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Angular dependent light scattering from multicellular
spheroids

J. R. Mourant
T. M. Johnson
V. Doddi
J. P. Freyer
Los Alamos National Laboratory
Bioscience Division
Los Alamos, New Mexico 87545

Abstract. We demonstrate that the effects of cell–cell contact and of
changes in cell shape have only a minor effect on the angular distri-
bution of light scattering from mammalian fibroblast cells. This result
is important for the development of light scattering as a noninvasive
tool for tissue diagnostics such as cancer detection. Changes in cell
organization that are not accompanied by changes in internal cellular
structure may not be measurable. On the other hand, changes in in-
ternal cellular structure should be measurable without interference
from changes in overall cellular organization. The second major result
of this work is that there are small but significant differences between
light scattering of tumorigenic and nontumorigenic cells grown in a
three-dimensional culture system. The cause of the differences in light
scattering are likely due to the nontumorigenic cells arresting in the
G1 phase of the cell cycle, while the tumorigenic cells continue to
proliferate. © 2002 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1427053]
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1 Introduction
Noninvasive light scattering methods have the potential to
provide information on tissue and cell morphology for clinical
diagnostic purposes. Pathologists have long used microscop
assessment of tissue morphology for diagnosis of cancer. Tra
ditional methods, however, require that tissue be remove
which puts significant limitations on tissue sampling. In addi-
tion, the taking of biopsy samples can be painful~sometimes
requiring anesthesia!, and can have side effects~including in-
fection!. Therefore, a noninvasive method that could provide
in vivo information on cell morphology would have great util-
ity. The scattering of light from tissue is expected to be sen
sitive to tissue and cellular structure. However, we do not ye
know exactly what features of cells scatter light. There is
growing evidence that most light scattering occurs from struc
tures that are much smaller than the nucleus1–3 and that small
changes in internal nuclear structures can cause significa
changes in light scattering.4 Additionally, most of the light
scattering properties of tissue can be reproduced with a broa
distribution of spherical scatterers—the vast majority having a
diameter less than 1mm.5 The fact that most light scattering
occurs from small intracellular structures raises the issue o
whether measurements of light scattering are sensitive to ce
shape and organization within multicellular structures. This
paper address that issue.

Several clinical studies indicating that light scattering is
sensitive to changes accompanying carcinogenesis have be
published.6–11 Only a few of these papers attribute the
changes in light scattering to a specific alteration in structure
or biochemistry. It is very difficult to attribute a change in
collected light intensity in tissue to a specific change, becaus
epithelial tissue is structurally complicated and most light
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scattering techniques probe beneath the cellular layer into
stroma. To simplify the problem, we examine light scatteri
from a well controlled carcinogenesis/tumorigenesis syst
In previous work, we demonstrated that there are small li
scattering differences between a pair of nontumorigenic
tumorigenic cell types grown under well controlle
conditions.12 In this work, we demonstrate differences in lig
scattering from two sets of tumorigenic and nontumorige
cells grown in three-dimensional~3D! cell culture.

We use multicellular spheroids as anin vitro model of
cellular tissue. Multicellular spheroids are spherical agg
gates of tumor or normal cells and the extracellular mat
which they produce. They are a model system for the
croenvironment of tumors and have been used to study
effects of microenvironmental stresses and cell–cell inter
tions on cellular proliferation, cellular viability, gene expre
sion, metabolism, invasion, and response to numerous fo
of cancer therapy.13–16 In this work we present results of an
gular dependent light scattering measurements of sphero
These measurements are compared with angular depen
measurements of cells dissociated from the spheroids.
measuring the same cells in multicellular spheroids and a
dissociation from multicellular spheroids we can determ
the effects of cell–cell contact and intracellular matrix. Se
ond, by examining spheroids of both tumorigenic and non
morigenic cells, we can examine how the different microe
vironment created by these cells in a three-dimensio
environment affects light scattering properties.

2 Methods
2.1 Cell Culture
As an in vitro tumorigenesis model we have used tw
matched pairs of cells~M1/MR1 and Rat1/Rat1-T1! derived
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Mourant et al.
from a common rat embryo fibroblast~REF! cell line as de-
scribed previously.17 M1 cells are an immortalized but nontu-
morigenic derivative of REF cells obtained through stable
transfection with the c-myc oncogene. MR1 cells are a tum
origenic derivative of M1 cells obtained by stable transfection
with a mutant h-ras oncogene: inoculation of nu/nu mice with
MR1 cells results in rapid, invasive tumor growth with tumors
reaching a volume.10 cm3 in two weeks.17 Rat1 cells are a
spontaneously immortalized version of REF cells which are
also not tumorigenic. Tumorigenic Rat1-T1 cells are derived
from Rat1 cells by stable transfection with the same mutan
h-ras oncogene. All cells were maintained in monolayer cul-
ture using Dulbeco’s modified minimal essential medium
~Gibco! supplemented with 5% fetal bovine serum~Hyclone!,
a-D-glucose~16.5 mM!, penicillin, and streptomycin, hereaf-
ter referred to as complete medium. Further details of mono
layer cell cultures have been provided previously.12,18

2.2 Spheroid Culture
Spheroids were initiated from exponentially growing mono-
layer cultures essentially as described previously.18 Briefly, a
single-cell suspension was prepared from monolayer culture
by trypsinization and inoculated into complete medium in cul-
ture dishes with an underlayer of 0.5% agarose~Sigma
Chemicals!. Previous work has demonstrated that all four cell
lines formed spheroids under these conditions, but the nontu
morigenic cell lines~M1 and Rat1! arrested their proliferation
while the tumorigenic cell lines~MR1 and Rat1-T1! contin-
ued to proliferate in aggregate culture.19,20 In order to obtain
approximately equal numbers of cells per dish at the time o
harvesting spheroids,13106 M1 or Rat1 cells were inocu-
lated per 100 mm culture dish while only23105 MR1 or
Rat1-T1 cells were inoculated per dish. The aggregates wer
cultured for four days then harvested by decanting the sphe
oid suspension from the dishes, gently pelleting the spheroid
by centrifugation~1003g for 3–4 min! and resuspending the
spheroids in ice-cold calcium- and magnesium-free
phosphate-buffered saline~PBS, Gibco!.

2.3 Spheroid Size Analysis
An aliquot of the spheroid suspension was removed and th
size distribution of the aggregates determined as describe
previously.6 Briefly, the major and minor orthogonal axes of
25 individual aggregates were measured using a calibrate
reticule in an inverted microscope~Zeiss!. The geometric
mean diameter and total volume of each spheroid were dete
mined from the axis measurements and population mean d
ameters and volumes were determined from the individua
values.

2.4 Dissociation of Spheroids to Single Cells
After making angular-dependent light scattering measure
ments on intact spheroids, the aggregates were dissociated
a single-cell suspension, allowing for measurement of exactl
the same cell culture under aggregated and single-cell cond
tions. Spheroids were dissociated as described previously.18

Briefly, the spheroid suspension was pelleted by centrifuga
tion ~10003g for 10 min!, the PBS was decanted, 5 mL of a
trypsinization solution@0.25% bovine trypsin~Gibco!, 1 mM
EDTA ~Gibco!, 25 mM Hepes~Sigma! in PBS atpH 7.4# was
94 Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1
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added and the spheroids were incubated at 37 °C for 10
with occasional vortexing. After incubation, 10 mLs of ice
cold complete medium was added and the suspension
mixed by passing through a pipet ten times. The result
single-cell suspension was then pelleted~10003g for 10
min!, the medium/trypsin solution was decanted and the c
were resuspended in 50 mL of ice-cold PBS for light scat
analysis.

2.5 Cell Counting and Cell Volume Analysis
After dissociation from spheroids an aliquot of each cell s
pension was counted using an electronic particle counter
terfaced to a pulse-height analyzer~Coulter Electronics!.
Three counts were made of each suspension and avera
During counting a cell volume distribution was accumulat
using the pulse-height analyzer and the mean cell volume
computed.

2.6 Cell Cycle Analysis
Determination of the cell cycle distribution of the cells o
tained from spheroids was performed using flow cytome
DNA content analysis as described in detail previously18

Briefly, an aliquot of106 cells from the single-cell suspensio
obtained from spheroids was fixed in 70% ethanol and sto
in a refrigerator. Fixed samples were prepared for analysis
centrifuging the cells to a pellet~10003g for 10 min!, decant-
ing the ethanol and resuspending the cells in 1 mL of a D
staining solution containing 50mg/mL propidium iodide
~Sigma! and 100 units/mL RNase~Sigma! in PBS with cal-
cium and magnesium~Gibco!. Cells were incubated in the
staining solution overnight at 4 °C. DNA content analysis w
performed on a FACS Calibur~Becton-Dickenson! flow cy-
tometer using 488 nm excitation and fluorescence collec
with the propidium iodide filter set. DNA content histogram
containing104 cells were collected which had coefficients
variation on the G1-phase peak of,4%. Histograms were
analyzed for cell cycle distribution with the MacCycle pro
gram~Phoenix Flow Systems! using the debris and aggrega
elimination options.

2.7 Angular Dependent Scattering Measurements
For measurement of angular dependent light scattering, c
and spheroids were suspended in 50 mL of saline. The
concentrations varied between93104 and 93105 cells per
mL. The experimental apparatus used for measuring angu
resolved light scattering is shown in Figure 1. Briefly, an u
polarized HeNe laser~Uniphase, Inc.! was incident on a sus

Fig. 1 Top view diagram of the instrumentation used to make angular
dependent scattering measurements, where PMT indicates the photo-
multiplier tube.



Angular Dependent Light Scattering . . .
Fig. 2 Angular dependent light scattering of polystyrene spheres with
a diameter of 98.5 mm compared to theoretical predictions computed
using MIE theory.
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pension of cells and the scattered light was measured with
photomultiplier tube~Hamamatsu, Inc.! which could be ro-
tated around the sample cell. To obtain the dynamic rang
necessary for the experiment, neutral density filters were
placed in front of the laser. Two different sample cells were
used. The one depicted in Figure 1 contains a beam stop
reduce reflection from the glass container that can interfer
with measurements of high angle scatter. The other samp
cell consists of a simple glass cylinder on a base and was use
for measuring scattering at angles of 45° and smaller. Data ar
usually obtained between;6° and 170°. The most reliably
high quality data are obtained between 15° and 160°. System
atic errors due to stray light scattering are very difficult to
o

d
e

-Fig. 4 (a) Angular dependent light scattering from suspensions of
Rat1-T1 cells and multicellular Rat1-T1 spheroids. The data are pre-
sented as described in Figure 3. (a) Data set in which the difference
between cells and spheroids was the greatest. (b) Data set in which
this difference was the smallest.
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Fig. 3 Angular dependent light scattering from separate suspensions
of MR1 cells and multicellular MR1 spheroids. The symbols (circles
for spheroids, crosses for cells) are measurement results and the lines
connect the measurement points. For the spheroids each symbol is the
result of averaging three readings. For the cells only one reading was
taken for each measurement point. The dashed and dotted lines are
the results of MIE theory calculations for distributions of spheres. The
sphere size distribution was assumed to be Gaussian with a mean of
76 mm and a standard deviation of 20 mm. The dashed line is the
result of averaging the results for sphere indices of 1.36, 1.37, 1.38
and 1.39 all in a medium of index 1.33. The dotted line is the result of
averaging results for sphere indices ranging from 1.37 to 1.43.
avoid at angles greater than 160°. To assure that the sy
was giving accurate results, measurements of polystyr
spheres were compared to theory. Figure 2 demonstrates
sonable agreement between the theory and measuremen
polystyrene spheres of 98.5mm diameter.

Angular dependent light scattering intensities from M1 a
MR1 cells and multicellular spheroids were determined
four separate days spaced weeks apart. On each day M1
and multicellular spheroids, and MR1 cells and multicellu
spheroids were measured. Rat1 and Rat1-T1 cells and s
roids were measured in the same manner on five sepa
days.

3 Results
The results of angular dependent light scattering meas
ments of MR1 spheroids and of the cells subsequently dis
ciated from these spheroids are shown in Figure 3. The d
have been normalized such that the integrated intensity f
120° to 150° is the same for the spheroids and the cells. T
angle range was chosen because the errors in measure
are small over this angle range and the intensity does not
greatly. Figure 3 indicates that the dependencies of light s
tering on angle for the MR1 spheroids and the cells obtain
Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1 95
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Mourant et al.
by dissociating the spheroids are very similar. This similarity
in shapes of the angular dependent light scattering measur
ments also held for the M1 spheroids and M1 cells as well a
the Rat1 spheroids and Rat1 cells. The measurements of th
Rat1-T1 cells and multicellular spheroids, however, were
more variable. In some cases the angular dependence of lig
scattering was the same for the cells and the spheroids,
other cases there were significant differences. In Figure 4 tw
sets of cell and spheroid data are plotted. The ones in Figur
4~a! show the largest difference observed for Rat1-T1 cells
and spheroids while the measurements in Figure 4~b! are the
most similar measurements of Rat1-T1 cells and spheroids.

To quantify some of the more subtle features of the angula
dependent light scattering measurements, we integrated th
scattered light intensity over the angle range 15°–35°. This
integrated intensity,I fs , will be greater when there is rela-
tively more forward scattering~fs!. We compared the amount
of forward scattering from the cells and the spheroids by tak
ing the ratio of I fs for the paired cells and spheroids. The
results are given in Table 1. The errors given are the standar
deviation of the ratios. On average the cells have relatively
more forward scattering than the spheroids. However, ther
are not sufficient data to show that the ratio of forward scat
tering is significantly different from one. We also noticed that
there was a small upturn at high angles for the measuremen
of cells. To quantify this result, the intensities of the normal-
ized angular dependent light scattering measurements we
integrated for angles greater than 150° to indicate the intensit
of backscatter,I bs. The results given in Table 1 show a trend
towards an increase in high angle scattering for the cells com
pared to the spheroids. However, with the present amount o
data~four to five measurements of each cell type! the ratio is
not statistically different from one.

A pairwise comparison was then performed of tumorigenic
and nontumorigenic spheroids measured on the same day a
of tumorigenic and nontumorigenic cells measured on the

Table 1 Comparison of scattering properties for suspensions of cells
and multicellular spheroids.

M1 MR1 Rat1 Rat1T1

I fs(cells)/
I fs(spheroids) 1.4160.78 1.0760.36 1.260.3 1.960.8

Ibs(cells)/
Ibs(spheroids) 1.1160.21 1.0860.16 1.0760.04 1.1460.09
96 Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1
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same day. The relative intensity of forward scattering,I fs , of
the nontumorigenic suspensions divided by the intensity
forward scattering,I fs , of the tumorigenic suspensions
given in Table 2. There is a trend for the nontumorigenic ce
to have relatively more forward scattering than the tumo
genic cells. For the spheroids, the forward scattering is s
nificantly greater from the nontumorigenic than from the t
morigenic spheroids.

Cell cycle analyses were performed for most of the m
sured cell suspensions. The percentages of cells in the S p
of the cell cycle were much greater for the tumorigenic th
the nontumorigenic cells as can be seen from Table 3. C
versely, the percentage of cells in the G1 phase of the
cycle was greater for the nontumorigenic than the tumorige
cells. Cell counts taken at the time of preparing cell susp
sions showed that the tumorigenic cells increased in num
by 30-fold over the four day culture period, while the nont
morigenic cell cultures did not significantly increase in num
ber. This is consistent with previous work,19,20 and, in con-
junction with the cell cycle data, indicates that th
tumorigenic cells were proliferating while the nontumorigen
cells were arrested in their cell cycle progression.

The sizes of the spheroids were determined by microsco
analysis as described in the methods section. The mean d
eter and standard deviation of the mean diameter are give
Table 4. In each suspension of spheroids there was a l
distribution of sizes, with coefficients of variation of th
spheroid diameter distribution within one population of 15%
20%.

The probability of multiple scattering events within
spheroid can be estimated assuming a spheroid diameter
mm and a scattering coefficient of 100 cm21, which is typical
of tissue. The average number of scattering events is t
0.76. Employing the Poisson distribution, we find that for
photon traversing the center of the spheroid, the probability
not scattering is 0.467, the probability of exactly one scatt

Table 3 The averages and standard deviations for cell cycle analysis
of the measurements of DNA content.

M1 MR1 Rat1 Rat1-T1

% cells in G1 93.2 6 2.3 63.968.2 84.1 6 5.9 56.765.3

% cells in S 4.8 6 1.9 24.861.7 6.4 6 2.4 29.562.8

% cells in G2 1.9 6 0.8 11.266.7 9.4 6 6.5 13.764.8
Table 2 The relative intensity of forward scattering from suspensions of nontumorigenic spheroids and
cells divided by the relative intensity of forward scattering from suspensions of tumorigenic cells and
multicellular spheroids. Ratio were calculated for each measurement pair. The average and standard
deviation of these results is shown in the table. The two right hand columns are the average and standard
deviation of all of the measurements regardless of whether they were of cells or multicellular spheroids.

Spheroids Cells Cells and spheroids

Rat1/Rat1T1 M1/MR1 Rat1/Rat1T1 M1/MR1 Rat1/Rat1T1 M1/MR1

I fs (nontumorigenic)/
I fs (tumorigenic) 1.7660.39 1.3360.26 1.1360.51 1.4460.49 1.4160.55 1.3960.38
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Angular Dependent Light Scattering . . .
ing events is 0.355, the probability of exactly two scattering
events is 0.135, the probability of exactly three scattering
events is 0.034, etc. In our analysis of the scattering data w
have assumed that only single scattering events occur in th
spheroids. This approximation is very reasonable becaus
most scattering events cause only a very small deviation in th
trajectory of the photon. On the rare occasions that there ar
multiple scattering events within a spheroid, it is very likely
that one of them is a small angle scattering event causing
deviation of less than 20°. To determine how such multiple
scattering events would degrade the resolution of our mea
surements, we smoothed the calculated angular light scatte
ing intensities using a 40°-wide moving average. There wa
no effect at all for angles between 50° and 165°. The smooth
ing increased the intensity at angles below 50°. This increas
was greatest at the smaller angles—at 10° there was a 35
increase in intensity.

To evaluate the possibility that for light scattering purposes
the multicellular spheroids could be considered as homoge
neous spheres, the scattering from a broad distribution o
spheres was calculated. We used a Gaussian distribution wi
a mean of 76mm and a standard deviation of 20mm in agree-
ment with our microscopic measurements. Calculations fo
this distribution were done assuming that the spheroids wer
homogeneous with refractive indices between 1.36 and 1.4
and were immersed in a medium of index 1.33. The thick
dotted line in Figure 3 is the average of angular dependen
scattering for indices of 1.36–1.39. The thick dashed line is
the average for indices from 1.40 to 1.43. Both curves have
been scaled to have the same integrated intensity from 120°
160° as the experimental data. Several differences were foun
between the calculation results and the experimental measur
ments of spheroids. Despite using a broad distribution of sca
terer sizes and refractive indices, ripples were seen in th
calculations which were not present in the experimental re
sult. Second, the relative amount of forward scattering wa
less at angles between 25° and 50° in the calculations, wit
the biggest differences in the 30°–40° range. Finally, the cal
culations show a strong upturn at large angles. This increas
in scattering at the highest angles was not observed in th
experimental data.

A more sensitive test than unpolarized angular dependen
light scattering for determining whether the multicellular
spheroids scatter light like homogeneous spheroids is pola
ized light scattering. A dip in the scattered light intensity will
appear near 90° if the scatterers are small~diameter of a few
microns or less! but not if the primary scattering center is the
size of the spheroids~i.e., 10 mm or larger!. The results of
polarized angular dependent light scattering measurements
multicellular spheroids and of cells dissociated from the mul-
ticellular spheroids are shown in Figure 5. The results of in-

Table 4 The averages and standard deviations of the mean spheroid
diameters determined by microscopic analysis.

M1 MR1 Rat1 Rat1T1

Range of average
spheroids
diameters

7265 mm 8965 mm 6968 mm 92616 mm
e
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cident and detected light polarized parallel to the scatter
plane are very similar for the cells and multicellular sph
roids: in both cases there is a dip near 90°.

4 Discussion
In order for light scattering to be developed into a noninvas
tool for assessment of tissue morphology, it is important
have an understanding of what features of tissue scatter l
Previous work has provided evidence that light scattering
curs from small internal structures inside of cells.1,2,4,21If in-
ternal structures are the primary cause of light scattering fr
cells in suspension, then altering cell shape or cell–cell c
tact per se should not change the light scattering proper
unless such changes involve a concomitant change in inte
cellular morphology.

In this work we have compared light scattering from su
pensions of cells and suspensions of multicellular sphero
In suspension the cells are spherical in shape. When grow
a multicellular spheroid, the cells take on a shape typica
that found in tissue and are no longer spherical. Therefore
light scattering measurements were acutely sensitive to
shape a large change in the scattering signal would be
pected. For M1, MR1, and Rat1 cells we found no differen
in the angular dependence of light scattering from the mu
cellular spheroids or the cells dissociated from the multice
lar spheroids. For the Rat1-T1 cells, there was variation in
results; some measurements showed a significant differe
between the scattering from cells and multicellular sphero
The reason for this difference is not understood. The size
the spheroids, the size of the cells, and the cell cycle d
were not significantly different in experiments where t
Rat1-T1 cells and spheroids scattered differently than w
the scattering was the same.

Although the angular dependence of light scattering fr
cells and multicellular spheroids was found to be very simi
in most cases, there were some discernable differences. T
was slightly more forward scattering from the cells than fro

Fig. 5 Angular dependent polarized light scattering from separate sus-
pensions of MR1 cells and multicellular MR1 spheroids. The light was
polarized parallel to the scattering plane. The symbols (circles for
spheroids, crosses for cells) are measurement results and the lines
connect the measurement points. For the spheroids each symbol is the
result of averaging three readings. For the cells only one reading was
taken for each measurement point. The error in each measurement is
about 1/3 of the size of the symbol.
Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1 97
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Mourant et al.
the multicellular spheroids. Earlier measurements of g for
cells gave a value of 0.98.1 A decrease in forward scattering
will decrease the value of g bringing it closer to values which
have been measured for tissue;;0.94 for porcine liver,22 0.96
for bovine muscle,23 0.94–0.965 for bovine muscle, pig brain,
and white chicken muscle.24 A small increase in scattering at
the very highest angles was also observed for the cells a
compared to the spheroids.

For the polarized measurements of spheroids there was
small difference between the position of the dip in scattered
intensity of light polarized parallel to the scattering plane for
the cells and for the multicellular spheroids. The dip shifts
slightly to the higher angles indicating that the average effec
tive scatterer size is slightly larger for the suspension of mul
ticellular spheroids than for the suspension of cells. Compari
son with MIE theory calculations provides an estimate of
about 0.1mm for the change in the average effective scattere
radius. Although these results are only for one set of MR1
cells and spheroids, it demonstrates that the difference be
tween the average effective scatterer sizes in the cells an
spheroids must be small–on the order of10ths of microns or
less. Also, consistent with the unpolarized measurements, th
polarized measurements show a greater upturn at small angl
for the cells than the multicellular spheroids.

In addition to the small differences noted between sphe
roids and cells, small differences were noted between scatte
ing from multicellular spheroids of tumorigenic and nontum-
origenic cells. For both the M1/MR1 cell pair and the Rat1/
Rat1-T1 cell pair, there was relatively more forward scattering
from multicellular spheroids composed of the nontumorigenic
cells than from spheroids composed of tumorigenic cells. Be
cause only relative measurements of light scattering wer
made and the data were normalized from 120° to 150°, th
increase in relative forward scatter of the nontumorigenic
cells could be stated as an increase in the relative backscatt
of the tumorigenic cells. In multicellular spheroid culture, the
tumorigenic cells replicate rapidly while the nontumorigenic
cells are not replicating.25 Our cell cycle analysis combined
with knowledge of cell number at the start and end of spher
oid culture showed clearly that the tumorigenic cells were
replicating more rapidly than the nontumorigenic cells. The
results that the rapidly replicating tumorigenic cells have rela
tively more backscattering than the non- or slowly replicating
nontumorigenic cells is consistent with previous work report-
ing that rapidly growing cells have more backscattering than
cells which are not rapidly replicating.2

5 Conclusions
The general similarity between scattering from cells in sus
pension and scattering from cells in multicellular spheroids
indicates that cell shape and intercellular matrix are not con
trolling factors for light scattering from cells. The fact that
cell shape has very little effect on light scattering does no
mean that the microenvironment of the tissue is unimportan
to determining scattering properties. MR1 and Rat1-T1 cells
by nature of being tumorigenic, proliferate rapidly in 3D cell
culture while their nontumorigenic counterparts M1 and Rat1
cells do not, consequently, the tumorigenic cells and spheroid
have relatively more backscattering.
98 Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1
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