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Light scattering from cells: the contribution
of the nucleus and the effects of proliferative status
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Abstract. As part of our ongoing efforts to understand the fundamen-
tal nature of light scattering from cells and tissues, we present data on
elastic light scattering from isolated mammalian tumor cells and nu-
clei. The contribution of scattering from internal structures and in par-
ticular from the nuclei was compared to scattering from whole cells.
Roughly 55% of the elastic light scattering at high-angles (>40°)
comes from intracellular structures. An upper limit of 40% on the
fractional contribution of nuclei to scattering from cells in tissue was
determined. Using cell suspensions isolated from monolayer cultures
at different stages of growth, we have also found that scattering at
angles greater than about 110° was correlated with the DNA content
of the cells. Based on model calculations and the relative size differ-
ence of nuclei from cells in different stages of growth, we argue that
this difference in scattering results from changes in the internal struc-
tures of the nucleus. This interpretation is consistent with our estimate
of 0.2 mm as the mean size of the scattering centers in cells. Addition-
ally, we find that while scattering from the nucleus accounts for a
majority of internal scattering, a significant portion must result from
scattering off of cytoplasmic structures such as mitochondria. © 2000
Society of Photo-Optical Instrumentation Engineers. [S1083-3668(00)00202-1]

Keywords: optical pathology, tissue diagnostics, DNA content, cancer, cell cycle
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1 Introduction
One of the fundamental interactions of light with tissue is
elastic light scattering. Measurements of light transport
through tissue are consequently sensitive to the structural fe
tures of tissue. Since it is these structural features that pa
thologists often use for disease diagnoses, measurement
light transport through tissue can potentially be a diagnostic
tool. A noninvasive optical technique for tissue biopsy and
pathology could have several advantages over convention
pathology methods. For example, information can be obtaine
in real-time, making immediate treatment possible. Addition-
ally, complications and sedatives associated with tissue re
moval can be eliminated.

There are several noninvasive optical techniques under de
velopment. Some methods, such as fluorescence and vibr
tional spectroscopies, primarily probe biochemical aspects o
tissue.1–3 Other techniques, such as elastic scattering spectro
copy and optical coherence tomography~OCT!, measure
quantities directly related to light scattering.4,5 In elastic-
scattering spectroscopy broad band light is typically inciden
on the tissue through an optical fiber. Light that has passe
through the tissue is then collected by an adjacent optical fibe
and the spectral intensities are measured. The wavelength d
pendent spectrum of the tissue contains information abou
both the biochemical and morphological features of the tissue
Optical coherence tomography is an imaging technique in
which the intensity of backscattered light from different loca-
tions within the tissue is measured at a resolution of;10 mm.
The results described in this paper are most relevant to elasti
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scattering spectroscopy and OCT, but also have relevanc
the other optical techniques because all measurements of
transport in tissue are affected by light scattering.

The development of noninvasive optical methods requi
a fundamental understanding of how light scatters from str
tures within tissue. Relevant questions include the followin
From what structures does light scatter? How sensitive is li
scattering to changes in structural features? Can we quan
changes in specific structural features from measuremen
light scattering? Several research groups have begun add
ing these questions. In earlier work, we demonstrated that
average effective radius of the scattering centers in a sus
sion of fibroblast cells is roughly 0.2mm, and that there is a
wide distribution of sizes with some scatterers being at lea
mm in radius.6 Therefore, much of the scattering must be fro
small structures within the nuclei and cytoplasmic organel
Mitochondria have been suggested as a major source of
tering, particularly in cells containing a large fraction
mitochondria,7 and chemically induced megamitochondr
have been shown to alter the light scattering properties
cells.8 Phase contrast microscopy reveals that cell membra
and nuclei cause significant phase shifts compared to o
cell components and they are therefore expected to be a m
source of light scattering.9 Theoretical computations of ligh
scattering from cells have elucidated some interesting fa
regarding the contribution of nuclei. When nuclei are mode
as a homogeneous structure, high angle scattering is not
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Mourant et al.
nificantly altered as nuclear size is increased. However, whe
the nucleus is assumed to be heterogeneous, high-angle sc
tering increases with nuclear size.10

The general goal of this work is to examine light scattering
from mammalian cells and nuclei using experimental meth
ods. More specifically, light scattering processes related to th
interface of the cell membrane with the surrounding media ar
investigated. The contribution of the nuclei to scattering from
whole cells is also determined. Finally, evidence is presente
that light scattering from both isolated nuclei and cells is cor-
related with DNA content, and the possibility that these
changes in light scattering are due to changes in nuclear mo
phology is discussed.

2 Methods
2.1 Angular Dependent Light Scattering Measurements
Measurements of angular dependent scattering were made
described earlier.6 Briefly, a HeNe laser was incident on the
solution of cells or nuclei. The angular dependent light scat
tering intensity was measured from 6° to 173° using a photo
multiplier tube that was rotated around the sample.~An angle
of 180° is defined as backscattering and 0° means no chang
in the direction of light propagation.! When a concentration of
cells between13105 and 23105 cells/mL was used, there
was at most one scattering event over the pathlength of th
sample cell. For a few of the measurements, a higher conce
tration of cells was used in order to overcome the backgroun
scattering from the media. By measuring different dilutions, it
was determined that the effect of multiple scattering was neg
ligible between about 30° and 150°. Nuclei were measured a
a concentration of53105 nuclei/mL. Because of the lower
cross section of scattering from nuclei, there was at most on
scattering event over the pathlength of the sample cell.

2.2 Elastic-Scatter Spectra of Cell Suspensions
Cells were suspended at a concentration of13108 cells/mLin
an open 15 mL volume~depth53 cm, length53 cm, width
51.9 cm! sample cell. The container was black on the inside
in order to minimize edge effects. Measurements were mad
with a fiber optic probe placed on the surface of the cell
suspension. The optical instrumentation was described in a
earlier publication.11 For these measurements the optical fi-
bers were 200mm in diameter, the center-to-center separation
was 550mm and all fibers had a numerical aperture of 0.22.

2.3 Calculation of Scattering from Spheres
The Mie theory was used to calculate the scattering coeffi
cient of spheres, and the angular dependence of scatterin
from spheres. The code of Bohren and Huffman12 was modi-
fied in order to calculate scattering from a distribution of
sphere sizes. When modeling nuclei, they were assumed to b
spherical in shape. The radius was taken to be;4.5 mm as
determined by image analysis. A standard deviation in radiu
of 2.2 mm was used based on Coulter counter analysis of th
nuclear volume distribution. A value of 1.39 was used for the
index of the nuclei13 and a measured value of 1.332 for phos-
phate buffered saline~PBS! was used for the medium index.
132 Journal of Biomedical Optics d April 2000 d Vol. 5 No. 2
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2.4 Cell Growth
The highly tumorigenic rat fibroblast cell clone MR1 used
this study was derived from myc-transfected Fisher 344
embryo fibroblasts by transfection with the point-mutat
T24Ha-ras-oncogene.14 Monolayer cultures were routinely
maintained and subcultured for up to 20 passages~cumulative
population doublings 120! as described in detail elsewhere.15

Briefly, cells were cultured as monolayers in standard tis
culture flasks using Dulbecco’s modified eagle’s mediu
~DMEM! containing 4.5 g/l D-glucose, 5%~v/v! fetal calf
serum, 100 IU/ml penicillin, and 100mg/ml streptomycin.
Cell suspensions were obtained from monolayer cultures
treatment for 10 min with 0.25% trypsin in a phosphate buf
~pH 7.4! containing 1 mM EDTA and 25 mM HEPES, fol
lowed by the addition of complete DMEM. Growth curv
experiments showed that monolayers of MR1 cells reache
plateau in growth at;63105 cells/cm2. Based on these data
exponentially growing cell suspensions were obtained fr
monolayer cultures harvested at a cell density of less tha2
3105 cells/cm2, while plateau-phase suspensions were o
tained from monolayer cultures harvested at greater tha6
3105 cells/cm2. The proliferative status of each of these su
pensions was confirmed by flow cytometric DNA conte
analysis as described below. Exponentially growing ce
were composed of 45%G1-phase cells, 40%S-phase cells
and 15%G2-phase cells, while plateau-phase cells were 8
G1 phase, 5%S phase, and 10%G2 phase.

2.5 Counting of Cells and Nuclei and Volume
Analysis of Cells
Suspensions of cells and nuclei were counted using an e
tronic particle counter essentially as described previousl16

Briefly, an aliquot of the cell or nuclei suspension was dilut
in PBS and three counts were taken using an electronic
ticle counter ~Coulter Electronics! equipped with a pulse-
height analysis system for collecting a distribution of the p
ticle volumes. Counts were only taken from a region of t
volume distribution that excluded small-volume acellular d
bris. Volume distributions of cells and nuclei were transferr
to a personal computer and analyzed using a standard sp
sheet program~Microsoft Excel™!. The cell volume distribu-
tions were processed to calculate a mean cell volume from
region not containing acellular debris. Mean volumes w
also calculated from the nuclei distributions, but these und
estimated the true volume of the nuclei as measured by im
analysis~see below! by ;50%, probably due to the presenc
of electrically conductive pores in the nuclear membra
However, nuclei volume distributions were used to both se
rate nuclei from smaller debris for accurate counting, and
estimate the degree of nuclei clumping.

2.6 Nuclei Isolation
Two methods of nuclei isolation were used. One method u
a sucrose gradient to separate the nuclei from other cell st
tures obtained upon lysing of the cell membrane. Briefly
cell suspension was prepared in reticulocyte standard bu
~MgRSB!. This suspension was subjected to a shear fo
using a Dounce tissue homogenizer in order to rupture the
membranes. The resulting suspension was centrifuged~10
min at 2000 rpm! to pellet the nuclei and unruptured cell
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Light Scattering from Cells
The pellet was resuspended in 12 mL of MgRSB and 10 mL
of concentrated Mannitol-sucrose buffer and centrifuged for 4
min at 2.5 krpm for sedimentation of the nuclei. The nuclei
were then resuspended above layered sucrose solutions. S
crose buffer 1: 0.32 M sucrose, 3mMCaCl2, 2 mM Mg ac-
etate, 0.1 mM EDTA, 10 mM TRIS HCl, 1 mM DTT, and 5%
NP-40. Sucrose buffer 2: 2 M sucrose, 5 mM Mg acetate, 0.1
mM EDTA, 10 mM TRIS HCl, 0.1 mM DTT. The nuclei and
sucrose solutions were then subjected to ultracentrifugatio
which resulted in the nuclei being retained at the gradien
interface and the unruptured cells and cell fragments bein
pelleted at the bottom of the tube. The nuclei were removed
from the sucrose gradient boundary, resuspended in ice-co
PBS, passed 5 times through an 18-gauge needle, and kept
ice until light scatter analysis. One set of experiments was
performed with nuclei isolated by the above method.

We switched to a method adapted from a technique origi
nally developed for flow cytometry of isolated nuclei17 be-
cause it is much faster and resulted in fewer problems with
nuclei clumping. A cell suspension in DMEM was added at a
1:3 ratio to a lysis buffer containing 0.6%~v/v! of Nonidet P
40 ~a nonionic detergent! and 2 mg/mL bovine serum albumin
~BSA! in PBS and incubated for 10 min. The cells were then
passed once through a 27.5 gauge needle to break up the c
membranes, centrifuged~10 min at 2000 rpm! and resus-
pended in 50 mL PBS. The larger particles are then allowed t
settle for 5–10 min, and the rest of the sample was then
passed 5 times through an 18-gauge needle to break u
clumps of nuclei. Electronic volume distributions and image
analysis~see below! documented that this procedure produced
a suspension of isolated nuclei with little residual cytoplasm
and less than 15% of the nuclei in clumps, primarily doublets
Nuclei recovery was 80%–100% of the starting cell popula-
tion. The final nuclei suspension was kept in ice-cold PBS
until light scatter analysis.

2.7 Image Analysis
Unfixed cells and nuclei were stained with Hoechst 33342, a
DNA specific fluorophore and fluorescein isothiocyanate
~FITC!, a protein specific chromophore. Images were ob-
tained using a fluorescent microscope interfaced to a com
puter workstation using commercial image analysis software
Filters were set first to image the Hoechst fluorescence
thereby obtaining an image of the nuclei, then changed to
image the FITC fluorescence, thereby obtaining an image o
the whole cell for the same microscopic field. The images
were processed using standard software~NIH Image! to ob-
tain geometric mean diameters from measurements of the m
jor and minor axes of each nucleus/cell. A total of 200–300
measurements were averaged to obtain an estimate of the c
and nuclear size. Size measurements were essentially identic
for the nuclei using the two different filter sets, demonstrating
that the nuclei isolation procedure produced nuclei with little
residual cytoplasm. Images of 10mm diameter fluorescent
polystyrene spheres were collected for each filter set at th
same microscopic magnification and processed using th
same settings as for the cells and nuclei. All diameter value
have been corrected using the diameter calibration obtaine
from the microsphere measurements.
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2.8 Cell Cycle Analysis
DNA content flow cytometry was used to characterize t
proliferative status of the cells as described in det
elsewhere.16 Briefly, a suspension of13106 cells in 1 mL of
PBS was fixed in 70% ethanol, then washed with phosph
buffered saline~PBS! and stained with the nucleic acid sta
propidium iodide ~50 mg/mL! in combination with RNase
~100 mg/mL! to remove cellular RNA and ensure a fluore
cence signal proportional to DNA content. DNA content h
tograms containing 10,000 cells were then collected usin
commercial flow cytometer~FACSCalibur™!. DNA content
histograms were deconvoluted using a commercial softw
package~Multicycle™! to estimate fractions of cells in the
G1 , S, andG2 phases of the cell cycle. These histograms h
a G1-phase peak with a coefficient of variation less than 4
allowing routine cell cycle analysis which can resolve t
different phases with a 2%–3% error.

2.9 Manipulation of the Media’s Refractive Index
The addition of protein to PBS increases its refractive ind
Ovalbumin or BSA~3 gm/ml! were added to PBS, mixed an
then filtered through 0.4 and 0.2mm filters to remove undis-
solved protein. The exact refractive index of the protein so
tions was measured based on the principal of minim
deviation.18

3 Results
3.1 Scattering from Internal Cellular Structures
In order to determine how much of the elastic light scatter
was from the cell nucleus or other intracellular structures a
how much was related to the cell membrane interface w
PBS, we made measurements of cells in media with differ
indicies of refraction. The underlying principle of these e
periments is that when the index of refraction difference b
tween the scatterer and the surrounding media is reduced
intensity of scattering will be reduced.12 Therefore, when the
index of refraction of the medium outside a cell is increas
so that it is closer to that of the cell, scattering from t
interface between the cell membrane and the external med
will be reduced. Scattering from internal cellular structure
however, will not be affected. For the experiments, eq
numbers of cells were suspended in either PBS, with a m
sured refractive index~n! of 1.332, or in a protein solution in
PBS. Two sets of measurements were performed. In one
scattering from cells suspended in BSA withn51.345were
compared to scattering from cells suspended in PBS. In
other set of measurements, scattering from cells in ovalbu
solution with n51.343 were compared to scattering from
cells suspended in PBS. Analysis of the size distributions
cells in the different media before and after light scatter as
demonstrated that there were no measurable changes in
size induced by incubation in these protein solutions. C
counts before and after light scatter measurement show
decrease in cell number of,5% during the measuremen
probably due to cell adherence to the measuring cham
Results calculated from our angular dependent scatte
measurements are shown in Figure 1. The scattered ligh
tensity at small angles~,20°! was significantly greater when
the cells are immersed in PBS with a low refractive ind
Journal of Biomedical Optics d April 2000 d Vol. 5 No. 2 133
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Mourant et al.
than when they are immersed in a protein solution with a
higher refractive index. At larger angles the scattering was no
strongly affected by changing to a medium of different index.

In order to learn as much as possible from our experimen
tal results, it was necessary to understand the effects of chan
ing the refractive index of the medium. Consequently, the
scattering coefficients of spheres in media of different indice
were computed as described in Sec. 2. The ratio of scatterin
coefficients for spheres immersed in media with indices o
1.330 and 1.345 is plotted as a function of scatterer size i
Figure 2. The ratio was only weakly dependent on scattere
size, but it was strongly dependent on the refractive index o
the spheres. The closer the refractive index of the spheres w
to that of the media, the greater the effect of changing th
medium index. The effect of changing the medium refractive
index on scattering as a function of angle was also invest
gated. For scatterers(n51.4) 1 mm and smaller in radius, the
ratio of light scattering intensity in the medium of lower index

Fig. 1 Experimentally determined ratio of scattering from cells im-
mersed in media of low and high indices of refraction. The media of
low index had a refractive index of 1.332 in both cases. The media of
higher index had n51.345 for the solid curve and n51.343 for the
dashed curve. Data at higher angles are not shown because of inter-
ference from scattering off of protein molecules dissolved in the me-
dia.

Fig. 2 Theoretical calculations of the ratio of the scattering coeffi-
cients for spheres immersed in media of different refractive indices.
The abscissa is sphere size.
134 Journal of Biomedical Optics d April 2000 d Vol. 5 No. 2
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~1.332! to light scattering intensity in the medium of highe
index ~1.345! did not depend strongly on angle. For larg
spheres, the ratio decreased for angles less than about
There were also oscillations as a function of angle for narr
distributions of sphere sizes, but these averaged out wh
broader distribution was used. In conclusion, for a distribut
of scatterer sizes, scattering at all angles was affected s
larly by changing the medium refractive index, with the e
ception of angles less than about 15°.

We can conclude from the results in Figure 1 that the
was significant scattering at small angles from cell structu
that are in contact with the medium. However, at larger ang
~.40°! the effect on elastic scattering of increasing the ext
nal index of refraction was much smaller. Assuming a va
for the index of refraction of the cell structures in contact w
the medium of 1.38 and 1.3 as the ratio of scattering fr
cells suspended in media with low and high indices of refr
tion ~Figure 1!, the fraction of scattering from particles inte
nal to the cell can be estimated from the data at angles ab
40°. The scattering in the low refractive index medium
given byI nc1I c , whereI nc is the intensity of scattering from
structures not in contact with the medium andI c is the inten-
sity of scattering from structures in contact with the mediu
In the medium of high refractive index, the scattering fro
the particles in contact with the medium is reduced by abo
factor of 2.1 and the scattering is given byI nc10.48* I c .
Using the fact that the ratio of scattering in the low and hi
refractive index media is 1.3, we calculate that;55% of the
elastic light scattering at angles greater than 40° was fr
internal cellular structures when the cells are immersed
PBS.

3.2 Scattering From Cells in the Exponential and
Plateau Phases of Growth
The average DNA content of cells harvested in the expon
tial phase of growth will be different from the average DN
content of cells harvested in the plateau phase of grow
since MR1 cells are known to arrest in theG1 phase of the
cell cycle at growth plateau.15 Therefore, harvesting cells in
different growth stages provides a means of determin
whether light scattering is correlated with DNA content. F
each experiment, two sets of cells were harvested. In so
cases the cells were at similar points on the growth curve
other cases they were different. Measurements were mad
angular dependent light scattering and the DNA content of
cells was determined. In order to quantitate the average D
content of cells in a population Eq.~1! was used, where
%G2 , %S, and%G1 refer to the percent of cells in theG2 S,
andG1 phases of the cell cycle, respectively. The basis of
~1! is that cells in theG2 phase in the cell cycle have tw
copies of their DNA and therefore have twice as much DN
cells in theS phase are in the process of duplicating th
DNA and therefore have on average about 1.5 times as m
DNA as cells in theG1 phase of the cell cycle. The fraction o
cells in the different stages of the cell cycle were determin
by flow cytometric DNA content analysis as described in S
2:

DNA index520~%G2!11.50~%S !1~%G1!. (1)
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Light Scattering from Cells
Figure 3 shows representative data from one experimen
where the cells were harvested in the exponential and platea
phases of growth. At large angles, the cells harvested in th
exponential phase of growth scatter more than those harvest
in the plateau phase of growth. To quantify changes in high
angle scattering, the integral of the scattering intensity be
tween 110° and 140° was calculated. A ratio of the DNA
indices and a ratio of the high angle scattering intensities wer
computed for each individual experiment. As shown in Figure
4, cell suspensions with larger DNA contents scatter mor
light than cell suspensions with smaller DNA contents. For
example, when one of the suspensions measured contai
more DNA than the other, it also has significantly more scat
tering between 110° and 140°. Clearly, there is a correlatio
between light scattering at large angles and cellular DNA con
tent.

Elastic scatter spectra of cells in the exponential and pla
teau phases of growth were also measured. The results f
three separate experiments are quite similar, as shown in Fi
ure 5. The slope of the elastic-scatter spectra was steeper f
the cells harvested in the exponential phase of growth than fo
the cells harvested in the plateau phase of growth. Since th
wavelength dependence of scattering is generally steeper f

Fig. 3 Scattered light intensity from cells and nuclei as a function of
angle. The curves have been corrected to represent scattering equal
number densities of cells and nuclei.

Fig. 4 Each data point is the result of measurements of two suspen-
sions of cells. In some cases the cells suspensions contained similar
amounts of DNA; in other cases one suspension contained signifi-
cantly more DNA than the other. The ratio of the DNA content of the
two suspensions is plotted on the abscissa. The ratio of the scattering
intensities from 110° to 140° is plotted on the ordinate.
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smaller particles,6 this result indicates that the average size
the scatterers is smaller for the exponential phase cells.

3.3 Scattering from Isolated Nuclei
The primary issue we wish to address by examination of i
lated nuclei is how much of the scattering from mammali
cells is due to scattering from the nuclei. Nuclei were isola
from cells harvested in the exponential and plateau phase
growth as described in Section 2. Angular dependent sca
ing measurements were made of cells and the correspon
isolated nuclei. By dividing the results for isolated nuclei
the results for whole cells, we obtained an estimate of
contribution of nuclei to scattering from whole cells.

Figure 3 shows the results of angular dependent scatte
measurements from one experiment. As discussed in
above section, cells harvested in the exponential phas
growth scatter more at large angles than cells harvested in
plateau phase of growth. Figure 3 also demonstrates tha
nuclei isolated from cells in the exponential phase of grow
scatter more at large angles than nuclei isolated in the pla
phase of growth. In Figure 6 we show the ratio of light sc
tering intensity from nuclei to that from intact cells. For bo
the exponential and the plateau phase cells, the contributio
the nuclei to the overall scattering from the cells appears
increase with angle. In addition, the contribution of the nuc
appears to be slightly greater for exponential than plat
phase cells. This result held for each of the four individu
experiments.

For one of the four experiments~the one in which the
nuclei were isolated via the sucrose gradient method!, image
analysis of the cells and nuclei was performed. The aver
size of the cells obtained by image analysis was compare
the size obtained by electronic volume analysis. The aver
diameter of the exponential and plateau phase cells from
age analysis was 14.5 and 12.4mm, respectively. The elec
tronic volume results for the two cell suspensions were 1
and 12.7 mm, respectively, demonstrating that the ima
analysis technique was accurate. As explained in the Secti
electronic volume measurements of isolated nuclei were
possible due to the structure of the nuclear membrane. Nu

Fig. 5 Diffuse reflectance spectra of cell suspensions as a function of
wavelength. Results from three separate experiments are shown. The
data were normalized such that the area under all of the curves is the
same from 650 to 900 nm.
Journal of Biomedical Optics d April 2000 d Vol. 5 No. 2 135



u
v

n
e

.
s
o
e

-
s

o
n

e

e

v
a

e
f

d in
ly,
al-
ted
n an
al-
are
lar

ns
Sec.
e
the
clei
lly,
size
igh
ter
s.
e of

This
uc-
is
ted
ar-

hat
an

is
t in
se

ut-
e
are

n-
stic
ose
b-

t
on-
hat
ested

es
ive
in

s in
ible
n at
en-
ates
la-
ratio
d be
lues
cell
the

con-

Mourant et al.
isolated from cells harvested in exponential and platea
phases were measured by image analysis and found to ha
average diameters of9.060.18 and 9.160.18mm, respec-
tively. The size of the nuclei in intact exponential phase cells
was also measured by image analysis and found to be8.9
60.18mm. These results indicate that there is at most a 0.4
mm difference in the average diameter of nuclei harvested i
the exponential and plateau phases of growth. To test wheth
this difference could be responsible for the difference in high
angle scattering, model calculations were performed assumin
homogeneous nuclei. Nuclei with a diameter of 9.4mm were
found to scatter slightly less at large angles~110°–140°! than
nuclei with a diameter of 9.0mm. This difference in scatter-
ing, however, is too small to explain the experimental results
The ratio of large angle scattering for the model calculation
was only 1.08 compared to the experimentally observed rati
of 1.4 comparing nuclei from exponential- and plateau-phas
cells.

4 Discussion
Morphological features have traditionally been used by pa
thologists to diagnose disease. The exact nature of the sen
tivity and specificity of light scattering to morphological
changes, however, has not yet been elucidated. The aim
this paper is to contribute to our knowledge of how changes i
specific cellular features affect light scattering. In particular
we are interested in cellular features that are known to hav
significance for pathology.

Morphological features of the nucleus such as nuclear siz
have traditionally been used by pathologists to diagnose ma
lignancy and the relationship of these parameters to optica
measurements are being investigated. Perelman et al. ha
published the results of an analysis of diffuse reflectance me
surements for determination of nuclear size assuming homo
geneous nuclei.19 Internal nuclear structures can also be im-
portant markers for pathological diagnosis. For example, larg
nucleoli and clumped chromatin are characteristic o
anaplasia.20 We aimed to directly investigate whether light
scattering is sensitive to changes of the internal structure o
the nucleus. The same experiment performed with the cells o

Fig. 6 Ratio of light scattering from nuclei and cells as a function of
angle. The two curves are each the average of four different experi-
ments. Error bars, calculated as the standard deviation of the four
measurements, are given for a few points.
136 Journal of Biomedical Optics d April 2000 d Vol. 5 No. 2
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comparing scattering when the scatterers were immerse
media of two different indices was attempted. Unfortunate
we found that scattering from the nuclei increased in the ov
bumin solution. Electronic volume measurements indica
that there was no change in nuclear size upon immersion i
ovalbumin solution. Therefore, we attribute this effect to ov
bumin leaking into the nucleus. Nuclear membranes
known to pass proteins of less than 60 kD in molecu
weight.21

It is possible to obtain insight into light scattering from
internal structures of nuclei by combining model calculatio
and experimental results. Model calculations presented in
3 as well as those by Drezek et al.10 demonstrate that a chang
in size of a homogeneous nuclei cannot be responsible for
increased high angle scattering observed for cells and nu
harvested in the exponential phase of growth. Additiona
our image analysis results did not show any change in the
of the nuclei. Therefore, we contend that the greater h
angle light scattering from nuclei populations with grea
DNA content is due to scattering off of internal structure
The elastic-scattering spectra indicate that the average siz
the scatterers is smaller in the exponential phase cells.
result is consistent with increased scattering from small str
tures within the nuclei, although we cannot rule out that this
an effect of structures in the cytoplasm, since cells harves
in the exponential phase of growth are bigger than cells h
vested in the plateau phase of growth. We know t
exponential-phase MR1 cells contain more mitochondria th
cells from plateau-phase cultures.15

Figure 4 demonstrated that high angle light scattering
sensitive to DNA content. Recently, there has been interes
using DNA ploidy andS-phase fraction for assessing disea
status and predicting treatment outcomes.22–25 For example,
DNA ploidy has been shown to be associated with poor o
come for gastric cancer.25 This raises the issue of whether th
elastic-scattering/diffuse-reflectance measurements that
possible in a clinical setting are also sensitive to DNA co
tent. In recent work, we have demonstrated that when ela
scattering is performed with the source and detector in cl
proximity, the collected light intensity depends on the pro
ability of high angle scattering events.26 Therefore, we expec
that elastic-scattering spectroscopy is sensitive to DNA c
tent. In support of this idea, we have shown in Figure 5 t
elastic-scatter measurements of suspensions of cells harv
in different growth phases are reproducibly different.

Our results with cells harvested in different growth phas
indicate that scattering from intact cells is probably sensit
to changes in the nuclei. However, the entire difference
scattering of the cells cannot be attributed to only change
the nuclei. Figure 6 indicates that the nuclei are respons
for less than 40% of the scattering from cells in suspensio
any given angle, while Figure 3 and the other angular dep
dent measurements of scattering from nuclei demonstr
that at most the ratio of scattering from exponential and p
teau phase nuclei is 1.5. These numbers predict that the
of scattering in exponential and plateau phase cells shoul
less than 1.2. Figure 4 demonstrates that much larger va
are obtained. Therefore, there must be differences in the
cytoplasm. In fact, we have found that cells harvested in
exponential phase of growth are 1–2mm larger in diameter
than those harvested in the plateau phase of growth, and
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Light Scattering from Cells
tain more mitochondria.15 Further studies are required to elu-
cidate which other intracellular structures contribute to high-
angle elastic light scattering.

5 Conclusions
High angle light scattering from both cells and isolated nucle
can be correlated with DNA content. The increased scatterin
of replicating versus nonreplicating cell populations is partly
attributed to increased scattering from the nuclei and partly
attributed to increased scattering from the cytoplasm. This i
consistent with the fact that nuclei were shown to be the
source of only about 40% of the scattering from whole cells in
suspension.

For this work to be applied clinically, it will be necessary
to show that clinical measurements of epithelial tissue are
sensitive to replication rate and/or DNA content. As a first
step elastic-scatter measurements of suspensions of replic
ing and nonreplicating cells were made and wavelength
dependent differences were found. We expect our results o
cell suspensions to extrapolate to epithelial tissue because
primarily consists of cells. Nonetheless, in epithelial tissue the
cells are in direct contact with each other and therefore, th
exact nature of the sensitivity of light scattering to DNA con-
tent and/or replication rate needs to be elucidated in this situ
ation. In addition, measurement methods that can sensitive
and specifically measure scattering properties without inter
ference from absorption need to be developed.
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