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Abstract: The in vitro self-assembly of multicellular sphe-
roids generates highly organized structures in which the
three-dimensional structure and differentiated function
frequently mimic that of in vivo tissues. This has led to
their use in such diverse applications as tissue regenera-
tion and drug therapy. Using Smoluchowski-like rate
equations, herein we present a model of the self-
aggregation of DU 145 human prostate carcinoma
cells in liquid-overlay culture to elucidate some of the
physical parameters affecting homotypic aggregation in
attachment-dependent cells. Experimental results indi-
cate that self-aggregation in our system is divided into
three distinct phases: a transient reorganization of initial
cell clusters, an active aggregation characterized by
constant rate coefficients, and a ripening phase of estab-
lished spheroid growth. In contrast to the diffusion-
controlled aggregation previously observed for attach-
ment-independent cells, the model suggests that active
aggregation in our system is reaction-controlled. The
rate equations accurately predict the aggregation kinet-
ics of spheroids containing up to 30 cells and are domi-
nated by spheroid adhesive potential with lesser con-
tributions from the radius of influence. The adhesion
probability increases with spheroid size so that sphe-
roid–spheroid adhesions are a minimum of 2.5 times
more likely than those of cell–cell, possibly due to the
upregulation of extracellular matrix proteins and cell-
adhesion molecules. The radius of influence is at least
1.5 to 3 times greater than expected for spherical geom-
etry as a result of ellipsoidal shape and possible chemo-
tactic or Fröhlich interactions. Brownian-type behavior
was noted for spheroids larger than 30 µm in diameter,
but smaller aggregates were more motile by as much as
a factor of 10 for single cells. The model may improve
spheroid fidelity for existing applications of spheroids

and form the basis of a simple assay for quantitatively
evaluating cellular metastatic potential as well as thera-
pies that seek to alter this potential. © 2001 John Wiley &
Sons, Inc. Biotechnol Bioeng 72: 579–591, 2001.
Keywords: spheroid; DU 145; prostate cancer; aggrega-
tion; kinetics; model

INTRODUCTION

Cell self-assembly into multicellular spheroids offers highly
organized in vitro structures with in vivo-like fidelity.
Spheroid cultures mimic both the three-dimensional orga-
nization and differentiated function of intact tissues to a
much greater extent than do cell monolayers (Becker et al.,
1993). This has led to their use in studies of basic biology,
tissue regeneration, and drug/gene therapy. Spheroid culture
is able to maintain a differentiated phenotype with enhanced
liver-specific functions in cultured hepatocytes (Lazar et al.,
1995), to induce differentiated function in stem cells and
established lines (O’Connor et al., 1997; Sauer et al., 1997),
and to establish the increased chemotoxic and radiographic
resistance of several tumor lines to observed in vivo levels
(Schwacho¨fer et al., 1991).

The most basic method of promoting spheroidal growth is
liquid-overlay culture. Cell suspensions are grown in a static
culture over an attachment-limiting surface such as agarose
or agar (Yuhas et al., 1977). This promotes cell–cell attach-
ment over attachment to the substratum. There has been
extensive research describing the mechanisms by which the
structural architecture of spheroids induces cell differentia-
tion; increased cell–cell and cell-matrix interactions,
changes in cell shape, and the development of a rich inter-
stitial fluid within cell multilayers are essential in this re-
gard (Durand, 1990; Sacks et al., 1989). In contrast, the
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underlying mechanisms governing spheroidal formation re-
main poorly understood. Many seemingly promising cell
lines are later found to be unable to self-assemble into sphe-
roids (Sutherland, 1988).

Kinetic models of cellular aggregation based on Smolu-
chowski-like rate equations may be useful in elucidating
mechanisms of spheroid self-assembly (Smoluchowski,
1917). In eukaryotic systems this approach has described
the aggregation of both erythrocytes and Jurkat cells under
static conditions (Neelamegham et al., 1997; Samsel and
Perelson, 1982, 1984). To date however, the systems chosen
allow simplifications to be made to the mathematical model
based on the limited size or durability of the aggregates, the
terminally differentiated state of the cells involved in ag-
gregation, or the necessity of a catalyst for aggregation.

This study seeks to develop a mathematical model for
cellular aggregation of DU 145 cells in liquid-overlay cul-
tures. DU 145 cells are an established line of human prostate
cancer cells that can self-assemble into large, stable sphe-
roids through a combination of intracellular communication
and diffusion. We propose a general model that is applicable
to any self-aggregating system. Several complimentary ver-
sions of the model were developed that differ in the extent
to which spheroid size was resolved. All models were able
to accurately predict the aggregation kinetics of DU 145
cells during active self-assembly with a minimum number
of variables. New insight was gained into the mechanisms
governing spheroid formation by comparing model results
with those generated using Smoluchowski’s assumptions
for ideal aggregation. In the future, the model may improve
spheroid fidelity for existing applications and form the basis
of a simple assay for quantitatively evaluating metastatic
potential.

MATERIALS AND METHODS

Cell Cultivation

DU 145 cells (ATCC HTB 81, Rockville, MD) were prop-
agated at 37°C, 95% relative humidity, and 5% CO2 in
GTSF-2 medium (Lelkes et al., 1997) at pH 7.4 containing
7% fetal bovine serum. Liquid-overlay plates were prepared
from 60 × 15 mm petri dishes (Becton Dickinson Labware,
Franklin Lakes, NJ) containing 3-mL serum-free GTSF-2
solidified with 1% agar (Difco, Detroit, MI). A 3-mL liquid
overlay of complete GTSF-2 medium was seeded at 2 × 104

cell/cm2 from trypsinized stock T-flask cultures of DU 145
cells. For extended culture, 3 mL fresh medium was added
on the second day. This allowed for replacement of spent
medium at the air–liquid interface without disturbing the
cellular layer on the agar surface. Half of the cell-free over-
lay was replaced every other day to maintain the glucose
concentration between 0.90 and 1.30 g/L, and pH between
7.0 and 7.4.

Glucose Measurement and Cell Concentrations

Glucose concentration was measured with a Yellow Springs
Instrument Model 2700 Select Analyzer (YSI glucose mem-

brane kit 2365, Yellow Springs, OH). Cell concentrations
were determined by counting trypsinized cells with a he-
mocytometer. Spheroids were disassociated into single cells
by first removing the cell suspension from the overlay plate
and centrifuging at 100g for 1 min to remove the medium.
The pellet was then suspended and gently mixed in pre-
heated EBSS (Sigma, St. Louis, MO) containing 0.25%
trypsin. Light microscopy was used to monitor the mixture
for spheroid dissociation and membrane blebbing as an
early indicator of membrane rupture. Dissociation of DU
145 spheroids normally occurred within 3 min, during
which blebbing of single cells was minimal. The suspension
was immediately centrifuged at 75g for 45 s to remove
trypsin and the pellet resuspended in trypsin-free EBSS.
Cell concentrations were then determined as described
above.

Spheroid Distribution and Concentrations

Spheroid-size distributions and concentrations were deter-
mined with an Olympus IX 50 inverted light microscope
and Image-Pro Plus analysis software (Media Cybernetics,
Silver Spring, MD). Images were captured directly from the
microscope by an Optronics digital camera, DEI-750 (C2

Corp, Orlando, FL). For each time period 300 visual fields
of 0.275 mm2 were examined. This resulted in the analysis
of 14,000 to 36,000 individual spheroids for each period.
The visual fields were randomly selected from three or more
liquid-overlay plates in duplicate experiments.

Based on protocols developed by Stokes et al. (1991),
time-lapse images were digitally captured to estimate pa-
rameters such as cell self-diffusivity and collision fre-
quency. Liquid-overlay plates were placed on a heated mi-
croscope stage at 37°C and covered with a glass incubator
(Custom Medical Applications, Bally, PA). A stream of
prehumidified medical-grade gas containing 5% CO2 and
5% O2 in N2 was fed to the incubator at a rate of∼13 mL/h.
Images were captured every 5 min for 24 h from four sepa-
rate cultures.

Average Cell Number/Projected Spheroid
Area Correlation

To determine the correlation between spheroid size and cell
number, liquid-overlay cultures of DU 145 spheroids were
first sieved through monofilament nylon mesh (Small Parts
Inc., Miami Lakes, FL) with pore sizes ranging from 20mm
to 120mm based on a protocol by Wigle et al., 1983. The
nylon mesh was placed in 37-mm diameter styrene-
acrylonitrile holders (Osmonics, Livermore, CA) with a
stainless steel mesh support, pore-size 180mm (Small Parts,
Inc.). A chain of 4- to 5-mesh sizes, with a prefilter, was
typically used to separate a number of spheroid sizes simul-
taneously. Individual filters were removed and washed in
1.5 mL of culture media. Using procedures described above,
half of the resulting suspension was taken for determination
of cell concentration while the remainder was analyzed for
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spheroid size. Two spheroid classes were used to correlate
spheroid size to cell number: early (those formed within the
first 24 h of culture) and late (allowed to develop for at least
48 h).

Computer Simulation of Initial Clustering

Cell-cluster formation resulting from randomly distributed
cells on a surface was investigated using a two-dimensional
model based on the starting point of an off-lattice Monte-
Carlo simulation. For the starting concentration of 2 × 104

cells/cm2, 200 “cells,” circles with radius 8.5mm, were
randomly distributed in a square 1000mm × 1000mm with
periodic boundary conditions (Kolb, 1984; Meakin, 1985).
Two differing distribution conditions were considered—one
allowing neighbor overlap, and the other prohibiting over-
lap. A cluster boundary was then defined as the maximum
distance at which two cells would be considered one cluster.
Each cell could be assigned to only one cluster. Results
were averaged over 200 simulations for each distribution
and cluster boundary.

Kinetic Modeling

The coupled differential equations of the kinetic models
were solved by numerical integration in Microsoft Excel
using the Euler method with a 0.05-h time step. The kinetic-
rate constants were determined by least-squares fitting of
predicted model results to experimental data. The merit
function to be minimized was the sum of the normalized,
squared residual error between the predicted and experi-
mental values of aggregate concentration.

Statistical Analysis

Spheroid-size distribution data were analyzed by repeated
measures of analysis of variance followed by the Tukey A
range test (BMDP Statistical Software, Inc., Los Angeles,
CA). Spheroid adhesion probabilities were analyzed by chi-
squared variance (BMDP Statistical Software, Inc.). A 0.01
level of probability was used as the criterion of significance.
All values are reported as mean ± standard deviation for
duplicate cultures.

RESULTS

Overview of Spheroid Development

The spheroid development of DU 145 cells in liquid-overlay
culture was monitored with light microscopy over 18 d. The
measurable parameter of spheroid size was the projection of
a three-dimensional structure onto a two-dimensional sur-
face, a projected area. During this period the average pro-
jected area per spheroid increased from 335mm2 to over
9500mm2, corresponding to an increase in average diameter
of 20 mm to 110mm (Fig. 1A). The spheroid development

appeared to be biphasic with over 61% of the increase in
spheroid size occurring within the first 3 days of culture—
the lag phase of cellular growth (Fig. 1B). This rapid as-
sembly of spheroids was followed by a much slower, sus-
tained increase in size over the remaining 15 days during
which the concentration of single cells remained constant.
In this phase, total cell concentrations increased only three-
fold: a specific growth rate 1/10th of that published by our
lab for DU 145 cells in monolayer culture (Clejan et al.,
1996). This apparent reduction in cellular growth rate is,
however, typical of the ripening phase in spheroidal systems
where only the outermost cell layers proliferate (Donaldson
et al., 1990; Yuhas and Li, 1978). The initial rapid increase
in spheroid size was then not a function of internal cellular
growth, but entirely due to coalescence among free cells and
aggregates during the first 72 h of culture. The remaining
experiments focussed on this initial development period.

Initial Clustering and Redistribution

Due to individual culture variation and the choice of imag-
ing area, starting cell concentrations appeared greater than

Figure 1. Growth characteristics of DU 145 human prostate cancer cells
in liquid-overlay culture: (A) average projected area per spheroid, (B) total
and single cell concentration vs. time. The transition between two distinct
phases of aggregation has been indicated as mentioned in the Discussion
section.
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the inoculum level. The starting cell concentration was em-
pirically found to be 3.0 ± .5 × 104 cells/cm2. Although
composed primarily of single cells, 23% of the spheroids in
the culture inoculum were significantly larger than single
cells at time4 0. These aggregations were at best only
loose associations, as random cell movements created a
rapid disaggregation within the first hour following culture
inoculation (Fig. 2). Single-cell concentration increased
slightly by a factor of 1.15, and the concentration of other
existing aggregations decreased by factors of 0.36 to 0.69.
These loose associations are defined hereafter as “clusters,”
while spheroids formed during active aggregation are “ag-
gregates.”

A computer simulation was developed to investigate if a
random distribution of cells over the agar surface at the
given cell density could have contributed to the initial clus-
tering in our system. A representative diagram of the simu-
lated distribution is shown in Figure 3A. The total cluster
concentration derived solely from the random distribution
of cells was determined by averaging over 200 simulations
and plotted as a function of cluster boundary as defined in
the Methods section (Fig. 3B). The estimated total cluster
concentration initially increased with the cluster boundary
parameter, reaching a maximum of 4.46 × 103 spheroids/
cm2 at boundary of 24mm (the approximate equivalent of
one cell diameter) for the condition of cell overlap. Allow-
ing cell overlap, the experimental cluster concentration of
4.28 ± 0.36 × 103 spheroids/cm2 was reached with a bound-
ary of only 9mm beyond the cell radius; without cell over-
lap, the experimental concentration was reached with a
boundary of at least 16mm. Additionally, the predicted
cluster-size distribution for both cases compares favorably
to experimental values (Fig. 3C). A random distribution of
single cells can, therefore, generate the distribution of clus-
ters seen in our inoculum.

Active Spheroid Self-Assembly

Following conventions of surface aggregation science,
spheroid size was defined in terms of monomer increments.

Figure 2. Concentration profiles of single cells and spheroids of DU 145
cells in liquid-overlay culture. The latter represents a lumped class of
spheroids of all sizes. Dimensionless concentrations for single cells are
given by the left ordinate and those for spheroids on the right ordinate.
Solid lines represent model predictions integrating over 72 h; dashed lines
represent integration over 24 h.

Figure 3. Simulation of initial aggregation patterns for DU 145 cells in
liquid-overlay culture. Simulations are based on the starting concentration
of 2 × 104 cells/cm2, with an average cell radius of 8.5mm using the
random spatial distribution of 200 cells in a square 1000-mm wide with
periodic boundary conditions. (A) Representative diagram for the condition
of cell overlap. (B) Observed and predicted spheroid concentration (ex-
cluding single cells) att 4 0. (C) Initial cluster distributions corresponding
to a cluster boundary of 9mm beyond the cell radius for the condition of
cell overlap and 16mm beyond the cell radius for the condition of no cell
overlap.
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Projected spheroid area,Aproj, was converted to cell num-
ber,n, by the empirical correlation shown in Figure 4:

Aproj(mm2) 4 477.2? n2/3 (1)

Both newly formed (18 h) and established (66 h) spheroids
exhibited similar functionalities, indicating that spheroid
compaction was negligible during this period. Equation (1)
is consistent with the functionality predicted by spheroid
geometry; however, the proportionality factor of 477.2mm2

is greater than the value predicted from the average cross-
sectional area of a single cell— 227mm2. This discrepancy
suggests that individual DU 145 cells did not retain a con-
stant volume or uniform packing during aggregation, that
spheroids were not perfect spheres, or that a combination of
the two conditions existed. Equation (1) overestimates the
projected area of single cells and small aggregates, but in-
creases in fidelity with increasing cell number.

Spheroid formation as a function of time was determined
by tracking concentration changes in multiple spheroid sizes
over 72 h. The size distributions for all time periods were
significantly different from each other (p < 0.001). Also as
defined by surface science, concentrations were expressed
as a dimensionless number density: spheroid concentration
(spheroids/mm2) per monomer unit area (mm2), where
single cells were considered spheroids of size4 1. The
dimensionless density, spheroids/monomer, eliminates cell-
size dependence from any developed mathematical model
and allows for direct comparisons of kinetic constants from
diverse systems. In this convention the monomer unit area
was equal to 477.2mm2, and a concentration of 1 × 104

cells/cm2 became 0.0477.
Following the transient redistribution, DU 145 cells in

liquid-overlay culture exhibited a 24-h period of intense
activity after which aggregation appeared to plateau (Fig.
5). During active aggregation, single-cell concentration de-
creased from 0.169 to 0.054, or 68%. Correspondingly, the

concentration of dimers initially increased by a factor of 1.9
from 0.008 to a maximum of 0.017 at 9 h, followed by a
steady decline to 0.012 at 24 h. Larger spheroids exhibited
similar behavior, although the magnitude and occurrence of
the maximum depended on spheroid size.

Although clusters containing more than 20 cells were
observed at inoculation, following the transient redistribu-
tion, spheroids of this size remained undetectable until
hours 2 or 3. These larger spheroids became increasingly
scarce with increasing spheroid size, with the concentration
of 30-mers at its maximum only 0.01% of the corresponding

Figure 4. Average projected spheroid area,Aproj, vs. average cell num-
ber, n, within spheroids. Data were taken from separate cultures 18 h
(early) and 66 h (late) after inoculation and weighted according to the
number of samples in each size range. Plot includes the least-squares fit to
data,Aproj 4 477.2? n2/3.

Figure 5. Concentration profiles of multiple-aggregate-size classes over
time: (A) single cells–10-mer, (B) 11-mer–20-mer, and (C) 21-mer–30-
mer. Model predictions for each class were determined by numerical in-
tegration over 24 h and are presented as solid lines forimax 4 11 and
dashed lines forimax 4 31.
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monomer concentration. The individual concentrations of
spheroids containing more than 30 cells represented on av-
erage less than 2 in 50,000 counted spheroids and were
subsequently summed into a single lumped class.

Kinetic Modeling of Aggregation

Based on Smoluchowski’s coagulation theory (Smo-
luchowski, 1917), a set of coupled differential equations
was developed to represent spheroid self-assembly:

dCi

dt
= 0.5(

j=1

i−1

CjCi−jkj,i−j~1 + dj,i−j!

− Ci (
j=1

i max

Cjkji~1 + dji ! i , imax (2)

dCi max

dt
= 0.5 (

j=1

i max−1

(
i=i max−j

i max−1

CjCikj,i~1 + dj,i!

− Ci max
2 ki max, i max i = imax (3)

whereCi is the concentration of spheroids of size4 i, kij is
the rate of attachment of an object of sizei to one of sizej,
t is the time, andimax is the largest size class explicitly
considered (aggregates of sizei > imaxare lumped intoimax).
To satisfy the overall mass balance of the system, the first
term is divided by 2 to avoid double-counting. The Kro-
necker delta,d, accounts for collisions between spheroids of
the same-size class. Equation (2) represents the net concen-
tration of a particular spheroid size classi as a balance
between their creation from spheroids of sizej and i–j and
their depletion due to interactions with those of sizej (all
other sizes). For the smallest size class,i 4 1, equation (2)
is comprised only of the subtractive terms. Additionally,
equation (3) is used as a special form of equation (2) for the
final lumped class of the largest spheroids,i 4 imax. As the
model describes aggregation only during the lag phase of
DU 145 culture (Fig. 1B), cellular-growth terms were not
included. With the exception of the transient behavior at
inoculation, disaggregation was not apparent in our liquid-
overlay cultures with video microscopy and, as such, was
not included in the model. The kinetic-rate-parameter con-
stants were determined by numerical integration of model
equations followed by a least squares fitting of predicted to
experimental results. Boundary conditions were the experi-
mental concentrations of spheroids at timet 4 1 h, after the
transient behavior.

Three differing models were developed that varied in
their computational complexity by the degree to which
spheroid size was resolved. The initial model defined only
single cells and spheroids,imax 4 2, and focused on the
contribution of single cells to the aggregation mechanism.
This system allowed the independent rate coefficients to be
explicitly determined. The intermediate test case,imax4 11,
was the largest system for which a solution was possible
when all rate coefficients were varied independently and, as

such, served to test various assumptions for reducing the
number of variables in our model. The final case consid-
ered,imax4 31, represents the upper-size limit for DU 145
spheroids in liquid-overlay culture as previously described
in this section.

The initial model results,imax4 2, presented in Figure 2
as solid lines adequately represent experimental trends, es-
pecially during the first 24 h. For the 48-h plateau period,
however, the model overestimates both single-cell and
spheroid depletion. Model predictions for the most active
period of spheroid self-assembly were improved to within
experimental error by limiting integration to the initial 24 h
(Fig. 2, dashed lines). This resulted in a decrease in the error
function for the 24-h period of 61%. Constant kinetic rate
parameters were, therefore, applicable only during the ini-
tial 24 h, suggesting a possible change in aggregation
mechanisms after this time. The improved fit corresponded
to rate constantsk11 4 0.20 h−1, kSS4 1.82 h−1 andk1S 4
1.17 h−1 (approximately the average ofk11 andkSS), where
subscriptSdenotes all spheroids. These values indicate that
successful cell–spheroid and spheroid–spheroid interactions
dominate the aggregation process, occurring at least 6 times
faster than cell–cell interactions.

In general, there are 0.5(imax)(imax + 1) independent-rate
constants in our model, becausekij 4 kji . For imax > 2, we
tested various assumptions for further reducing the number
of independent variables to facilitate solution of model
equations and physical interpretation of model results. First,
we represented the diagonal rate constants with a polyno-
mial in i and determined the order of this expression that
generated the best model fit to our aggregation data. In this
analysis, the solution for a given polynomial served as the
initial guess of rate constants for the next higher order.
Based on results from theimax 4 2 model, fits were com-
pared for the cases when off diagonal rate constants were
approximated as the arithmetic and geometric mean of the
corresponding diagonal values.

The test case,imax4 11, showed a first-order estimate of
diagonal rate constants (kii 4 1.96(i) − 1.75 h−1) reduced
the residual error by nearly 90% over the model fit obtained
for constantk (Table I). The fit shown in Figure 5 as the
solid line was not significantly improved by further increas-
ing the degree of freedom of the polynomial estimate to the
case where all 11 diagonal values were independent. Further
reductions in model error required significant increases in
the degree of freedom: the limiting case of 66 independent
parameters resulted in a further reduction of only 20%. For
all forms considered, comparable model fits were obtained
with off-diagonal k’s defined as either arithmetic or geo-
metric averages (Table I). Similar results were obtained
when the model was expanded to describe monomers
through 30-mers. Both models predict values ofkii as in-
creasing with spheroid size and provide excellent fits to the
experimental data (Fig. 5). Unlike theimax 4 11 case,
model fits for imax 4 31 were slightly improved with a
third-order estimate of diagonal rate constants (kii 4
0.01(i)3 − 0.20(i)2 + 2.94(i) − 2.51 h−1) and off-diagonal k’s
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defined as the geometric average (Table I). Both diagonal
estimates are also in agreement with the lumped-model so-
lutions wherek11 < kSS. The consistent results for the three
imax cases and the similar fits predicted using either a geo-
metric or arithmetic definition ofkij imply results that are
not artifacts of the specific approximations.

Factors Determining Rate Constants

The physical mechanisms governing biological aggregation
have traditionally been evaluated based on theories first
proposed by Smoluchowski (1917). His rate expression for
an elementary, nonionic, diffusion-controlled reaction is

kij 4 bij(Ri + Rj)(Di + Dj) (4)

where b is the proportionality constant,Ri the radius of
influence, andDi the self-diffusion coefficient of a spheroid
of sizei. The equation is valid for the aggregation of perfect
spheres in a dilute solution undergoing Brownian motion.
Smoluchowski definedbij as equal to 4pNa, where Av-
agadro’s constant,Na, accounts for molecular reactions and
as such is invalid for our system. The constant also assumes
that the probability of adhesion following contact is con-
stant and near 100%. The sum (Ri + Rj) represents the radius
of influence of aggregation: the maximum distance between
the centers of spheroids sizei andj at which aggregation can
occur. For perfect spheresRi is equal to the radius of the
spheroid,ri. For Brownian motion in a dilute solution, the
diffusion coefficientDi is inversely proportional tori (Row-
ley, 1994). Using these assumptions the definition ofkij

becomes:

kij = bij

~ri + rj!
2

~rirj!
(5)

wherebij represents a constant adhesion probability com-
bined with the proportionality factor between diffusivity
and spheroid radius, here used as the single-fitting param-
eter. The best-fit model solution using Equation (5) results
in a residual error per data point of 60.7 forimax 4 11 and
79.3 forimax4 31 (Table II), both equivalent to the respec-
tive mathematical solutions using constantk (Table I). This
poor fit prompted an investigation into the discrepancies
between the self-assembly of DU 145 spheroids and aggre-
gation in Smoluchowski’s idealized system.

In liquid-overlay culture, it is generally assumed that cell
motility on the nonadherent agar surface is limited and de-
scribed by Brownian-type behavior (Yuhas et al., 1977). In
contrast, time-lapse video microscopy revealed that our
liquid-overlay cultures exhibited initially high levels of mo-
tility lasting at least 5 h, followed by a gradual decrease as
larger spheroids were formed (Fig. 6: animations may be
viewed at http://www.tulane.edu/∼kim/animation.html).
Control cultures of nonviable DU 145 cells failed to exhibit
movement of any kind, indicating that the observed cellular
motion was purely a biological process (data not shown).

Table I. Total squared error for predictions of spheroid aggregation,imax 4 11 andimax 4 31 models.

Number of
independent
parameters Estimation ofkii (h−1)a

Total squared error/data point × 102

imax 4 11 imax 4 31

1 kii 4 0.330b 60.81 79.38
kii 4 0.335c

2 kii 4 1.96(i) − 1.75b,d 7.564e 6.427d 42.11e 48.60d

kii 4 3.30(i) − 3.17c,e

3 kii 4 0.02(i)2 + 1.84(i) − 1.64b,d 7.556e 6.349d 39.12e 45.73d

kii 4 0.14(i)2 + 1.21(i) − 1.08c,e

4 kii 4 −0.01(i)3 + 0.08(i)2 + 1.64(i) − 1.50b,d 7.553e 6.336d 38.34e 44.36d

kii 4 0.01(i)3 − 0.20(i)2 + 2.94(i) −2.51c,e

5 kii 4 0.001(i)4 − 0.01(i)3 − 0.10(i)2 + 1.89(i) − 1.73c,e 38.26e n/ad

11 independent overi 4 j 6.716e 6.202d

66 independent over alli,j 4.872

aExpression parameters determined by numerical integration over 24 h and least squares analysis of predicted and experimental results. Boundary
conditions determined from experimental spheroid concentrations at 1 h.

bEstimation forimax 4 11.
cEstimation forimax 4 31.
dValues calculated withkij as the arithmetic average ofkii andkjj .
eValues calculated withkij as the geometric average ofkii andkjj .

Table II. Total squared error for predictions of spheroid aggregation,
Smoluchowski-rate expression.

Alteration from ideal

Total squared error/data point × 102

imax 4 11 imax 4 31

None 60.73 79.32
Diffusivity 63.04 79.93
Adhesion probability 46.10 72.34
Linear estimation ofb 6.41 49.43
Radius of influence 60.19 79.12
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The self-diffusion coefficient, D, was calculated by the
Einstein relation (Rowley, 1994):

D = lim
t→`

^R~t!2&
2dt

(6)

whered is the dimensionality of the system (2 for liquid-
overlay cultures) and〈R(t)2〉 is the mean-square displace-
ment of the spheroid at timet. To maximize the use of data,
the displacements were calculated from independent nested
time loops: at 0 and 6 h, 1 and 7 h, 2 and 8 h, etc. Results
are shown in Figure 7. The diffusion of single cells was 6
times faster than either dimers or trimers and 37 times faster
than spheroids containing more than 10 cells. The Brownian
assumption,Di ~ ri

−1, approximates the diffusivity for larger
spheroids (solid line, Fig. 7), but is unable to account for the
increased activity observed in dimers, trimers, and espe-
cially single cells. By allowing the function to become dis-
continuous at monomers and fitting the remainder of the
data to a power law (Di ~ ri

x), the total squared error be-
tween predicted and experimental diffusivities was im-
proved by 80% (dashed line, Fig. 7). However, when the
improved functionality was substituted for Brownian diffu-
sion in the Smoluchowski expression, the resulting residual
error of the model slightly increased: by 1% forimax 4 11
model and <1 % forimax 4 31 (Table II). The diffusive
properties of the system minimally impact the resulting rate

expression, suggesting that aggregation in the liquid-
overlay system is governed by other mechanisms.

Nonideal behavior was similarly noted in the adhesion
probabilities of DU 145 spheroids in liquid-overlay culture.
Adhesion probability was measured by tracking spheroid

Figure 6. Time-lapse images of DU 145 cells aggregating into spheroids in liquid-overlay culture. A: 1 h; B: 1 h 20 min; C: 1 h 40 min; D: 2 h 30 min;
E: 3 h 20 min; F: 5 h; G: 8 h 30 min; H: 10 h; I: 16 h. Black arrows follow branched structures that aggregate to form a single spheroid. White arrows
indicate similar structures that collide yet do not aggregate.

Figure 7. Self-diffusion coefficients for spheroids (including single cells)
as determined by Einstein’s relation and Brownian assumptions from time-
lapse images of DU 145 liquid-overlay cultures. Plot includes least-squares
fit using either a Brownian (solid line) or discontinuous for monomers
(dashed-line) functionality.
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collisions for successful and nonsuccessful aggregations in
multiple-size classes. The probability of adhesion was
found to be spheroid-size dependent, and no class exhibited
100% successful aggregation on collision. For all aggrega-

tion events in our system, profound morphological changes
accompanied spheroid coalescence. The most visible and
distinguishable marker for successful aggregation was the
blurring of individual spheroid boundaries—used as the
general indicator of aggregation in our system (Fig. 6G–I;
Fig. 8C). For purposes of statistical significance three
classes of collision were defined: cell–cell, cell–spheroid,
and spheroid–spheroid, where a spheroid contains three or
more cells (Table III,p < 0.01). The most efficient colli-
sions were between single cells and larger spheroids, pro-
ducing successful aggregations 83% of the time, twice as
often as collisions between established spheroids and 5
times more often than interactions between individual DU
145 cells. Although written for a diffusion-controlled reac-
tion, Smoluchowski’s expression can be altered to account
for changes in adhesion by allowingb to vary with spheroid
size. Model fit was improved by 25% forimax 4 11 and
10% for imax 4 31 by the inclusion of the determined ad-
hesion probabilities alone (Table II). For bothimax4 11 and
imax 4 31, this fit was further improved to agree with pre-
vious best-fit mathematical solutions (Table I) by allowing
b to linearly increase with spheroid size (Table II).

Image analysis revealed that the experimental radius of

Figure 8. Examples of “orbiting” (black arrows) and “tethering” (white
arrows) behavior in time-lapse images of DU 145 cells in liquid-overlay
culture. A: 3 h; B: 3 h 10 min; C: 3 h 55 min.

Figure 9. Comparison of experimental and theoretical average-
maximum radius,R,of a spheroid as a function of spheroid cell number,n.
Theoretical values are based on perfect spherical geometry. Plot includes
the least-squares fit of experimental data,R 4 24.2? n0.51.

Table III. Aggregation parameters from time-lapse photography.

Class of
interaction

% of successful
collisions

Cell–cell 16.6 ± 4.1a

Cell–spheroidb 83.1 ± 9.1c

Dimer–dimer 40.0 ± 6.7d

Dimer–spheroid 52.4 ± 6.7d

Trimer–trimer n/a
Trimer–spheroid 33.3 ± 6.7d

Spheroid–spheroid 55.6 ± 6.7d

a,c,dIndicates statistically significant groups.
bFor purposes of this table, a spheroid is defined as containing more than

three cells.
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influence,R,was larger than the theoretical estimates based
on spherical geometry. Aggregates were rarely symmetrical,
especially at early time periods where their structure was
primarily oblong or branched (Fig. 6A–F). Such structures
would tend to “sweep” an area much larger than that pre-
dicted by the average radius. A better estimate of their ef-
fective radius of influence was hypothesized to be the maxi-
mum radius of the aggregate. Using the correlation in Figure
4, the maximum radius (Rm) was plotted as a function of cell
number (n) and compared to the theoretical values assuming
perfect spheres (Fig. 9). While the experimental values were
greater than those of the ideal case, the best-fit power laws
of each resulted in similar functionalities—theoretical,Rm ~
n0.33; experimental,Rm × n0.56—as well as similar results
when introduced into the Smoluchowski expression. The
experimentally determined function improved model fit by
less than 1% over the theoretical (Table II), serving only to
alter the factorb.

The possibility also exists thatR should be further in-
creased beyond the physical boundary of the spheroid due to
attractive effects of chemotactic agents or membrane exten-
sions. Examples of such forces are readily evident in the
time-lapse video images of DU 145 aggregation. Spheroid–
spheroid aggregations were often preceded by an “orbiting”
period lasting from 30 to 60 min where the aggregates
would closely circle one another rapidly coming together
and moving apart (Fig. 8, black arrow). During this period
contact between spheroids usually lasted 5 min or less. If the
contact lasted longer than 20 min, the aggregation was per-
manent and no subsequent dissociation was observed. In
contrast, single cells were found to employ active mem-
brane extensions several cell-diameters long to reach toward
a neighboring aggregate (Fig. 8, white arrow). Similar, but
smaller, structures have also been observed in aggregating
hepatocytes (Powers and Griffith-Cima, 1995). These
smaller structures also appear in our system, but only when
the aggregates lie very near one another and seem to operate
only over relatively short distances. Both forms of intercel-
lular communication are thought to be a means of anchorage
for subsequent cell movement and attachment, “tethering”
single cells and small aggregates to larger spheroids. (Ex-
amples of both forms of aggregation may be viewed at
http://www.tulane.edu/∼kim/animation.html.)

DISCUSSION

Over the past decade, the variety of three-dimensional pros-
tate cultures has increased as a result of improved methods
of cultivation (O’Connor, 1999). However, the mechanisms
of formation in these cultures is ill-defined and many sys-
tems exclude significant portions of their cultures by sieving
or selective sedimentation to better define starting condi-
tions before experimentation. The excluded portions of the
culture may, however, represent a clinically significant phe-
notype that would otherwise profoundly alter experimental
findings. Using a single-cell suspension of DU 145 cells
created from a trypsinized monolayer, we have character-

ized three distinct phases of spheroid development in liquid-
overlay culture: a rapid redistribution of the initial aggre-
gation pattern, an active self-assembly into spheroids de-
scribed by constant rate coefficients, and a ripening phase of
established spheroids characterized by much slower kinet-
ics.

Redistribution of Initial Aggregation

Although the liquid-overlay inoculum is composed primar-
ily of single cells, a highly nonuniform distribution of clus-
ter size is observed att 4 0. Our computer simulations
suggest that this initial pattern of aggregation is essentially
a function of the cell density of the inoculum and can be
described solely on the basis of random cell placement and
overlap. The rapid reorganization into smaller spheroids
prior to aggregation further suggests that they are merely
clusters of single cells.

The transient nature of the redistribution phase suggests a
period of adaptation to liquid-overlay culture before aggre-
gation can proceed. Immediately after inoculation the cell
movements appear totally random and unaffected by neigh-
boring cells; additionally, cell–cell and cell–aggregate ad-
hesions are minimal. Within 1 h these trends are reversed:
cell movement becomes oriented to established spheroids,
and cellular adhesions become prevalent. These active pro-
cesses necessarily involve functional surface proteins. The
adaptation period may then represent the time required for
attachment to the agar substrate for directed cellular mobil-
ity. An alternate explanation for the transient trends is of-
fered by Fro¨hlich theory. This postulates the existence of
attractive forces in biological systems similar to coherent
interactions known to exist between molecules (Fro¨hlich,
1980; Rowlands et al., 1981a). Fro¨hlich-type interactions
are theorized to be short-range attractive forces dependent
on cellular potential and have been found to greatly influ-
ence roleaux formation in human erythrocytes (Rowlands et
al., 1981b). Acting over distances of approximately one-cell
diameter, these attractive forces are disrupted or abolished
by significant shifts in pH, metabolic energy depletion, or
alterations of membrane structure. At the very least, the
trypsin treatment to create a single-cell dispersion disrupts
cell-adhesion molecules and other membrane proteins—
theoretically disrupting these forces and allowing for the
random redistribution at culture initiation. However, as the
integrity and structure of the membrane is reestablished,
Fröhlich forces resume causing the cells to associate.

Spheroid Self-Assembly

The most active period of aggregation occurred immediately
following the transit redistribution and lasted nearly 24 h.
The physical assumptions governing such uniform coagu-
lating systems have traditionally been described using Smo-
luchowski theory (Hardy and Beck, 1986; Samsel and Per-
elson, 1984). This defines the rate coefficient in a
diffusion-controlled system as a function of three param-

588 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 72, NO. 6, MARCH 20, 2001



eters based on size: the spheroid diffusivity, adhesion prob-
ability, and radius of influence. Comparison of the expres-
sion with our model results indicates the primary assump-
tion of a diffusion-controlled reaction is invalid for our
system. In mathematical solutions, all our models point to a
rate parameter matrix that increases along the diagonal with
increasing spheroid size. Only the trends for adhesion prob-
ability and radius of influence are able to provide this func-
tionality, suggesting that they are the dominant parameters
in our system. These findings suggest that the aggregation
mechanism in our system is primarily reaction controlled:
that spheroid adhesion occurs much slower than spheroid
collision.

This contradicts the typical findings in previous studies of
homotypic cell aggregation; however, these systems use
highly modified cultures of attachment-independent cell
lines that are naturally nonadherent (Neelameghan et al.,
1997; Rowlands et al., 1981a, 1981b). Experimental condi-
tions were adjusted so that ideal assumptions in the Smo-
luchowski parameters are valid. Adhesion is mediated by
introducing antibodies to the media to create unimodal sur-
face antigen–antibody-surface antigen reactions, and thus is
assumed constant. To better visualize the resulting aggre-
gation, cell mobility is also often reduced by increasing
media viscosity. This creates an ideal diffusion controlled
system in which the antibody bridging is much faster than
particle coalescence (Hart and Chak, 1980). These reactions
are then governed by the diffusive properties of the par-
ticles.

Normally these diffusive properties are described by
Brownian-like motion. This ideal assumption has been
shown valid in multiple-cell systems and is again shown as
describing the mobility of large DU 145 spheroids in liquid-
overlay culture; however, significant deviations from ideal
behavior were noted for single cells and smaller aggregates.
For this size range, the dramatic decrease in diffusivity with
increasing size is consistent with our observation that DU
145 cells lose their ability upon aggregation to extend long
tethers for mobility. These findings suggest a change in the
cell surface perhaps as aggregates synthesize and surround
themselves in extracellular matrix. The three-dimensional
structure resulting from aggregation has been shown to be
capable of up-regulating several matrix molecules including
collagen IV and laminin in DU 145 cells (O’Connor et al.,
1997).

Similarly, the ideal assumption of constant-adhesion
probability is inapplicable to our system. The constant-
adhesion probability in the systems mentioned above was
determined primarily by surface-antigen density and anti-
body concentration. In our system, intercellular adhesion is
more complex due to the multiple adhesion and matrix mol-
ecules expressed by attachment-dependent cells. Relative to
spheroid–spheroid adhesion, single cells exhibit markedly
reduced self-adhesion while adhesion to larger spheroids is
dramatically increased. The profound shift in adhesion
properties upon aggregation is consistent with the up-
regulation of cell–cell and cell–cell-matrix bonds as seen in

O’Connor et al. (1997)—events likely to activate cells into
becoming more adhesion prone. An alternate explanation is
that apparent increases in adhesion probability with spher-
oid size are simply due to the larger surface area presented
to the culture and are therefore more a function of radius of
influence. The two increasing functionalities, adhesion
probability and radius of influence, are intertwined math-
ematically. Equivalent solutions and rate coefficients may
be generated by either trend providing the dominant func-
tionality or by a combination of both. The apparent domi-
nance of the experimental adhesion probabilities in reducing
model error may then be due, in part, to an underestimated
radius of influence.

Intercellular attractive forces effectively extend the radius
of influence beyond the physical boundaries of the spheroid.
Both chemoattractive agents secreted by spheroids into the
culture medium and shorter range Fro¨hlich-type interactions
based on charge potential may stimulate directed motility in
our culture system, possibly creating the orbiting and teth-
ering behavior observed before most aggregations. Im-
provements to the ideal estimates of radius of influence are,
however, limited to the visualized parameters in our system.
The radius of a spheroid is typically determined by assum-
ing spherical geometry and calculating the spheroid radius
from the average projected area. This greatly underestimates
the area “swept” by the branched or chained structures vis-
ible in our culture. As a correction, the maximum spheroid
radius was hypothesized a better method of describing the
radius of influence of a spheroid due to imperfect shape.
Further increases to this functionality necessary to improve
model fit may possibly be generated by the general inclu-
sion of other visualized parameters such as active mem-
brane extensions.

Ripening

Following the initial 24-h period of liquid-overlay culture,
the spheroids enter a phase of development dominated by
cellular growth. The trends predicted by the constant-rate
coefficients begin to overestimate continued aggregation at
this junction, suggesting an abrupt shift in reaction mecha-
nism. During these later times, the absence of prominent
increases in larger spheroid concentration together with the
slow, steady increase in spheroid size suggests little sphe-
roid–spheroid coalescence and only established spheroid
growth controlled essentially by cellular division, or ripen-
ing. The control of spheroid development then shifts from
inter- to intra-spheroid mechanisms. The observed decline
in aggregation rates cannot be attributed to decreasing mo-
bility with increasing spheroid size, as it affects all size
classes within a short period of time. This pattern may be
explained by either a profound decrease in the mobility or
adhesion of the entire culture, or a combination of the two.

The absence of aggregation at later times may be gener-
ated by the differentiation of the outermost cell layers of the
spheroids to nonadherent cell types. Spheroidal culture of-
ten results in cellular differentiation (Sutherland and Du-
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rand, 1984) and could induce the partial expression of the
columnar secretory phenotype from which the DU 145 line
arose (Stone et al., 1978). This phenotype exhibits the typi-
cal epithelial polarized pattern of adhesion molecules. Only
the basal layer and intercellular regions of epithelial cells in
vivo issue present adhesion molecules, serving to anchor the
cell to the underlying basement membrane and, through
desmosomes, create a tight-fitting cell sheet that functions
primarily as a molecular barrier (Alberts et al., 1994). The
exposed surface of the cell can be absorptive, secretory, or
ciliated, but all resist many forms of biological adhesion.
Although not seen in monolayer cultures, this polarity has
been reestablished in epithelial-cancer lines through low-
shear spheroidal culture (Pervez et al., 1989). In quiescent
environments multicellular aggregates of DU 145 cells ex-
hibit a differentiated morphology through the expression of
filopodia and microvilli-like structures (Clejan et al., 1996).
The differentiated DU 145 spheroids would likely resist
further adhesion to either single cells or other spheroids.

Applications

Two of the most promising applications of spheroid culture
have been traditionally in vitro drug/therapy testing and
more recently, tissue regeneration. With respect to the latter,
bioartificial liver devices currently entrap hepatocytes
within a collagen matrix; however, when cultured as sphe-
roids, hepatocytes display enhanced liver-specific functions
and, as such, may reduce scale-up requirements and en-
hance device performance (Lazar et al., 1995). Spheroidal
culture is used routinely to induce stem-cell differentiation.
For mouse embryoid bodies, or spheroids of embryonic
stem cells, differentiation parallels the development of post-
implantation embryos (Sauer et al., 1998). In vitro testing of
anti-cancer agents using spheroidal cultures has revealed the
mechanisms of chemo-resistance observed in many in vivo
tumors as well as methods to combat it. Estramustine was
found not to be subject to the conventional penetration bar-
riers many therapeutic agents experience, instead preferen-
tially binding to the degenerative cells at the spheroid core.
It increased the relative extracellular space in these regions,
allowing for the possibility of greater drug penetration by a
secondary agent (Essand et al., 1993). Our kinetic model
should be useful in improving the fidelity of spheroid cul-
tures for these existing applications by creating spheroids of
greater surface area, enhanced viability, and within a de-
fined size range. A potentially new application for spheroid
culture is as an aggregation assay for metastatic potential
that focuses on the initial stages of metastasis, cell shedding
from the primary tumor, in which our model will provide a
quantitative assessment of cell adhesion. The multiple ver-
sions of the model demonstrate its inherent flexibility, pro-
viding control over the computational complexity of the
aggregation assay by selecting the extent of aggregate-size
resolution.

CONCLUSIONS

The kinetic model developed begins to describe the dynam-
ics affecting the self-aggregation of DU 145 cells in liquid-
overlay culture. In its initial application, the model has dem-
onstrated success on two fronts, as an aid to understanding
the underlying physical mechanisms controlling aggrega-
tion in our system and as a quantitative tool for measuring
the self-adhesive properties of DU 145 cells. Experimental
results suggest that self-aggregation in our system is divided
into three distinct phases: a transient reorganization of
initial cell clusters, a rapid aggregation characterized by
constant-rate coefficients, and a ripening phase of estab-
lished spheroids. Comparison of reaction coefficients with
model results indicate that the most active period of self-
assembly in DU 145 cells is primarily reaction controlled:
The dominant functionality is the probability of successful
collision and to a lesser extent the radius of influence over
which the cells aggregate. Possible applications of the
model include improving spheroid fidelity for tissue regen-
eration and in vitro drug testing, and comparing the meta-
static potential of different cell lines.

This work is dedicated to June R. Enmon.
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