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Angle-resolved light scattering spectroscopy of biological cells is investigated in the visible wavelength
range. A unified Mie and fractal model is shown to provide an accurate global agreement with light scatter-
ing spectra from 1.1° to 165° scattering angles. It is found that light scattering in forward directions
(<8°) is dominated by Mie scattering by the bare cell and nucleus, whereas light scattering at large angles
(>20°) is determined by fractal scattering by subcellular structures. The findings are consistent with the
results of experimental investigation of the contributions of different cellular components to light scattering

by cells. © 2007 Optical Society of America
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An understanding of the relationship between light
scattering by cells and cellular structures is essential
for noninvasive optical diagnostics based on the mea-
surement of light scattering signals from biological
samples. Light scattering spectroscopy is an impor-
tant tool for studying the structural features of cells
and tissue [1-4]. Mie scattering is frequently used to
interpret cell light scattering signals [1-5]. However,
such a model is not adequate to provide a satisfactory
description of the optical signal at large scattering
angles owing to the dominance of light scattering
from small subcellular structures that exhibit a frac-
tal nature [3,4]. The simulation of cell scattering via
computational solutions of Maxwell’s equations with
the finite-difference time-domain (FDTD) method in-
dicated that the large-angle scattering signals would
be significantly affected by the fluctuation of the re-
fractive index and the shape of small-sized scatterers
in cells [6,7]. Though with detailed information on
cellular structures FDTD simulation can potentially
provide a thorough description of cell light scattering,
it is computationally time consuming. It is desirable
to develop a simple and analytical model for light
scattering by biological cells that takes into account
scattering from both bare cells and intracellular com-
ponents.

This study aims to understand and quantify light
scattering by bare cells and intracellular structures.
A unified Mie and fractal model is developed to inter-
pret light scattering from biological cells. Here, the
cell is treated as an optically soft complex particle.
The unified model based on a superposition rule pro-
vides a simple means to analyze light scattering by a
biological cell and to quantify the contributions from
each individual inclusion [8]. Specifically, the bare
cell and nucleus are modeled as spheres with a uni-
form index of refraction. Their scattering is described
by Mie scattering. The subcellular structures are
modeled as a fractal continuous random medium.
Light scattering caused by weak random fluctuations
of the dielectric permittivity is computed with a frac-
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tal model [9,10]. In this Letter, we show that Mie
scattering from the bare cell and the nucleus domi-
nates cell light scattering in the forward directions.
Fractal scattering caused by random fluctuation of
the background refractive index within the cell (and
nucleus) dominates light scattering by cells in larger
angles. The unified model is validated by experimen-
tal angle-resolved light scattering spectra of SiHa
epithelial cell samples.

By treating light scattering from one biological cell
as from a complex soft particle comprising the bare
cell, the nucleus, and random fluctuations of the
background refractive index within the cell, the su-
perposition rule [8] showed that the squared scatter-
ing amplitude function, describing light scattered
into direction # at wavelength \, can be approxi-
mated by [8]

1ScorN, 07 = [So(\, )% + [S,,(\, )% + |Spe(N, )2
(1)

after configurational averaging over all possible
sizes, shapes, and orientations of the cell and the
relative position of its inclusions. Here |S((\, 6)|?> and
IS,(\, 0)|? are the squared scattering amplitude func-
tions for the bare cell and the nucleus, respectively,
and can be modeled by Mie scattering of homoge-
neous spheres. [Sp,(\,6)|* is the fractal scattering
term given by [10]

@/ Nar  (27n0/N)Pr1a8-Dr
Spdx.
0 [1+2(1-cos )x“]
(2)

The strength of fractal light scattering depends on
the fractal dimension D, and the refractive index
fluctuation strength B«nyAn, as well as the cutoff
correlation length [,,,., where n, and An are the
mean refractive index of the biological cell and the
fluctuation amplitude of refractive index, respec-
tively.

1Spe(\, 0)* = B2
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To validate the unified model of light scattering by
cells, we measured the wavelength- and angular-
dependent light scattering signals from the SiHa epi-
thelial cells in phosphate buffered saline (PBS) sus-
pensions and monolayer cultures, respectively.
However, we focused our study on the scattering from
the cell suspension, where the bare cell and nucleus
could be considered spherical Mie scatterers. It is
known that acetic acid can induce transient changes
of the refractive indices of subcellular structures that
contribute to acetowhitening, the effect that colpo-
scopic diagnosis of precervical cancer is based on [11].
Acetic acid was used to modulate the scattering prop-
erties of cell samples. We measured the scattering
spectra of cell samples before and after the applica-
tion of acetic acid.

The details of the light scattering spectroscopy sys-
tem and sample preparations were described in [12].
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The scattering spectra were measured in the angle
range from 1.1° to 165° and in the wavelength range
from 400 to 700 nm, respectively. The size distribu-
tion of the cells in suspension was measured by phase
contrast microscopy and verified by a Multisizer II
Coulter counter [4]. The size distribution of nuclei
was measured by fluorescence microscopy. The nuclei
were stained with Hoechst 33342 for fluorescence mi-
croscopic imaging. Here, the size distributions of
SiHa cells and nuclei were described by log-normal
distributions [4]. Specifically, the diameters of the
cells in suspension before and after the application of
acetic acid were ¢=13.80+1.60 and ¢'=14.40
+1.80 um, respectively. The diameters of nuclei be-
fore and after the application of acetic acid were
=9.80+1.80 and ¢'=9.30+1.60 um, respectively.
These size distributions were used in fitting the scat-
tering spectral data.

In the fitting analysis, the mean refractive indices
of bare cells and nuclei were assumed to be constant
over the wavelength range from 400 to 700 nm. The
refractive index of the PBS and the acetic acid solu-
tion was assumed to be 1.334. S,y and S, in Eq. (1)
were computed by using the MIEVO code [13]. The
fitting parameters were refractive indices of cells and
nuclei, n¢.; and nyyeus, the fractal dimension Dy, the
refractive index fluctuation strength B, and cutoff
correlation length Z,,,,. To obtain the initial values of
fitting parameters for Mie scattering, we fitted the
scattering spectra in the angle range smaller than 5°
by using Sy and S,, in Eq. (1) because the scattering
in this angle range is determined mainly by the Mie
scattering of the bare cell and nucleus [7]. We fitted
the scattering spectra in the angle greater than 20°
[7] by using Eq. (2) to determine the initial fitting pa-
rameters of the fractal model. The global fitting of the
experimental spectral data over the whole wave-
length and angle range was then conducted by mini-
mizing the x? error of all fittings by using the
Levenberg—Marquardt optimization.

Typical fitting results of light scattering from the
cell suspensions before and after the application of
acetic acid are shown in Fig. 1. As can be seen, the
unified Mie and fractal model produced accurate fit-
ting of the scattering spectra at all 44 measured
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Fig. 1. (Color online) Experimental and fitting results

from the measurements before the application of acetic
acid: (a) angular-dependent light scattering signals (aver-
aged intensity from 400 to 700 nm); (b)—(g) light scattering
spectra at representative angles. After the application of
acetic acid: (h) angular-dependent light scattering signals;
(i)—(n) light scattering spectra at representative angles.
Solid curves, experimental spectra; curves with circles, fit-
ting spectra.

angles. It should be emphasized that the results were
obtained by a global fitting based on a single set of
fitting parameters. The angular fittings shown in
Figs. 1(a) and 1(h) indicate that the Mie scattering
from the bare cell and nucleus dominates the scatter-
ing spectra in the forward angles (<8°), while the
scattering in the large angles (>20°) is determined
by fractal scattering from subcellular structures of
size less than half a micronmeter. In the angle range
from 8° to 20°, the contributions from Mie scattering
and fractal scattering are comparable. The results
are consistent with the FDTD study of Brock et al.
[7]. The detailed fittings of scattering spectra at rep-
resentative angles are shown in Figs. 1(b)-1(g) and
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1(i)-1(n). The typical oscillation pattern of Mie scat-
tering appears in the scattering spectra at small
angles, while the fractal scattering decays monotoni-
cally as a function of wavelength.

The fitting parameters are listed in Table 1, where
Anq and Any are the fluctuation amplitudes of the re-
fractive index before and after the application of ace-
tic acid, respectively. After the application of acetic
acid the mean refractive index of the cell decreases
slightly because of the increase of the cell size. This is
consistent with previously reported swelling of cells
induced by acetic acid [14]. In contrast, the mean re-
fractive index of the nuclei increases slightly, prob-
ably beacause of the shrinkage of the nuclei size in-
duced by acetic acid. The slight increase of fractal
dimension, Dy, after the application of acetic acid in-
dicates an increase of volume fraction of the small-
sized subcellular structures. One remarkable finding
is that acetic acid induced a significant increase of
the B value. The ratio of 8 values before and after the
application of acetic acid reflects the ratio of fluctua-
tion amplitudes of the refractive index in cell. The
fractal scattering contribution to large-angle scatter-
ing signals increases by a factor of 5-9 due to both
the increase of the fluctuation amplitude of the re-
fractive index by a factor of 1.81 and the increase of
the volume fraction of the small-sized subcellular
structure after the application of acetic acid. This is
consistent with the experimental results that small-
sized organelles in cytoplasm are the major contribu-
tors to the increase of large-angle scattering induced
by acetic acid [12]. Along with the intensity increase
in the large scattering angles, the anisotropy factor g
for the cell is reduced, accompanied by a decrease in
the cutoff correlation length [,,,. [10]. The fractal
component of light scattering by cells in a large angle
is not sensitive to /,,,,. Finally, this analysis confirms
the hypothesis of the acetowhitening effect, that ace-
tic acid increases the polymerization of cytokeratins
and causes the self-organization of keratin filaments
into larger bundles [15].

To further validate the fractal nature of scattering
in large angles, we analyzed the angle-resolved scat-
tering spectra of monolayer cell cultures. The shapes
of cells and nuclei are irregular in monolayers be-

Table 1. Fitting Parameters in the Unified Mie and
Fractal Model

Cell Suspension Monolayer Cells

Measurement Mie Fractal Fractal
Before acetic acid (AA)
Ncell= 1.367 Df= 4.38 Df=4.48
B=12.77 B=18.54
Nnyetens=1.394 1,,,,,=0.35 lpax=0.56
After AA
Ny =1.360 Df’=4.61 Df’=4.77
B'=23.08 B'=34.21
NNyetens= 1412 1, .=0.27 l)..:=0.45
Any/Ang — 1.81 1.85
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cause cells spread over the culture dish. The model of
spherical Mie scatterers is not applicable to light
scattering by cell and nucleus in forward directions.
We used the fractal model to fit the scattering spectra
in scattering angles larger than 20°. Accurate global
fitting was achieved for the spectral data measured
both before and after the application of acetic acid.
All the scattering spectra in the large angles decay
monotonically as a function of wavelength, similar to
the scattering spectra measured from cell suspen-
sions. The fitting parameters are listed in Table 1 for
comparison with those for cell suspension. The trend
in the results obtained for the cell culture agrees
with those for the cell suspension.

In conclusion, the unified Mie and fractal model of
cell light scattering provides an accurate interpreta-
tion of the scattering spectra measured from intact
cells in suspension and culture. Quantitative infor-
mation about cellular structural features and organi-
zation can be deduced from this unified model from
wavelength- and angular-resolved light scattering
spectroscopy. The fractal scattering from the fine sub-
cellular structures is dominant at large scattering
angles. This implies that the fractal scattering may
contribute to degrading the image contrast in the op-
tical imaging of cellular structures based on the
backscattering measurement.

This study was supported by the Hong Kong Re-
search Grants Council through grant HKUST6408/
05M.
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