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Background and Objectives: Multicell spheroids
(MCSs) represent a simple in vitro system ideally suited
for studying the effects of a wide variety of investigational
treatments including photodynamic therapy (PDT).
Study Design/Materials and Methods: In the first
section of this review study, an overview of the current
literature on MCS in PDT will be presented. Knowledge of
basic PDT parameters has been gained from numerous
MCS studies, in particular, the mechanisms of sensitizer
photobleaching have been elucidated. MCSs have also
proven useful for the study of complex PDT treatment
regimens including multiple treatments and combined
therapies involving PDT and ionizing radiation or
hyperthermia. The purpose of the second part of this
review is to present results from recent studies in our
laboratory aimed at developing MCS models suitable for
investigating tumor cell invasion and angiogenesis—
processes characteristic of high-grade gliomas.
Results and Conclusion: To that end, progress has
recently been made to develop a more accurate in vivo
brain tumor model consisting of biopsy-derived human
tumor spheroids implanted into the brains of immunodeficient rats. Finally, recent work suggests that computer
simulations may prove useful to describe the growth of
MCS and predict the effects of investigational therapies
including PDT. Such in silico models have made a number
of counterintuitive predictions that have been verified
in vitro and, as such, could guide the development of
improved therapeutics. Lasers Surg. Med. 38:555–564,
2006. ß 2006 Wiley-Liss, Inc.
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INTRODUCTION
Multicell spheroids (MCSs) are three-dimensional aggregates of cells that mimic micro-tumors and metastases.
Sutherland et al. [1,2] were the first to use this in vitro
model for the systematic study of tumor response to
therapy. These early pioneering studies provided the
impetus for using MCS to study the effects of a wide variety
of therapies on fundamental biological mechanisms,
including regulation of proliferation, cell death, differentiation, metabolism, invasion, immune response, and angioß 2006 Wiley-Liss, Inc.
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genesis [3]. In comparison to monolayer cultures, a significant
advantage of MCS is that their micro-environment more
closely mimics the in vivo situation and therefore, gene
expression and the biological behavior of the cells are likely
similar to that encountered in tumor cells in situ.
Measurement of oxygenation gradients in MCS has been
the subject of a number of studies [4–8]. Not surprisingly,
MCSs show a radial decrease in oxygen partial pressure
from the spheroid periphery towards the center. Depending
on spheroid size and cell type, hypoxic cells are typically
found either in the spheroid core, or in the rim surrounding
the necrotic core with oxygen tensions typically below
10-mm Hg [5,8,9]. The conditions required for the development of the necrotic core are not well-understood, but are
likely due to a number of factors including hypoxia [10]. The
distance from the periphery of the spheroid at which
necrosis occurs may vary from 50 to 300 mm, depending on
cell type, substrate consumption rates, substrate concentrations in the growth medium, and cell packing densities
[3]. For most types of human cells grown under optimal
nutrient and oxygen conditions, the thickness of the viable
rim of cells surrounding the necrotic core ranges from 100 to
220 mm [3]. In general, most of the proliferating cells in
spheroids are found in the outer three to five cell layers
(ca. 75 mm). The quiescent cells are located more centrally
and can be recruited back into the cycling population under
the appropriate environmental conditions.
The oxygen gradients characteristic of MCS produce a
heterogeneous population of cells that differ in their
response to oxygen-dependent therapies, such as ionizing
radiation and photodynamic therapy (PDT). In addition to
oxygenation status, tumor response to these therapies is
controlled by a number of parameters including intracellular contact and communication and susceptibility to
apoptosis [11]. Clearly, monolayer cultures are inadequate
for investigating these parameters since they are unable to
mimic oxygen gradients and the complex intracellular adhesion found in three-dimensional spheroids. In addition,
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the lack of an extracellular matrix in monolayer cell
suspensions affects their response to a wide variety of
therapies. In view of the findings that survival and cell
death, especially apoptosis, depend strongly on both cell
adhesion and the presence of an extracellular matrix [12],
results obtained in monolayers are likely not a true
indicator of therapeutic efficacy in vivo.
MCS IN BASIC PDT STUDIES
PDT efficacy depends on a number of parameters
including tissue oxygenation status, photosensitizer concentration, light dose and dose rate, and the intrinsic
sensitivity of the target tissue to the PDT effect. Accurate in
vivo PDT dosimetry is complicated by the inherent
difficulties associated with measuring these parameters.
A number of alternative non-invasive dosimetry strategies,
including measurements of sensitizer photobleaching,
have been proposed [13]. MCSs represent an ideal system
for investigating basic dosimetric PDT parameters, such as
photobleaching and hence, data obtained in this model can
be used to optimize treatments. A significant simplifying
feature of MCS is that such basic studies can be accomplished in the absence of complex host-dependent factors,
such as the tumor vasculature.
The first reported use of MCS as an in vitro model system
for PDT was by Christensen et al. [14] in 1984. This, and
other early studies, focused mainly on evaluating hematoporphyrin (Hpd) distributions and the effects of Hpd–PDT
in a variety of MCS models [15–19]. In particular,
fundamental studies by West [16] and West et al. [19]
demonstrated that human colon carcinoma spheroids were
more resistant to Hpd–PDT compared to monolayers and
that the sensitivity to PDT decreased with increasing
spheroid size. Furthermore, it was shown that PDT
sensitivity was dependent on intracellular drug uptake
within the spheroid. This finding has been confirmed in
recent studies on mTHPC-loaded Colo 26 spheroids [20]
and RT112 transitional cell carcinoma spheroids incubated
in hypericin [21]. In both studies, high drug concentrations
were observed at the spheroid periphery with a 5- to 10-fold
decline 50 mm from the periphery. This is a more rapid
decline than that observed for Photofrin which, in comparison, has relatively good overall penetration in spheroids
[16].
Recently, MCSs have been used to investigate the
diffusion kinetics of a number of second-generation photosensitizers and pro-drugs [21,22]. In particular, efforts
have been aimed at improving the penetration of hydrophilic molecules such as 5-aminolevulinic acid (ALA) in
biological tissues. This may be accomplished in a relatively
straightforward manner by the addition of lipophilic ester
groups, including butyl and hexyl chains [23]. Fluorescence
microscopy has been used to evaluate ALA- and hexyl-ALAinduced protoporphyrin IX (PpIX) distributions in EMT6
spheroids [22]. It was observed that comparable levels of
PpIX fluorescence could be achieved throughout the
spheroids with 100-fold lower hexyl-ALA concentrations
compared to ALA. The results also demonstrated that PpIX

distributions resulting from hexyl-ALA were more uniform
than those observed with ALA. Taken together, these
results are consistent with the findings of Hirschberg et al.
[24] who demonstrated that an equivalent response of
human glioma spheroids to PDT with lipophilic ester
derivatives (butyl-ALA and hexyl-ALA) could be achieved
at concentrations 10- to 20-fold lower than that observed
with ALA.
The PDT effect is sensitively dependent on the presence
of oxygen during treatment. Unfortunately, the treatment
itself may induce hypoxia due to consumption of singlet
molecular oxygen (1O2)—the primary cytotoxic species. As
shown by Foster et al. [25], in EMT6 murine mammary
carcinoma spheroids, the effects of Photofrin-PDT are
strongly dependent on the incident light fluence rate: lower
fluence rates result in decreased spheroid survival. The
increased efficacy of low fluence rate PDT has also been
confirmed in human glioma spheroids using ALA [26] and
Foscan-loaded human adenocarcinoma HT29 spheroids
[27].
The concept of PDT-induced photochemical oxygen
consumption has been investigated extensively by Georgakoudi et al. [28–30]. In particular, these investigations
have used MCS to study sensitizer photobleaching during
PDT which has resulted in a better understanding of singlet
and non-singlet oxygen-mediated mechanisms of photobleaching. A thorough understanding of these mechanisms
is a requirement for accurate non-invasive PDT dosimetry
schemes based on photobleaching [13]. These studies have
clarified the relationship between fluence rate and the PDT
effect. For example, in the self-sensitized singlet oxygenmediated bleaching model [28] the details of the spatial
distribution of 1O2 and, therefore of bleaching, depend on
the fluence rate. The central prediction of this model is that,
at a particular depth, 1O2 concentration increases as
fluence rates decrease and therefore, photodynamic
damage will extend further into the spheroid as the fluence
rate is lowered. Therefore, PDT with sensitizers, such as
Photofrin and ALA-induced Pp IX which bleach via 1O2, will
result in improved therapeutic response at low fluence
rates since 1O2 is delivered to a larger volume of tumor cells.
The results of recent in vivo studies suggest that the
kinetics of Photofrin photobleaching are more complex than
that predicted by the 1O2-mediated bleaching model.
Consequently, a detailed investigation was initiated in
EMT6 spheroids to better understand the mechanisms of
Photofrin photobleaching [31]. The results suggest that the
sensitizer bleaches via two simultaneous bleaching
mechanisms consisting of: (1) reactions between 1O2 and
the drug, and (2) reactions between the sensitizer triplet
and biological targets. For a given oxygen concentration,
the relative importance of the two bleaching mechanisms
depends on the initial concentration of the sensitizer. For
example, at high drug concentrations, photobleaching
proceeds primarily through reactions involving 1O2. As
the initial sensitizer concentration is decreased, there is a
shift to sensitizer triplet reactions. There are significant
dosimetric consequences of multiple simultaneous bleaching mechanisms. In particular, the model predicts that
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real-time dosimetry based on spectroscopic monitoring of
fluorescence photobleaching is only accurate at high
sensitizer concentrations where bleaching is always 1O2mediated. In contrast, under conditions of low drug
concentrations, triplet-mediated bleaching becomes important and the accumulation of photoproducts may be a more
useful dosimetry metric than photobleaching.
MCS IN REPETITIVE PDT STUDIES
Clinical PDT investigations have traditionally involved
single treatments. MCSs represent a simple system ideally
suited for fundamental studies of more complex PDT
treatments including fractionated and repetitive schemes.
In order to avoid unacceptable sensitizer build-up, such
treatments require drugs with rapid systemic clearance
such as ALA. The effects of repetitive ALA-mediated PDT
have been investigated in a human glioma spheroid model
[32]. Significant inhibition of spheroid growth was observed
during multiple weekly or bimonthly PDT treatments
using sub-threshold light fluences. The increased efficacy
of multiple PDT treatments was attributed to repeated
destruction of the most sensitive cells in the outer layer of
the spheroid, that is, the well-oxygenated proliferating
cells. Cells of the outer layer have also been shown to
produce the highest levels of photosensitizer [22]. As a
result, the outer layer of cells is preferentially destroyed
and slough off between treatments thereby inhibiting
spheroid growth. As the outer layer is destroyed, viable
non-proliferating cells are recruited into the proliferating
pool and spheroid growth commences. Of particular
interest is the observation that the surviving cells can be
used to form a new generation of spheroids which are highly
sensitive to renewed PDT. This phenomenon probably
occurs in surgically treated tumors, such as glioblastoma
multiforme (GBM) and demonstrates the importance of
repeated access to the tumor bed over extended periods to
allow for multiple treatments. Such extended treatments
may necessitate the development of specially designed
indwelling applicators to facilitate repeated access to the
tumor bed [33].
COMBINATION THERAPIES
Investigations of the effects of combination therapies are
complicated by the large number of parameters that must
be considered. Consequently, most such studies have
been performed in monolayer cell cultures under welloxygenated conditions. The clinical relevance of such
studies is highly questionable, especially when investigating the effects of oxygen-dependent therapies, such as PDT
and ionizing radiation. Since MCSs are characterized by
steep oxygen gradients, not unlike those found in tumors,
they would appear to be ideally suited for the investigation
of a wide range of combination therapies.
PDT and Ionizing Radiation
Knowledge of potentiation effects between PDT and
ionizing radiation is clinically relevant since many patients
undergoing investigative PDT are also likely to receive
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ionizing radiation. In a study investigating the effects of
ionizing radiation and ALA-PDT on human glioma spheroids, the degree of interaction between the two modalities
was shown to be sensitively dependent on a number of
parameters including light fluence, fluence rate, and dose of
gamma radiation [34]. It was shown that gamma radiation
and PDT interact synergistically only if both light fluence
and radiation dose exceed approximately 25 J/cm2 and
8 Gy, respectively. Synergism was observed only at the
lowest fluence rate (25 mW/cm2) investigated. The degree of
interaction was found to be independent of both treatment
sequence and light intervals investigated (1 and 24 hours).
TUNEL assays demonstrated that low fluence rate PDT
was a very efficient inducer of apoptosis, whereas neither
high-fluence rate PDT nor gamma radiation induced
significant apoptosis. The preferential induction of apoptosis at low fluence rates has also been observed in Foscanloaded HT29 spheroids [27]. Although the mechanisms
remain to be elucidated, the data imply that the observed
synergism is likely not due to gamma-induced cell cycle
arrest or to PDT-induced inhibition of DNA repair. A
plausible mechanism is the combined activation of apoptotic and necrotic pathways, however, other mechanisms,
especially those involving cellular oxygenation status,
cannot be ruled out.
PDT and Hyperthermia
Due to the rapid attenuation of light in biological tissues,
high laser powers are required to achieve threshold light
fluences at cm depths in the tumor or resection margin.
Since most of the optical energy is converted to heat, tissues
in close proximity to the light source are likely to undergo
significant heating. Hyperthermia is thus an unavoidable
effect of high-fluence rate PDT and, therefore, knowledge of
potentiation effects between the two modalities may help
optimize PDT efficacy.
In contrast to PDT, hypoxic cells have been shown to be
very sensitive to hyperthermia [35] and therefore it is
highly probable that combination therapies involving these
modalities could improve the response of heterogeneous
tumors with hypoxic regions.
ALA-PDT and hyperthermia (40–468C) have been shown
to interact synergistically in both rat and human glioma
spheroids if the therapies are given concurrently [36].
Neither sub-threshold fluence PDT (<25 J/cm2) nor
temperatures below 498C inhibited spheroid growth. The
degree of synergism increased with both increasing
temperature and light fluence. Apoptosis was found to be
the primary mode of cell death following combined treatment. The high degree of thermoresistance of both spheroid
types was attributed to the close 3-D contact between cells
(the so-called contact effect) which has been shown to confer
increased resistance of cells to various therapies including
hyperthermia [11,37].
Although the mechanism of synergism between PDT and
hyperthermia is unknown, it may be due to the concerted
action of both treatment modalities on cellular proteins
[38]. For example, it has been shown that PDT can induce
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photooxidation of intracellular enzymes, such as glyceraldehyde-3-phosphatase dehydrogenase and cytochrome c
oxidase [39]. As a result, the enzymes undergo a conformational change which, in turn, affects their susceptibility
for thermal inactivation. The net effect of PDT is thus to
lower the activation energy of protein denaturing thus
making the proteins more susceptible to thermal damage.
The observation of high levels of apoptotic cell death
following combined hyperthermia and PDT [36] is consistent with this hypothesis since these proteins can be found
in the mitochondrial membrane and ALA-induced PpIX has
significant mitochondrial localization [40].
AN IN VITRO MODEL OF TUMOR INVASION
Although MCSs have been used primarily to evaluate the
effects of PDT on cell growth, they are also well-suited for
investigating the utility of therapies on tumor cell invasion
which is a hallmark of malignant gliomas, such as GBM.
Malignant gliomas are characterized by a large central
volume of extensive necrosis surrounded by a dense shell of
invasive cells which typically migrate beyond the therapeutic margins resulting in tumor recurrence. Effective
treatment modalities should therefore target not only
cellular growth but also the migration characteristics of
glioma cells.
Several in vitro models have been developed to study
glioma cell invasive behavior [41,42]. For example, simple
artificial substrates consisting of collagen gels have
commonly been employed to examine the effects of ionizing
radiation on cell infiltration [43,44]. Such a model has also
recently been used to examine the effects of sub-lethal ALAmediated PDT on glioma cells migrating from organotypic
MCS spheroids [45]. In that study, human glioma spheroids
of 400–500 mm diameter were placed in a 70% Type I rat tail
collagen matrix and cell migration distance from the
central spheroid was recorded as a function of light fluence
used during ALA-PDT. Migration of cells from an untreated
spheroid is shown in Figure 1. Migration distances typically

Fig. 1. Photomicrograph of human glioma cell invasion into a
rat tail collagen matrix on day 2 of culture. The detached cells
migrated into the gel in all three dimensions.

ranged between 300 and 400 mm 24 hours following
spheroid implantation. Cultures were terminated 4–5 days
following implantation when migration ceased.
The effect of ALA-PDT on glioma cell invasion is shown in
Figure 2. The inhibition of migration observed at high light
fluences (12 and 25 J/cm2) was attributed to the cytotoxic
effects of these treatments. Of particular interest is the
observation that a light fluence of 6 J/cm2 resulted in
significant inhibition of cell migration, but neither prevented spheroid growth nor was it cytotoxic to the
migrating cells.
Since it is difficult to study invasiveness independently of
proliferative capacity in an assay of duration longer than
the cell doubling time, some control cultures employed
spheroids incubated with Mitomycin C prior to implantation. This drug inhibits cellular proliferation, ensuring that
the number of cells scored as invasive were entirely due to
migration. No significant difference in invasion distance
was observed when using either untreated or Mitomycin Ctreated spheroids. This observation agrees with the findings of Giese et al. [46] who showed that migrating cells are
characterized by decreased proliferation rates compared
with the high cell density colony being examined.
Results similar to those reported here have also been
obtained by Jiang et al. [47] who used a spheroid
confrontation assay to show that sub-cytotoxic Photofrin
PDT of co-cultures consisting of human 87U glioma
spheroids and fetal rat brain aggregates significantly
reduces tumor invasiveness. Taken together, the two
studies indicate that sub-lethal PDT can be an effective
inhibitor of glioma cell invasion.

Fig. 2. Invasion distance versus light fluence for human
glioma spheroids implanted in a rat collagen matrix. Treatment was initiated 24 hours following spheroid implantation.
Individual cultures were incubated in ALA (1,000 mg/ml) for
approximately 4 hours and thereafter were irradiated with
635-nm light from a diode laser. Migration distances were
scored 4 days after treatment. Values are mean  SEM. n ¼ 4
for each point.
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The mechanism by which PDT inhibits glioma cell
invasion has not been elaborated. Several mechanisms
have been proposed, such as the expression of integrins
which bind to permissive substrates initiating the proteolytic and motility necessary for cell migration [48].
Degradation of the surrounding extracellular matrix is
necessary for tumor cell migration and matrix-metalloproteinases seem particularly important in this context [49].
Adhesion and motility through permissive substrates in
basement membranes might explain the ability of glioma
cells to spread along blood vessels and white matter tracts
[50]. PDT could conceivably inhibit several of these
mechanisms and further studies along these lines are
clearly indicated.
A VASCULARIZED MCS MODEL
The chick chorioallantoic membrane (CAM) is an ideal
system for the study of PDT-induced vascular damage [51–
56], growth and neovascularization of tumor nodules and
tumor cell suspensions [57–62], and for the assessment of
angiogenic activity [63,64]. Due to its simplicity, this in vivo
system represents an attractive alternative to animal
studies seeking to optimize PDT dosimetric parameters.
The development of an in vivo spheroid/CAM system ideally
suited for studies of PDT-induced vascular effects has
recently been described [65]. In this model, 1.0-mm
diameter human glioma spheroids are placed on a 7-dayold CAM. As illustrated in Figure 3, spheroid neovascularization is clearly evident 7 days after implantation and
histological sections (Fig. 4) obtained at that time show
that the vasculature penetrates the tumor spheroid. The
observed neovascularization is likely not due to non-specific
inflammatory reactions that have been observed following
spheroid grafting [66]. Such reactions are rare when
spheroids are grafted as soon as the CAM begins to develop,

Fig. 4. H&E section of a vascularized spheroid (10 magnification) removed from the CAM 7 days post-implantation. The
original spheroid is on the right. Note the acellular necrotic
core and the cell-rich new tumor growth on the left side of the
image. Vascular components infiltrating the new tumor
growth are indicated by black arrows. [Figure can be viewed
in color online via www.interscience.wiley.com.]

while the host’s immune system is relatively immature
[67].
Although the CAM model is an economical alternative to
animal studies, it has a number of drawbacks. Perhaps the
most severe of these is the relatively short time window
(approximately 10 days) over which studies can be
performed. The CAM is formed at an embryo age (EA) of
between 4 and 5 days; angiogenesis is typically complete at
EA 9. Although the chick can hatch as late as EA 20,
observation is commonly terminated at EA 17 when the
chick immunological system becomes functional.
AN IN VIVO MCS MODEL

Fig. 3. Photomicrograph showing spheroid vascularization.
a: Top view—epi side of CAM. b: Bottom view—endo side of
CAM. Spheroids (indicated by arrows) were implanted on day 7
of chick development. The images were acquired 7 days
following spheroid implantation. [Figure can be viewed in
color online via www.interscience.wiley.com.]

Invasiveness and diffuse infiltrative growth are hallmarks of brain tumors of glial lineage. Human glioma cell
lines are relatively easily established from their respective
tumors and can be grown in both in vitro culture and as
subcutaneous tumors in immunodeficient animals. Glioma
cell lines inoculated into the brains of such animals often
result in tumor growth, but because of the clonal origin of
the cell lines, the resulting tumors may not be fully
representative of the original tumors in patients. Many of
these cell line-derived tumors have the characteristic
appearance of well-defined lesions, such as metastatic
brain tumors, and their relevance in glioma research is
therefore questionable. Alternatively, fresh brain tumor
tissue cultured as organotypic three-dimensional spheroids
in vitro may be more appropriate as they have been shown
to retain morphologic properties and characteristics of the
biopsied tumor. This has been demonstrated in an in vivo
model representative of human brain tumors, involving
the injection of biopsy-derived tumor spheroids into the
brains of immunodeficient nude rats [68]. This study
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demonstrated that tumors growing in the brains of nude
rats clearly paralleled the histological appearance of the
original human tumor biopsies obtained from five different
patients. This indicates that the phenotype of the human
tumor is preserved in spheroid development as opposed to
that seen in monolayers derived from biopsy material.
Furthermore, it was shown that the growth patterns and
migration characteristics of the human tumors growing in
nude rats closely mimicked those of human malignant
gliomas. For example, many of the tumors were widely
disseminated, invasive in nature, and resulted in the
destruction of the normal architecture of the corpus
callosum and adjacent structures. In addition, tumor cell
migration along the fiber tracts of the corpus callosum and
into the contralateral hemisphere was found, but no
invasion into the meninges or the calvarium was observed.
Even when the tumors were large and caused asymmetry
of the hemispheres, none of them crossed the midline by
bridging the sagittal fissure directly, but migrated along
the corpus callosum to the contralateral hemisphere—
migration patterns typical of human GBM.
FUTURE TRENDS: IN SILICO TESTING OF
TREATMENT EFFECTS
Several attempts have been made to describe the growth
of MCS using computer simulations (in silico). Although it
is beyond the scope of this review to go into details of these
previously published works, we feel it may be of value to
describe briefly our ongoing studies in this direction. The
motivation for this type of work is the possibility that new
insights will become apparent in a short time frame if an
accurate and predictive computer model can be developed.
Such a model should be capable of predicting the effects
of various treatment modalities, such as chemotherapy,
ionizing radiation, and PDT. Since we are specifically
interested in repetitive and very low fluence rate PDT,
time-consuming modalities to test either in vitro or in vivo,
the ability to optimize treatment parameters in silico would
be of benefit.
Although the intracellular and extracellular dynamics
that govern tumor growth and invasiveness in vivo remain
poorly understood, tumor morphogenesis may be a function
of marginally stable environmental conditions caused by
spatial variations in cell nutrients, oxygen, and growth
factors. Our mathematical model based on parameters that
directly describe tumor cell cycle and biology has led to the
hypothesis that tumor morphology is determined by the
competition between heterogeneous cell proliferation (driving shape instability) and invasive tumor morphologies, on
the one hand, and stabilizing cell–cell and cell–matrix
adhesion forces on the other [69–71].
The model has been applied to predict glioma spheroid
morphology and shows that spheroid growth is only
marginally stable. Unbounded growth of spheroids and
invasion has been observed in vitro under certain conditions and has verified this prediction [72].
Employing this model, a dimensionless parameter
A ¼ lD/lM that controls overall tumor size has been defined.

Here, lM is the rate of accumulation of tumor cell mass due
to cell mitosis and lD is the death rate that describes
disintegration of cell mass and radial effusion of intracellular fluid away from the central necrotic region.
Another dimensionless parameter G ¼ lM/lR controls
morphology stability where lR is a relaxation rate associated with cell adhesion. For simplicity, the following
assumptions have been made: (1) viable cell mass density is
uniform in the tumor, and (2) regions become necrotic
where nutrient and oxygen concentrations fall below some
specified minimum threshold.
By fitting the model to in vitro data of spheroid growth
curves and histology, it is possible to calculate a diffusion
length of nutrient, oxygen, and growth factors (L  100 mm),
an average proliferation rate (lM  1 per day), a range of
values for the death parameter (0.26A0.38), and a range
of values where morphologically stable spheroids can exist
(0.6G0.9). Spheroids with values of G above this range
will not be stable as cell adhesion forces are too weak. In the
computer simulations, compact spheroid morphology was
achieved for values of G within the stable region. For an
unstable case (G > 0.9), snapshots of the evolution of a
tumor spheroid are shown in Figure 5. The outer boundary
tracks the surface of the spheroid; the inner boundary
encloses regions of hypoxia, where necrotic cells can be
found. A thin rim (thickness roughly equal to L) of viable
and actively proliferating cells is predicted, surrounding a
large hypoxic core as was observed in vitro. The irregularities arising on the spheroid surface arise from random
oscillations of the positions of the cells. These oscillations
introduce low-wave-number perturbations on the spheroid
surface, as can be seen in the snapshots from the simulation
and in the photographs from the in vitro experiments. In
this sense, wave-number refers to the frequency of the cell
clusters emanating from the central spheroid. The perturbations grow (large G) leading to formation of subspheroidal structures that eventually separate from the
mother spheroid (for comparison, see the photographs from
the in vitro experiments). Clusters of spheroids are thus
formed that allow the tumor mass to grow to a much larger
size and over a much larger region than would have been
possible had the spheroid maintained a compact shape and
instability had not occurred. If the spheroid remains
compact, nutrient and oxygen diffusion limitations to mass
growth cause the spheroid to reach a final, stable size. In the
last snapshot from the simulation, it is shown that the
instability repeats itself on the sub-spheroids, as was also
observed in the in vitro spheroid cultures.
It is felt that this type of model that incorporates basic
tumor growth kinetics information is capable of representing and predicting tumor response to various forms of
therapy including PDT. In preliminary studies, in vitro
tumor growth and drug response of Doxorubicin-sensitive
and resistant MCF-7 breast cancer cells have been
measured (data not shown). The results of parameterbased statistics were used to define input variables to our in
silico model, and computer simulations to measure the drug
response predicted by the model have been run. The
computer model could accurately predict the in vitro
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Fig. 5. Spheroid morphologies from computer simulations and
experiments. Low-wave-number instabilities arise on spheroid
surfaces eventually leading to the development and separation
of sub-spheroids. Simulation snapshots (length rescaled with
diffusion length L, time t rescaled with mitosis time 1=l1
M 

1 day) showing the outer boundary and inner peri-necrotic
rims (A), and local levels of diffusing substances (B), such as
oxygen or glucose. Photographs (C): glioma spheroids growing
in culture. Sub-spheroids are highlighted in middle and bottom
photographs. Bar ¼ 130 mm.

response of drug-sensitive and -resistant MCF-7 breast
cancer cells. The model also predicted that oxygen and
nutrient gradients in the tumor micro-environment,
whether naturally occurring or induced by treatment,
could increase the invasive capability of tumor cells and
destabilize tumor morphology as previously described.
Current treatment modalities, (in particular anti-angiogenic therapy), may trigger local hypoxia causing invasive
instability. This effect could also contribute to acquired
therapy resistance by increasing the population of quiescent cells. It appears then that a rigorously, experimentally
calibrated computer model, can be accurately predictive of
in vitro tumor response to therapeutic modalities like
chemotherapy. We feel that the validation of this model for
chemotherapy will allow its extension to other treatment
modalities, in particular PDT. This type of validation
begins the path to computational modeling and more
efficient prediction of in vivo tumor response to therapy.

situ. MCSs are characterized by oxygen, nutrient, and pH
gradients that mimic those found in vivo and therefore, it is
hardly surprising that they are structurally similar to solid
tumors. In contrast to more complex animal models, MCSs
allow for direct monitoring of the anti-tumor cell effects of
treatments, separate from the influence of the tumor
vasculature, immunological reactions, and other in vivo
effects.
There are a number of limitations that must be
considered when using MCS in PDT investigations.
Perhaps the most important of these is the dependence of
cellular growth kinetics and oxygenation properties on the
type of spheroid culture technique used. It is also important
to realize that the extracellular matrix in MCS originates
from tumor cells whereas in vivo, it is produced primarily by
host cells. This implies a differential expression of genes
producing extracellular matrix constituents.
MCSs have played a key role in our understanding of how
basic parameters, such as oxygen levels, photosensitizer
concentrations, light fluence, and fluence rate contribute
to the overall PDT effect. MCSs have proven especially
useful in furthering our understanding of photobleaching

SUMMARY
MCSs represent an in vitro system of intermediate
complexity between monolayer cultures and tumors in
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kinetics—an important parameter for non-invasive PDT
dosimetry. Spheroids have also been shown to be useful in a
number of PDT studies investigating the utility of repetitive treatments and combined therapies. The observation
that PDT may be an effective inhibitor of tumor cell
invasion suggests that this type of therapy may be
particularly useful in the management of patients with
malignant gliomas. The development of vascularized
spheroid models provides new opportunities for investigating the effects of PDT on tumor vasculature and combination therapies involving PDT and anti-angiogenic
treatments. The observation that MCS cultured from
patient biopsies have been shown to retain the morphologic
properties and characteristics of the original tumor, has
lead to the development of improved brain tumor models
that can be used to more accurately gage the efficacy of
investigational therapies, such as PDT. Finally, in silico
models incorporating basic tumor growth kinetics information may be capable of predicting tumor response to a
number of therapies including PDT. Such models have
predicted a number of counterintuitive responses to
treatment including therapy-induced resistance and tumor
cell invasion. If true, these predictions suggest that many
current treatment regimens (and investigational therapies) may not be optimal and, as such, in silico models
certainly warrant further study.
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