equation reads (Murray 2002; Maini
et al. 2004a)

vc

vt
ZV$ðDVcÞCR 1K

c

cmax

� �
c: ð2:1Þ

The first term in the right-hand side of the equation
represents cell migration and the second term cell
proliferation. The variable c (cells cmK2) is the cell
density, the constant D (cm2 sK1) is the random
motility coefficient, comparable to a diffusion coeffi-
cient, the constant R (sK1) is the unrestricted growth
rate and the constant cmax (cells cm

K2) is the maximum
cell density at confluence. The same parameters govern
the sharp front version of Fisher’s equation (Sherratt &
Marchant 1996; Murray 2002; Maini et al. 2004a),
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where the cell mobility term now depends linearly on
the cell density.

For the circle migration problem, equations (2.1) and
(2.2) were solved in axisymmetric configuration, with a
nonlinear finite element method (FEM) code written
using MATLAB. The method employs standard Galerkin
linear elements with Gauss integration. Crank–Nicolson
time integrationandNewton linearizationwereused.The
J. R. Soc. Interface (2007)
FEM code was validated by comparing the numerical
results with the analytical solution for a time-dependent
problem involving linear diffusion combined with first-
order reaction in a cylinder, with a constant non-zero
concentration imposed at the boundaries and zero
concentration initially (Crank 1975).

The measured initial cell distributions at day 0 were
used as initial conditions for the circle migration
problems. No-flux boundary conditions apply in the
centre and edge of the domain, which was sufficiently
large enough to ensure that the edge was never reached
by the cell migration front. The problems were solved
for the 9-day time period using a 1800 s time-step and a
2.5!10K5 m element size.

For each well, the parameters in equations (2.1) and
(2.2), motility coefficient D, proliferation rate R and
maximum cell density cmax, were estimated simul-
taneously based on the summed least-squares criterion
for all experimental positions and time-points, using
the MATLAB fminsearch function with the FEM
program in the estimation loop. The same results
were obtained for different initial estimates. To provide
a global comparison between the different models, a
quantitative error measure Eres was defined,

Eres Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðxcompK xexpÞ2P

x2exp

s
; ð2:3Þ

where xcomp is the computed value; xexp is the measured
value; and S represents the total sum over all
experimental replicates, time-points and positions.
For the WST-1 proliferation assay, an exponential
function was used to represent the early phase of
proliferation, fitting proliferation rate R and the initial
cell density.
2.6. Cellular automaton

To assess the effects of cell size on front propagation in
the circle assay, a simple cellular automaton (CA)
algorithm was implemented in MATLAB, similar to
Callaghan et al. (2006). In this approach, the global
behaviour of the cell population was modelled based on
simple rules for the proliferation of individual cells.
Migration was not considered. A rectangular grid was
defined in which each position can be occupied by only
one cell. The grid spacing hZ30 mm was based on the
measured maximum MG63 cell density. Initially, the
number of cells seeded in the experiment was positioned
randomly within the circular seeding area, resulting in a
uniform distribution. Cells were updated asynchro-
nously and each time-step the order in which the cells
were updated was shuffled randomly. At each time-
step, a cell divides with probability Pg or remains idle
with probability 1KPg. In the case of cell division, the
daughter cell is placed randomly in one of the
surrounding free positions. No division takes place if
there is no free position available. The probability Pg

was related to the proliferation rate R, as follows:
PgZRDt, based on the expected increase in the number
of cells per time-step. A time-step of 36 s was selected.
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Figure 2. Example of the migration front at day 9 for (a)
MG63s and (b) HBMSCs. Positions of cells identified are
indicated by white dots. Both scale bars are 200 mm. (c)
Overview of cell circle expansion for MG63 and HBMSC
(same scale): all identified cell positions plotted for the same
well at days 0, 3, 6 and 9.
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Figure 3. Comparison of experimental and simulated cell
distribution: representative results for the same well. For each
day, from day 0 to day 9, the grey histogram bars represent
the measured cell density as a function of the radial distance
from the centre of the circle for (a) MG63 and (b) HBMSC.
The lowest density near the centre is day 0, from there the cell
density steadily increased and simultaneously spread out-
wards to the right, producing a new band every day. The grey
lines show the corresponding theoretical model predictions for
each day, based on fitting Fisher’s equation, equation (2.1).
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3. RESULTS

3.1. Experimental results

Over the 9-day culture period, the cell circle was noted
to increase considerably in size, with an approximate
doubling in diameter (figure 1c). Cells in the centre of
the circle were densely packed, with MG63 osteosar-
coma cells displaying a compact morphology
(figure 2a). In contrast, HBMSCs displayed an
elongated and spread phenotype (figure 2b, day 9). In
these images, the cells identified are indicated by white
dots. By plotting the position of all cells identified at
different time-points, a global picture of the expanding
cell population could be obtained (figure 2c). Marked
differences were observed between MG63 and
HBMSCs, with the former displaying a relatively
sharp front and the latter a more disperse front. This
same difference in behaviour was apparent by exami-
nation of the cell migration front (figure 2a,b).

Representative examples of the experimental cell
distribution for a single well are shown in figure 3,
which shows the cell density as a function of radial
distance from the centre of the cell circle. For MG63
cells (figure 3a), a rapid initial increase in cell density in
the centre can be observed. While the maximum cell
density was being reached in the centre, the cell
migration front continued to move outwards at an
approximately steady rate. The increase in cell density
in the centre appeared to pause between days 3 and 4
(figure 3a). As the cells already appeared confluent at
day 3, this represents the start of a phase of denser cell
association or possibly even partial overgrowth.
J. R. Soc. Interface (2007)
The more disperse character of HBMSC migration,
as seen in figure 2, maps directly to the cell density
distribution in figure 3b, displaying a much smoother
migration front compared with the sharp front
observed for the MG63 cells in figure 3a. The uneven
initial distribution, with greater cell presence near the
edge of the circle, corresponds to the photomicrograph
images and is possibly due to flow as a result of a small
amount of fluid leakage from the cylinder. In compari-
son with the MG63 cells, the maximum cell density for
HBMSCs was much lower, at around 50%.

With respect to the seeded cell concentration based
on the cylinder diameter, observations from figure 3
show that the initial circle diameter is larger and the
cell concentration consequently lower due to the
chamfer of the cloning cylinder edge. The estimated
total number of cells, based on integrating the density
profiles at day 0, is 9.4G0.8!103 (mGs) for the
HBMSCs and 7.7G0.7!103 for the MG63 cells.
These values are in close agreement with the target
cell number of 8.7!103 in the seeding suspension based
on haemocytometer counting.



Table 1. Estimated migration and proliferation parameters.

circle assay MG63 mGs (nZ5) s/m!100 (%) HBMSC mGs (nZ6) s/m!100 (%)

Fisher equation (2.1)

D (cm2 sK1) 4.9G0.7!10K9 14 8.5G2.5!10K9 29
R (sK1) 9.2G0.6!10K6 6 7.9G1.4!10K6 18
cmax (cells cm

K2) 1.2G0.09!105 8 6.0G0.6!104 10

vZ2
ffiffiffiffiffiffiffiffi
DR

p
(cm sK1) 4.2G0.2!10K7 4 5.1G0.3!10K7 6

sharp front Fisher equation (2.2)
D (cm2 sK1) 2.8G0.4!10K8 14 4.1G1.5!10K8 36
R (sK1) 8.5G0.5!10K6 6 7.1G1.5!10K6 21
cmax (cells cm

K2) 1.2G0.1!105 8 6.4G1.0!104 15

WST-1 assay MG63 HBMSC
R (sK1) 6.3!10K6 — 6.4!10K6 —
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Figure 4. Comparison of representative experimental and
simulated cell distributions in the same well for days 0–9: (a)
MG63 and (b) HBMSC. In contrast to the standard Fisher
model in figure 3, experimental results were fitted using the
sharp front model equation (2.2). The cell distribution is
explained in more detail in figure 3.
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3.2. Computational modelling

Figure 3 also illustrates examples of the results of fitting
the experimental cell distribution with the standard
Fisher model, equation (2.1). The estimated parameter
values are given in table 1. For MG63 cells, the initial
increase in cell density in the centre of the circle is closely
captured (figure 3a), except for the pause between days 3
and4.However, for this estimatedgrowth rate, theFisher
equation yields a smoothermigration front in comparison
with the rather sharp front observed in the experiment.
Most clearly, this can be seen from the fact that themodel
predicts a ‘toe-region’, which is absent in the experiment.
InFisher’s equation, themigration front velocitydepends
only on the combination of migration coefficient D and
growth rate R. Therefore, it is possible, for the same
velocity, to chooseadifferent combinationofDandR that
yields a different front shape. By increasing the estimated
growth rate by a factor of 2, a sharp front shape
comparable to the experiment can be obtained. However,
this results ina large overpredictionof the cell growthrate
in the centre.

In contrast to theMG63 cells, the smooth front of the
HBMSC population can be closely represented by the
standard Fisher model in general (figure 3b). Note that
initially between days 0 and 1, compared with the
model, the experimental cell distribution appears less
diffusive but rather grows in place at a higher rate. As a
consequence, the theoretical solution lags behind
slightly during the early days of culture. Furthermore,
the cell population growing outwards appears to reach a
slightly lower maximum density.

In addition to the standard Fisher equation (equation
(2.1)), the sharp front version of Fisher’s equation
(equation (2.2)) was also evaluated. The type of front
solution for this equation does not have a toe-region, but
rather rises sharply from zero. For the MG63 cells,
figure 4a shows that this sharp front Fisher equation
provides a good fit of the experimental cell front, while
preserving a correct representation of proliferation in the
early phases. Clearly, equation (2.2) cannot represent the
front shape for the HBMSCs (figure 4b).

For the MG63s, the global error measure Eres

(equation (2.3)) was 0.11 and 0.10 for the Fisher and
sharp front solution fit, respectively. For HBMSCs, the
value of Eres was 0.13 for both the Fisher and the sharp
front solution. For both cell types, the lack of apparent
J. R. Soc. Interface (2007)
difference in Eres between the two alternative models
results from the fact that Eres is dominated by the error
in the interior of the cell circle and is not sensitive
enough to variations in front shape.
3.3. Cellular automaton results

Figure 5a shows the initial and final cell population
distribution for the CA model using the growth rate R
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Figure 5. Cellular automaton results, representative cell
distributions at days 0 and 9. For visibility, cells were initially
labelled either light or dark grey in equal proportions and
subsequently passed this property on to their offspring. (a)
Results based on the proliferation rate Rref as estimated for
the MG63s using Fisher’s equation in the circle assay, but
assuming the cells to be immobile. (b) Results for a 10 times
higher proliferation rate, without cell movement.
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Figure 6. Proliferation kinetics measured by WST-1 assay for
(a) MG63s and (b) HBMSCs. To determine the proliferation
rate, the experimental results were fitted using a simple
exponential function. All data points were used for the
MG63s. For the bone marrow cells only the first four points
were fitted.
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estimated for MG63s in the circle assay using equation
(2.1). Cells were assumed to be immobile. Once the
initial distribution has been filled in, this corresponds to
growth only at the outer edge. Clearly, it can be seen
that this mechanism alone is insufficient to yield the
increase in cell circle size observed in the current
experiment. Rather, only if the proliferation rate is
increased by a factor of 10, a similar increase in size as
observed in the experiment can be obtained (figure 5b).
3.4. Proliferation assay results

The results of the WST-1 proliferation assay for MG63
and HBMSCs are shown in figure 6. The estimated
growth rates R are given in table 1. From figure 6a, the
exponential function provides an excellent match of
the experimental data for the MG63 cells. However, for
the HBMSCs, the variation is larger and only the first
four time-points are in close agreement with exponen-
tial growth (figure 6b). This departure from exponential
behaviour is not surprising since this model can only
represent early phase unrestricted growth and does not
include effects like crowding. However, there are not
enough data to support a logistic model.
4. DISCUSSION

The experimental system and image analysis method
used were able to provide a high resolution picture of
cell distributions. These experimental observations
could be closely represented using theoretical models
based on random cell motion and proliferation.
Notably, MG63 and HBMSCs showed distinct
behaviour, with the osteosarcoma cell line displaying
a sharp migration front and the HBMSCs behaving
more dispersedly. The high level of detail with which
J. R. Soc. Interface (2007)
the cell distributions were mapped enabled a precise
assessment of the correspondence between experi-
mental results and theoretical model predictions. This
analysis revealed that the standard Fisher equation can
closely describe the migration behaviour of the bone
marrow cell population, while for the MG63 cells the
sharp front model is more appropriate.
4.1. Cellular migration and proliferation
parameters

In a similar circle assay, a population of rat marrow
stromal osteoblasts on peptide-modified hydrogels
expanded at a rate of 1.7–2.7!10K7 cm sK1 (Shin et al.
2004), which is of the same order, although lower, than
the front velocity of 4.2–5.1!10K7 cm sK1 (table 1, row
4) found in the present study. Using Fisher’s equation, a
value of 4.17!10K9 cm2 sK1 has been estimated for the
random motility coefficient D of human peritoneal
mesothelial cells on plastic substrate, based on the
measured front velocity and proliferation rate from the
literature (Maini et al. 2004a).This corresponds closely to
the value of 4.9G0.7!10K9 cm2 sK1 found using the
standard Fisher equation for the MG63s in the present
study. Slightly lower values for D ranging between 1.22
and 2.23!10K9 cm2 sK1 have been determined for rat
osteoblasts on RGDS and RDGS-modified glass, respect-
ively (Dee et al. 1999). With a value for D of 8.5G2.5!
10K9 cm2 sK1, the HBMSCs in the present study
displayed a higher mobility compared with both these
studies and the MG63s. However, in the literature, up to
one order of magnitude higher motility coefficients have
been determined in the range of 1.1–6.6!10K8 cm2 sK1

for various cell types and species (Farrell et al. 1990;
Sheardown & Cheng 1996; Maini et al. 2004a). Typical
parameters for the sharp front model are not known.

Surprisingly, from cell culture experience, the cell
proliferation rates determined in the circle assay for the
MG63 cell line and HBMSCs were highly similar, with
values for R of 9.2G0.6!10K6 and 7.9G1.4!10K6 sK1,
respectively. This is higher than the growth rate of 1.18!
10K6 sK1 that was found for human mesenchymal stem
cells derived frombonemarrow, although these cells were
expanded in a three-dimensionalmatrix, which in general
can be associated with lower proliferation rates (Zhao
et al. 2005). However, the proliferation rates are also
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higher thantheRof1.9!10K6 sK1 determined forhuman
peritoneal mesothelial cells on plastic (Niedbala et al.
1986). Nevertheless, the high growth rate for the
HBMSCs corresponds to a doubling time of 24 h, which
is not uncommon for cells in general. It is also important
to note that, while representing general cell behaviour,
the quantitative results for the HBMSCswere derived for
a single patient and thus do not yet provide information
on the possible variation for different patients.
4.2. Parameter estimation

By combining computational modelling with cell
density measurements, the present circle assay can be
started at a low seeding density, in contrast to previous
studies that started at monolayer density (Dixit et al.
2001; Dolle et al. 2005). The advantage of using a low
initial density, as well as having a detailed picture of the
shape of the cell migration front, is that the experiment
contains more information. This means that, in
contrast to most previous studies, both parameters D
and R can be estimated from a single assay.

However, since the migration front propagation
depends on a combination of D and R, the uniqueness
of the estimated parameters needs to be considered. If
the theoretical front velocity v for Fisher’s equation is
calculated from D and R, it can be seen from table 1
(columns 3 and 5) that the relative variation in v is
smaller than that inD andR. (It is important to note at
this point that the front velocity for the axisymmetric
Fisher equation only approaches a constant value for
large radial distance; Murray 2002, p. 444.). Further-
more, the variation in D and R for the HBMSCs
(column 5) is much larger than that for the MG63s
(column 3). This is mainly due to the relatively small
increase in cell density for HBMSCs, while the MG63s
show a considerable increase in cell density in the centre
(figure 3), which contains much more information for a
unique determination of the cell growth rate R than the
shape of the migration front alone.

Independent measurement of the proliferation rateR
using the WST-1 assay yielded values in the same order
as in the circle assay, although 20–30% lower, table 1
(last row). Similar results were obtained for MG63s and
HBMSCs. Taking the proliferation rate R from the
WST-1 assay and fitting only the motility coefficient D
in the circle assay for the MG63s resulted in a poorer fit
quality, with too low a rate of cell density increase in
the centre and an even smoother migration front as a
lower R implies a higher D.
4.3. Image analysis

The image analysis and cell identification method
performed very well for the MG63 cells. Phase contrast
microscopy provided images with high contrast in
which the cells can be clearly distinguished as dark dots
surrounded by a lighter area, even in monolayer.
Inspection revealed that practically all visible cells
were identified. However, while the more peripheral
areas can be easily checked for accuracy, cells in the
centre become extremely densely packed, so that
although the separate dark spots can still be clearly
J. R. Soc. Interface (2007)
identified, it is hard to judge visually whether cells start
to grow partially over each other.

However, for the HBMSCs the method performed
less well in general. When compared with MG63, the
cells were much more spread out, which provides less
contrast and renders the results more sensitive to the
image quality and the identification parameters used.
Owing to their elongated shape, there is less contrast to
distinguish between cells in the centre and as a result of
the spindle-like morphology in the periphery double
detection of cells can occur. This requires a more careful
tuning of the identification parameters depending on
the image quality. By varying these parameters, the
effects on the resulting cell density distribution have
been assessed. It was established that especially the
maximum cell density in the centre was sensitive to the
minimum cell size and local minima threshold, but that
the position of the migration front remains invariant.

Most studies thatusedaily imaging or time-lapsevideo
for wound-healing assays measure only the migration
front position and not the detailed cell distribution (Chan
et al. 1989; Maini et al. 2004a; Shin et al. 2004). However,
actual cell distributions have been determined bymanual
counting (Savla et al. 2004; Cai et al. 2007). Other
methods include those in which the cells were fixed and
stained and the cell distribution was primarily based on
the ratio of the local area covered by cells to the total
available area (Tranquillo et al. 1988; Chan et al. 1989;
Maini et al. 2004a). Laser scanning cytometry has been
used to measure the positions of individual cells and
determine their density by fixing and staining the nuclei
(Haider et al. 2003). However, in the present study, the
aim was to determine the evolution of the cell distri-
bution, at both high spatial and high temporal resolution;
therefore, instead of fixing the cells, live cells were
monitored using the same wells for all time-points.
Contrast can be improved in future using live staining
techniques, preferably of the nucleus to distinguish cells
in monolayer, although staining must not affect cell
behaviour during long-term culture (Zahm et al. 1997).
4.4. Model interpretation, proliferation and
migration mechanisms in front propagation

In wound-healing studies, it has been observed that
depending on the cell type the cell population moves in
a unidirectional interconnected way versus a multi-
directional separate manner (Chan et al. 1989; Friedl
2004). The question is therefore whether the sharp
migration front displayed by the closely packed MG63s
really is the result of migration and proliferation or
could simply be the result of cell division at the outer
edge. To investigate the effect of cell size on front
propagation, a CA approach was adopted. The results
in figure 5a,b imply that, without mobility, an
unrealistic 10 times higher growth rate would be
necessary to produce a substantial expansion of the
cell circle. This would indicate that mobility is
necessary to give the cells space to divide. However,
this basic model includes only growth at the edge and
does not account for possible effects of cells further
within the cell circle dividing and pushing outwards. As
opposed to such internal growth, BrdU labelling



Characterization of cell spreading B. G. Sengers et al. 1115
showed that proliferation was mainly located in a
narrow region at the migration front (Simpson et al.
2007). Furthermore, increased proliferation at the
wound edge has been found in a wound-healing scratch
assay in which cell cycle phase was determined (Haider
et al. 2003). In accordance with the present results, it
was concluded in that study that migration must play
an important role since wound closure was much faster
than could be expected based on cell size and doubling
time alone. Instead of being pushed, continuous cell
sheets can also be pulled by cells at the front, depending
on the strength of cell–cell adhesion (Nabeshima et al.
1998; Friedl 2004). For example, by modulating
adhesion, ‘cohort type’ versus ‘scattering migration’
can be induced by growth factors such as hepatocyte
growth factor/scatter factor (Nabeshima et al. 1998).

With respect to the sharp front model equation (2.2),
it has been argued that a diffusion coefficient that
increases with cell density implies that cells will move
preferably up the gradient (Cai et al. 2006). However,
the nonlinear diffusion model describes essentially a
population process in which the population will
eventually spread out. Nevertheless, it seems unlikely
that cells at high density display a higher level of
random motion, since the level of hindrance is higher as
cells get into each others’ way (Abercrombie 1980). In
wound-healing assays, the cell motility has indeed been
observed to decrease as a function of the distance to the
wound edge (Zahm et al. 1997). Furthermore, a
decrease in random motility coefficient as a function
of cell density has been measured directly by analysing
individual cell trajectories in a proliferation assay (Cai
et al. 2007). However, on the other hand, introducing a
model that incorporates such a decreased random
mobility at higher cell concentrations due to hindrance
(Cai et al. 2007) would lead to a smoother migration
front that cannot match the results for the MG63 case.
Furthermore, the toe-region of the migration front,
which is determined by D(0), would be the same as in
the standard Fisher equation (Simpson et al. 2006).

However, instead of affecting undirected movement,
hindrance could result in a directional bias (Abercrombie
1980; Zahm et al. 1997; Cai et al. 2007). For a constant
velocity, a shorter persistence time of cell movement,
due to a reduced free path length, in the direction of the
higher density will lead to a net displacement down the
gradient that can be even higher than for the case of
unrestricted movement. For example, in the extreme
case, a single cell that cannot move left but is free to
move right will show a resulting mean displacement to
the right, while the average displacement of a single
unrestricted cell will remain stationary. Such a direc-
tion bias depending on cell density might produce an
increasing net cell flux at higher density, yielding a
sharper front in accordance with the observed results
for the MG63s.

A simple alternative interpretation of equation (2.2)
is provided in appendix A (equation (A 4)), where,
instead of random motility, it is assumed that cell
movement is directed strictly away from the more
crowded areas towards increasing available space. Note
that in the derivation, the cell velocity depends only on
the cell density gradient and not on the absolute density
J. R. Soc. Interface (2007)
level. Furthermore, this interpretation will be appro-
priate only if the relative magnitude of the contribution
of purely random movement is small when compared
with the directional component, since any random
movement for cell density approaching zero introduces
a diffusion term that leads to a non-sharp front.

Depending on the shape of the migration front also,
other nonlinear models can be employed, like, for
example, the Nagumo equation (Kenkre & Kuperman
2003). Alternatively, a model has been proposed for
chemotactic cellular migration that can represent sharp
migration fronts without introducing a nonlinear
diffusion term (Landman et al. 2003). Using a CA
approach, it was demonstrated how sharp fronts can
arise from cell–cell adhesion (Khain & Sander 2006).
An interesting, agent-based, computational modelling
approach has been applied to wound healing (Walker
et al. 2004), which can be used to study the importance
of pushing and cell–cell attachment to obtain an
improved mechanistic insight.
4.5. Experimental directions

As a starting point for model evaluation, the present
study was performed on simple tissue culture plastic.
Therefore, as a next step, the approach has to be
applied to study the migratory behaviour on surfaces
with coatings such as collagen, fibronectin or calcium
phosphate, which are of more direct relevance for tissue
engineering applications. It is well known that cell
migration speed is affected to a large extent by the level
of cell–surface interaction. Typically, a bell-shaped
curve is to be expected with an optimum cell velocity at
intermediate levels of cell–surface interaction, since for
low adhesion cells cannot transfer force effectively,
while for strong adhesion it becomes difficult to disrupt
bonds (Lauffenburger 1989; Dimilla et al. 1991).
Furthermore, as the present study was performed
under basal medium conditions, it would be interesting
to repeat the experiments under osteogenic conditions
to see whether a further differentiated state would lead to
decreased mobility, which would have important impli-
cations for scaffold colonization.

In contrast to the homogeneous MG63 cell line, the
cell population isolated from the bone marrow sample is
heterogeneous, consisting of different cell types includ-
ing stem and progenitor cells. Theoretically, it has been
shown that just a few highly mobile disperser cells can
drive migration at approximately half the speed of what
would be the case if the whole population would be
highly mobile (Murray 2002, p. 480). It would therefore
be interesting to investigate where stem and progenitor
cells are located within the cell circle, track how these
migrate over time and where their offspring ends up. An
experimental approach would be, for example, to
separate and label an enriched stem cell population of
cells positive for specific antibodies (Letchford et al.
2006) and mix these with a non-labelled fraction
negative for these antibodies. This might reveal
implications for the type and differentiation state of
cells derived by cell expansion from colonies and during
scaffold colonization.
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5. SUMMARY AND PERSPECTIVES

It canbeconcluded thatadetailed spatiotemporalpicture
of the evolving cell distribution is required to obtain a
more precise quantification and distinguish between the
migration characteristics of different types of cell
populations. In detailed comparison with such experi-
mental data, assumptions on cellular behaviour can be
evaluated by theoretical modelling. In addition, model-
ling is essential to derive cellular parameters that are
independent of the particular assay used. The main
advantage of the present approach is that it allowed to
distinguish and estimate both the proliferation and the
migration parameters in a single assay. This has been
done in fewother studies (Savla et al. 2004;Cai et al. 2007)
and is a recurrent issue in most studies of this type (Dee
et al. 1999; Maini et al. 2004a; Shin et al. 2004). By
continuing the characterization of relevant cell popu-
lations, depending on surface and environmental con-
ditions, it will be possible to make quantitative
predictions of cell ingrowth and guide further three-
dimensional studies. In this manner, such combined
experimental–computational analysis can prove effective
in a systematic approach leading to improved control of
tissue regeneration and strategies for tissue engineering.

We would like to thank Prof. M. Taylor and Dr B. MacArthur
for their useful discussions. B.G.S. was supported by a research
grant from the BBSRC. Work in Richard Oreffo’s laboratory
was supported by grants from the BBSRC and EPSRC.
APPENDIX A

Conservation of cells is given by

vc

vt
ZKV$ðvcÞCq; ðA 1Þ

where c is the cell density; v is the cell velocity; and q is
the source term representing cell proliferation. In the
standard diffusion model, based on random motion, the
averaged velocity from the net cell flux reads

v ZK
D

c
Vc; ðA 2Þ

where D is the random motility coefficient. Alterna-
tively, it can be assumed that the cells do not move
randomly, but strictly in a direction away from the
more crowded areas. For example, taking the cell
velocity proportional to the gradient of the available
free space,

v ZHV 1K
c

cmax

� �
ZK

H

cmax

Vc; ðA 3Þ

where H (cm2 sK1) is the proportionality constant.
Substituting this expression for v in equation (A 1)
yields

vc

vt
ZV$ H

c

cmax

Vc

� �
Cq; ðA 4Þ

which is exactly the same result as equation (2.2) and thus
offers an alternative interpretation that does not rely on a
higher net cell flux due to an increased undirected
mobility at higher cell densities. Such an increased
random motility is questionable since a high cell density
seems more likely to restrict free movement. Note that in
J. R. Soc. Interface (2007)
equation (A 4) the proportionality constantwas namedH
to distinguish from the interpretation as the common
random migration coefficient D.
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