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Abstract. A unified Mie and fractal model for light scattering by bio-
logical cells is presented. This model is shown to provide an excellent
global agreement with the angular dependent elastic light scattering
spectroscopy of cells over the whole visible range (400 to 700 nm)
and at all scattering angles (1.1 to 165 deg) investigated. Mie scatter-
ing from the bare cell and the nucleus is found to dominate light
scattering in the forward directions, whereas the random fluctuation
of the background refractive index within the cell, behaving as a frac-
tal random continuous medium, is found to dominate light scattering
at other angles. Angularly dependent elastic light scattering spectros-
copy aided by the unified Mie and fractal model is demonstrated to be
an effective noninvasive approach to characterize biological cells and
their internal structures. The acetowhitening effect induced by apply-
ing acetic acid on epithelial cells is investigated as an example. The
changes in morphology and refractive index of epithelial cells, nuclei,
and subcellular structures after the application of acetic acid are suc-
cessfully probed and quantified using the proposed approach. The
unified Mie and fractal model may serve as the foundation for optical
detection of precancerous and cancerous changes in biological cells

and tissues based on light scattering techniques. © 2008 society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.2907790]
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1 Introduction

Light interaction with small particles is the foundation for
biomedical optical spectroscopy and imaging. Elastic light-
scattering spectroscopy (LSS) has been extensively investi-
gated to probe precancerous and cancerous tissue states both
in vivo and ex vivo, and to assess the presence and concentra-
tion of biochemicals for diagnostic purposes.l’2 The optical
properties of biological cells and tissues are determined by
their microstructures and local refractive index variations.
Mammalian cells are typically 10 to 30 um in diameter. Mi-
crostructures in biological tissues and cells range from or-
ganelles 0.2 to 0.5 wm or smaller, mitochondria 1 to 4 um
in length and 0.3 t0 0.7 um in diameter, and nuclei
3t0 10 um in diameter. The refractive index variation is
about 0.04 to 0.10 with a background refractive index n
=1.35 for soft tissues.” The premise of LSS is that elastic light
scattering is sensitive to the morphology of microstructures
and the refractive index variations inside cells and tissues and
can be used to probe the changes in morphology and refrac-
tive index if any (optical biopsy). Due to the complexity of

*Address all correspondence to Min Xu, E-mail: mxu@mail fairfield.edu; and
Jianan Y. Qu, E-mail: eequ@ust.hk.

Journal of Biomedical Optics 024015-1

biological cells, it has been a difficult and challenging task to
link the observed light scattering signals to the underlying
morphological and refractive index changes inside cells and
tissues. The size of scattering centers obtained using Mie
models is too small to account for either the cell or the
nucleus.* The finite difference time domain (FDTD) simula-
tion for light scattering by cells showed the importance of the
fluctuation of the refractive index in elastic light scattering by
cells,” which manifested the deficiency of the Mie model.

It was later observed that the distribution of the refractive
index of biological cells and tissues is similar to a fractal. A
fractal random fluctuation continuous medium model was
found to describe well both the wavelength dependence and
angular patterns in larger scattering angles (=5 to 10 deg) of
elastic light scattering by biological cells and tissues.®” The
well-known power law governing the wavelength dependence
of the reduced scattering coefficient of biological samples
emerges naturally from such a model. Experimental results,
however, demonstrated that light scattering by cells at smaller
scattering angles (<5 deg) retains Mie oscillatory patterns.
These oscillatory patterns are attributed to light scattering by
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the whole cell and the embedded nucleus, which dominate in
the forward scattering directions. A more realistic model of
biological cells shall be a complex composite particle (1) with
the nucleus (the most important scattering center in the cell)
embedded inside a bare cell host and (2) with the presence of
random fluctuation of the background refractive index inside
the cell. Such a unified Mie and fractal model has been re-
ported to describe elastic light scattering by biological cells
and tissues into both small and large angles for the first time.®
The unified Mie and fractal model may serve as the founda-
tion for developing optical methods for detecting precancer-
ous and cancerous changes in biological cells and tissues us-
ing light scattering techniques.

In this paper, we first present in detail the unified Mie and
fractal model introduced in Ref. 8 for elastic light scattering
by biological cells and tissues. By comparing the unified
model to angularly dependent elastic light scattering spectros-
copy for human cervical squamous carcinoma epithelial
(SiHa) cells over the spectral range of 400 to 700 nm and the
scattering angles of 1.1 to 165 deg, the unified model is
shown to provide an excellent global agreement to the experi-
mental data over all scattering angles and all the wavelengths
of light investigated. The small-angle light scattering behavior
is shown to be determined by the bare cell and the nucleus,
whereas the large-angle light scattering behavior is dominated
by the fluctuation of the background refractive index within
the cell. The changes in morphology and refractive index of
epithelial cells, nuclei, and subcellular structures induced by
the application of acetic acid on epithelial cells are success-
fully probed and quantified from the angularly dependent
elastic light scattering spectroscopy using the unified Mie and
fractal model. Finally, a few outstanding issues about light
scattering by biological cells and tissues are addressed.

2 Theory

Biological cells have a complex structure. The computation of
light scattering property of such particles is usually difficult
and time consuming.” Techniques such as the FDTD method
may be time prohibitive to be used in characterizing biologi-
cal cells and tissues from light scattering measurements where
repeated evaluations of the scattering characteristics of the
system prescribed by a set of parameters are required until
one set of parameters is found that produce an optimal fitting
to the measurements. Mie models are thus commonly used
despite their well-known deficiency. Based on one key char-
acteristic of biological cells and tissues that they are optically
soft with their refractive index typically varying from ~1.36
for the cytoplasm to ~1.40 for the nucleus, one recent devel-
opment of the superposition rule for light scattering by soft
complex particles10 provides, for the first time, a tractable
approach to analyze the behavior of light scattering by bio-
logical cells and tissues.

The light scattering property of spherical or randomly ori-
ented nonspherical particles is characterized by a 2 X 2 diag-
onal amplitude scattering (Jones) matrix diag(S",S*) depen-
dent on the particle size parameter, relative refractive index,
and the scattering angle, where S' and S* are the scattering
amplitude functions for light of parallel or perpendicular po-
larization with respect to the scattering plane, respectively.''?
The superposition rule'® shows that the scattering amplitude
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function S(q) (either S" and S*) for a composite particle can
be approximated by the superposition of the scattering ampli-
tude function Sy(q) of the host particle and the scattering
amplitude functions S;(q) of the inclusions:

S(q) =So(q) + E exp(=ir;- q —ip;)Si(q), (1)

where r; is the center of the i’th inclusion, p; is the average
phase delay seen by the i’th inclusion due to the shadowing
by the host particle, q=g(cos ¢,sin ¢,0) is the wave vector
transfer with a magnitude ¢=2ksin(6/2), k=2mn/\ is the
wave number with n the refractive index of the background
medium and A the wavelength of the incident beam in
vacuum, and 6 and ¢ are the polar and azimuthal angles of
scattering, respectively. The superposition rule is valid as long
as the maximum difference in the phase delay seen by the
inclusions (Ap;)max < 1. Each shadowed inclusion is the same
as the real one except that its refractive index is to be replaced
by m;—mgy+1 where my and m; are the relative refractive
indices of the host and the i’th inclusion (compared to the
background), respectively. By expressing light scattering by a
composite particle as a superposition of light scattering by the
host and its inclusions, the superposition rule quantifies the
contribution from each individual inclusion embedded in a
composite particle and provides a useful means to probe the
changes in the internal structure from light scattering by com-
posite particles.

For a typical biological cell of radius a~ 10 um and rela-
tive refractive index my~ 1.01 in aqueous suspensions, the
value of the maximum phase delay difference can be esti-
mated to be (Ap)max~ 0.4 for incident light of wavelength
500 nm. Hence, the superposition rule is, in particular, suited
to investigate light scattering by biological cells with internal
structures (nucleus, mitochondria, and other organelles).

The amplitude scattering function for biological cells is
given by the superposition of those of the host (the bare cell),
the nucleus, and the random fluctuation of the background
refractive index within the cell, i.e.,

Seen(q) = So(q) + exp(=ir.- q —ip,)S,(q) + 2 exp(—ir;- q

- ip)Siq). 2

Here the first two terms represent the scattering amplitude
function of the bare cell and the nucleus for either parallel or
perpendicular polarized light, respectively. The nucleus is
centered at r,. and sees a phase delay p.. due to the shadowing
of the host. The third term presents the summation of all con-
tributions from the random fluctuation of the refractive index
Sdm(r;)=m(r;)—my at position r; with a corresponding phase
delay p;. The intensity of light scattered into direction q, nor-
mally measured in the light scattering measurement, is given
by the configurational average of the scattering cross section
|Scen(q)[>/ k2 over all possible size, shape, and orientation of
the cell and the relative position of its inclusions. The squared
scattering amplitude function can be approximated simply by

|Scell(q)|2 = |S0(q)|2 + |Sn(q)|2 + |Sbg(q)|29 (3)

after performing the configuration average, where
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w? parallel polarized

1 perpendicular polarized,

(4)

|She(@)]* = 27Tk6V1§(f1){

is the fractal scattering term (see the Appendix for the proof),

u=cos 6, V is the volume of the cell, and Ié(q)
=[1/(2m)3]fR(r)exp(iq-r)dr is the power spectrum of the
random fluctuation R(|r; —r,|)=(dm(r;) dm(r,)) of the back-
ground refractive index satisfying (dm(r))=0. Among the
three terms in Eq. (3), the first two terms from Mie scattering
of the bare cell (the uniform cell without any internal struc-
ture) and the nucleus dominates forward light scattering by a
cell; and the third term from the fluctuation of the background
refractive index within the cell dominates light scattering at
other angles.

The fractal random continuous medium model has been
shown to describe well the random fluctuation of the back-
ground refractive index for biological tissues and cells.*” In
the fractal model, the random fluctuation of the background
refractive index is assumed to be

lmax
R(r) = (om(0)?) J exp(— §)n(z>dz, (5)
0

where 7(1)= 5> P/ 1-Pr (0<I<l,,,) is the distribution of
the correlation length [ normalized to [ 6‘“"“ n()di=1,
(6m(0)?) is the squared amplitude fluctuation of the refractive
index, 7, is a dimensionless constant, and Dy is the fractal
dimension. The power spectrum of the fluctuation of the re-

fractive index is given explicitly by

lmax lﬁ—Df
RO=P| S5 —55d
o L1+ BR)?

max

(6)

where 2= (m(0)?)7, is the effective squared amplitude
fluctuation of the refractive index. The dimensionless 3 rep-
resents the random fluctuation strength. The background
squared scattering amplitude is now

b= 2w [
be ™ max o [+ 2(1 - w)xP

2 .
w- parallel polarized
{ (7)

1 perpendicular polarized.

The intensity of scattered parallel or perpendicular polarized
light is proportional to the corresponding scattering cross sec-
tion given by [S.(q)]*/k*> from Eq. (3), where [Sy(q)|?
|S,.(q)|%, and |Sy(q)|* are the squared scattering amplitude
functions for light of respective polarization. The scattering
cross sections for unpolarized light is given by the mean of
the two scattering cross section for light of parallel or perpen-
dicular polarization.

To account for the polydispersity of cells, the radius of the
bare cell and that of the nucleus are assumed to follow a
lognormal distribution:
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YRS S _ 2(i> :
f0= exp[ i / 25?], (8)

with i=0 standing for the bare cell, and i=1 for the nucleus,
respectively. The lognormal size distribution of parameters a,,
and & attains its peak at a,,/exp(&°) and a full width at half
maximum (FWHM) of the size distribution to be
2 sinh( \e’mb‘)am/exp(ég). The average volume is given by
V=(4/ 3)77(13” exp[(9/2)8°]. The two important characteris-
tics of the size distribution are the effective radius

f K f(x)dx
acff = ——=a,,exp(5 0?/2) 9
f x*f(x)dx

0

and the effective variance

f"“ (x — a®™2x*f(x)dx
peff = 22 —exp(a?)—1.  (10)

(aeff)2J xzf(x)dx

0

These two characteristics are geometrical projection area
weighted. Scatterers of different size distributions but of the
same effective radius and effective variance behave alike in
their properties of light scattering.” These two parameters are
reported in the fitting results.

In our analysis presented in the following sections, the first
two terms in Eq. (3) are computed using a regular Mie scat-
tering code weighted by the lognormal size distribution."® The
third term in Eq. (3) is evaluated by a numerical integration of
Eq. (7). The measured angular spectra of light scattering ver-
sus the scattering angle # and the wavelength N\ are then used
to extract the size distribution (amo and &) and the relative
refractive index my, of the bare cell, the size distribution (czm1
and &)) and the relative refractive index m; of the nucleus,
and the fractal dimension Dy, the cutoff correlation length
I max> and the fluctuation strength B of the background refrac-
tive index fluctuation.

3 Results

In this section, the unified model presented in Eq. (3) is used
to analyze angular dependent light scattering spectroscopy for
human cervical squamous carcinoma epithelial (SiHa) cells
over the spectral range 400 to 700 nm and the scattering
angles from 1.1 to 165 deg. The details of the experimental
setup were given elsewhere.'* The size distribution of the
SiHa cells in phosphate buffered saline (PBS) suspensions
was measured by phase contrast microscopy and verified by a
Multisizer I Coulter counter. The size distribution of nuclei
was measured by fluorescence microscopy. The nuclei were
stained with Hoechst 33342 for fluorescence microscopic im-
aging. The size distributions of SiHa cells and nuclei were
described by log-normal distributions, as in Eq. (8). Specifi-
cally, the radii of the cells in suspension before and after the
application of acetic acid were a,, =6.85 um and 8,=0.116
and a,’n0=7.14 um and §,=0.125, respectively. The radii of
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Fig. 1 Experimental (solid circles) and unified model fitting (solid line) results for the scattering spectra of the SiHa cell suspension before and after
the application of acetic acid at 10 representative scattering angles. The size distributions for the cell and the nucleus were measured separately by

microscopy and not fitted.

nuclei before and after the application of acetic acid were
a,,=4.82 um and §,=0.182, and a,’nl=4.58 pm and &)
=0.171, respectively. These size distributions were used in
fitting of the scattering spectral data. The refractive index of
the PBS and the acetic acid solution was assumed to be 1.334.

A global fitting for the light scattering spectra over
400 to 700 nm at a total of 44 scattering angles ranging from
1.1 to 165 deg was conducted by minimizing the chi-squared
error of logarithm intensities using a Levenberg-Marquardt
algorithm. The fitting parameters were the refractive indices
of the cell and the nucleus (m, and m,), the fractal dimension
Df, the refractive index fluctuation strength B, and the cutoff
correlation length /... Initial values for the refractive indices
mq and m were obtained by fitting the scattering spectra in
the angular range smaller than 5 deg. Initial values for D, and
lmax Were obtained by fitting the scattering spectra in the an-
gular range larger than 20 deg.

Figure 1 displays the representative fitting results for 10
scattering angles before and after the application of acetic
acid to the SiHa cell suspension. The fitting parameters are
summarized in Table 1.
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In a second attempt to fit the experimental data to investi-
gate whether the angularly dependent light scattering spec-
troscopy alone can be used to characterize the biological cell,
the size distributions of the bare cell and the nucleus were
assumed to be unknown. In this case, the initial values for the
bare cell (amo, &y, and myg) were fitted from the wavelength-
dependent light intensities scattered into angles less than
2 deg (total five angles of 1.1, 1.3, 1.6, 1.8, and 2.0 deg),
where light scattering is dominated by the bare cell. The ini-
tial values for the nucleus were assumed to be am|=2amo/3,
8;=0y, and m;=1.06. These values for the bare cell and the
nucleus were then updated by fitting the wavelength-
dependent light intensities scattered into angles less than
4 deg (total 15 angles of 1.1, 1.3, 1.6, 1.8, 2.0, 2.2, 2.4, 2.7,
2.9, 3.1, 3.3, 3.6, 3.8, and 4.0 deg), where light scattering is
dominated by the bare cell and the nucleus together. Initial
values for Dy and [, were obtained by fitting the scattering
spectra in the angular range larger than 20 deg. The initial
value for the background refractive index fluctuation was set
to 8=0.01. A global fitting for the light scattering spectra
over 400 to 700 nm at total 44 scattering angles was then
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Table 1 Fitting parameters for the SiHa cell suspension before and after the application of acetic acid (AA).

igll (um) Vigll aﬁﬁdeus (um) Vifufc\eus Neell Nnycleus Dy Imox (um) B Error
Before AA 7.08 0.0135 5.24 0.0337 1.367 1.393 4.48 0.413 0.0089 4.55
After AA 7.42 0.0157 4.93 0.0297 1.360 1.405 4.68 0.340 0.0194 3.20

The size distributions for the cell and the nucleus (a2

e e, aef . and £ ) were measured separately by microscopy and not fitted. The refractive indices (neq

and nevs) and the parameters for the background refractive index fluctuation (Dy, Iqx, and B) were obtained by fitting all scattering spectra at 44 scattering angles
using the unified Mie and fractal model.

conducted by minimizing the chi-squared error of logarithm distributions of the cells and the nuclei agree with the inde-

intensities.

Figure 2 displays the representative fitting results for the
same 10 scattering angles before and after the application of
acetic acid to the SiHa cell suspension. The fitting parameters
are summarized in Table 2. The parameters are very close to
the values obtained in the first fitting, where the size distribu-
tions of the cell and the nucleus were measured separately by

pendent measurements by microscopy.

The fitting to angularly dependent scattering spec-
troscopies is much more stringent than that to the scattering
spectrum at a specific wavelength of light. The fitting results
already obtained from fitting to the former yields almost per-
fect agreement to the scattering spectrum at any one particular

microscopy and not fitted. In particular, the recovered size wavelength. Figure 3 demonstrates such an agreement for in-
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Fig. 2 Experimental (solid circles) and unified model fitting (solid line) results for the scattering spectra of the SiHa cell suspension before and after

the application of acetic acid at 10 representative scattering angles. The size distributions of the bare cell and the nucleus were assumed unknown
and fitted.
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Table 2 Fitting parameters for the SiHa cell suspension before and after the application of AA using the angularly dependent light scattering
spectroscopy alone.

C’igu (/‘Lm) Vif:u aﬁﬁcleus (lum) ng;fcleus Neell Nnycleus Df Imax (/’“m) B Error
Before AA 7.33 0.0137 5.83 0.0776 1.360 1.400 4.45 0.348 0.0093 3.88
After AA 7.39 0.0227 5.08 0.0547 1.360 1.405 4.68 0.337 0.0193 2.86

The size distributions for the cell and the nucleus were fitted together with other parameters. The fitting procedure is detailed in the text.

cident light of wavelength 633 nm. The parameters used in
the unified model are the same ones given in Table 2.

The mechanism for the acetowhitening effect,'” on which
colposcopic diagnosis of cervical cancer is based, is clearly
illustrated in the changes of the size and the refractive index
of the SiHa cell induced by the application of AA from the
preceding analysis. After the application of AA, the cell
swells and the mean refractive index of the cell decreases
slightly. On the contrary, the nucleus shrinks and the mean
refractive index of the nucleus increases slightly. The slight
increase of the fractal dimension Dy after the application of
AA indicates an increase of the volume fraction of the smaller
subcellular structures. The most striking change induced by
the application of AA is the doubling of the random fluctua-
tion of the background refractive index. The increase of the
refractive index fluctuation amplitude B is ~2.2 times after
the application of AA. The observed significant enhancement
by a factor of 5 to 9 of the large-angle light scattering signal
after the application of AA originates from the increased frac-
tal scattering by the cell owing to the stronger background
refractive index fluctuation (about 4.8 times larger in 8%) and
the shifting of the size of subcellular structures toward smaller
sizes (Df increases and [, decreases). These findings are
consistent with earlier reports and support the hypothesis of
acetowhitening effect that AA increases the polymerization of
cytokeratins and causes the self-organization of keratin fila-
ments into larger bundles.'*'°

10° S ——
Before AA: Exp  +
8 Unified model
10 After AA:Exp  x

Unified model

Phase function

0 20 40 60 80 100120140160 180
Angles (degrees)

Fig. 3 Experimental scattering spectra of SiHa cells before and after
the application of AA. The wavelength of light is 633 nm. The param-
eters for the unified model used are given in Table 2.
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4 Discussion and Conclusion

The significance of this unified Mie and fractal model for light
scattering by biological cells is its excellent agreement to the
angularly dependent light scattering spectroscopy of biologi-
cal cells across all scattering angles from forward to backward
directions and over the whole spectral range investigated.
Most importantly, the agreement between the model and the
experimental data when the size distributions of the cells and
the nuclei are fixed by independent microscopy measurements
demonstrates the validity of the unified model. The recovered
refractive indices (r1e;=1.360 to 1.367 and n,ycjeus=1.393 to
1.400) for SiHa cells before the application of AA are consis-
tent with earlier findings.*'” The changes in morphology and
refractive index of epithelial cells, nuclei, and subcellular
structures induced by the application of AA on SiHa cells
have been successfully quantified from the angularly depen-
dent elastic light scattering spectroscopy using the unified
model with or without the knowledge of the size distributions
of the cells and the nuclei. This suggests the unified Mie and
fractal model may be used to characterize minute changes in
the morphology and refractive index of the cell and its inter-
nal structure and may serve as the foundation for optical de-
tection of precancerous and cancerous changes in biological
cells and tissues based on light scattering techniques. A few
outstanding issues concerning light scattering by biological
cells and tissues are discussed from the perspective of this
unified model.

The angularly dependent contributions of different compo-
nents to the cell light scattering are displayed in Fig. 4. The
largest contribution to the scattered light into scattering angles
less than 3.9 deg is that from the bare cell. The largest con-
tribution to light scattering into angles larger than 13.0 deg is
from the random fluctuation of the background refractive in-
dex. The contribution due to the nucleus is larger than that
from the bare cell for scattering angles larger than 5.0 deg.
Note that the importance of the components for different cells
may differ. Overall, Mie scattering from the bare cell and the
nucleus dominates cell light scattering in the forward direc-
tions, whereas the random fluctuation of the background re-
fractive index within the cell dominates light scattering by
cells in other angles.

The wavelength-dependent behavior of the contributions
of different components to the total scattering cross section
are displayed in Fig. 5. The bare cell dominates the contribu-
tion to light scattering and the refractive index fluctuation
contributes least. However, the contribution due to the refrac-
tive index fluctuation is significantly enhanced after the appli-
cation of AA. The contribution due to the refractive index
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Fig. 4 Angularly dependent contributions to the scattered light by dif-
ferent components: the bare cell, the nucleus, and the random fluc-
tuation in the background refractive index inside SiHa cells before the
application of AA: (a) contributions of each component and (b) per-
centage of each component in the light scattering signal. The wave-
length of light is 633 nm. The contributions to the scattered light by
different components after the application of AA are similar and not
displayed.

fluctuation is larger than that from the nuclei at shorter wave-
lengths after the application of AA.

In optical imaging of biological samples, multiple scatter-
ing of light inside the sample cannot be avoided. Two impor-
tant characteristics of the sample are the reduced scattering
coefficient u! and the anisotropy factor g (mean cosine of
light scattering). The unnormalized w, is given by [(1
—c08 0)[Scen(0)|*/ k2d cos 0= [(1—cos 6)|Sye(q)|*/k*d cos 6
and depends mainly on the random fluctuation of the back-
ground refractive index. The Mie scattering component con-
centrates in the forward angles and is much suppressed by the
(1—cos ) factor. This is the reason why the fractal random
continuous medium model works well for biological tissues
and cells in optical imaging.6 This is also the origin of the
power law relation u,(\) % \™5F (SP=D;—3) of the reduced
scattering on the wavelength of the probing light despite the
presence of Mie scattering in single light scattering by cells.
Figure 6 displays the contributions to u, by Mie (bare cell
and nucleus) and fractal scattering (fluctuation) and the fitting
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Fig. 5 Wavelength-dependent contributions to the scattered light by
different components: the bare cell, the nucleus, and the random fluc-
tuation in the background refractive index inside SiHa cells (a) before
and (b) after the application of AA.

of the power law of u, before and after the application of AA.
Fractal scattering dominates reduced light scattering. The fit-
ting to the power law of u! yields a scattering power of 1.36
and 1.76, respectively. This corresponds to fractal dimensions
of 4.36 and 4.76 before and after the application of AA. These
values of Dy deviate slightly from those recovered from the
more rigorous analysis presented in Tables 1 and 2. Moreover,
fractal scattering is significantly enhanced by application of
AA on SiHa cells. This is the reason why the anisotropy factor
of SiHa cells decreases appreciably after the application of
AA (see Fig. 7).

From the preceding analysis of the relative importance of
different components to cell light scattering, we can make the
following observations. First, multiple scattering light is sen-
sitive to the refractive index fluctuation inside a biological
sample and insensitive to the size or the mean refractive index
of the bare cell and the nuclei since the propagation of mul-
tiply scattered light in the sample is mainly determined by
reduced light scattering u. which is dominated by fractal
scattering. Attributing reduced light scattering by biological
samples to Mie scattering and determining the nuclear size
from w(N) is inappropriate. To probe the nuclear size change
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Fig. 6 Unnormalized reduced scattering of SiHa cells (a) before and
(b) after the application of AA. The fitting to the power law of wu;
yields scattering powers of 1.36 and 1.76, respectively, for (a) and (b).
The contributions from the bare cell, the nucleus, and the random
fluctuation in the background refractive index inside SiHa cells to
reduced light scattering are also plotted.

owing to, for example, cancergenesis, one must acquire addi-
tional information about the light scattering property of the
sample, such as its anisotropy factor,'® if multiply scattered
light is used. The optical signal from few scattered photons
may also be measured for such a purpose by detecting back-
scattered light close to the incident source. Even in such an
arrangement, few scattered photons are usually buried in a
multitude of photons that have undergone multiple scattering
because light scattering by biological samples is highly for-
ward peaked (g>0.9). A model taking into consideration
multiple scattering of light is still mandatory to interpret such
light signals correctly. For either multiply or few scattered
light, the unified Mie and fractal model provides the much
needed foundation on which a rigorous analysis can be based.

5 Appendix

In this appendix, we will prove Eq. (4). Consider a particle
with two point scatterers randomly placed inside. According
to the superposition rule, the scattering amplitude of the par-
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Fig. 7 Decrease of the anisotropy factor of SiHa cells after the appli-
cation of AA.

ticle with two point scatterers embedded at r; , can be written
as

S(q) = So(q) +exp(=ir; - q — ip;)S,(q) +exp(-ir, - q
—ip)Sy(q), (11)

where Sy(q) and S;,(q) are the scattering amplitude of the
bare host particle and the point scatterers, respectively, and
P12 is the phase delay seen by the point scatterers due to the
host particle. The phase delay p; is simply given by Prmaxl 1
—(§f+ njz)/az]“z, where pp. = 2k(mg—1)a is the maximum
phase delay for a ray passing through the host particle whose
refractive index is m, and whose radius is @, §; and 7; are the
x and y components of r;, and k is the wave number of the
incident beam in the z direction. The two point scatterers have
an identical volume v <1 and a refractive index my+ om(r;).
The amplitude scattering function S; for the two point scatter-
ers j=1,2 is given by

7.3

k
S_,'((I)=—%5m(rj), (12)

following Rayleigh-Gans scattering.

Let us now assume the mean of the refractive index fluc-
tuation (dm(r;))=0 and the correlation between the two point
scatterers  R(r)=(dm(r,)dm(r,)), where r=|r;—r,|. The
squared scattering amplitude of the composite particle with
such two point scatterers randomly placed inside is given by

3 2
1S(@)* = 1So(q)]* + 2(';—) R(0) + 47(k*v)2V'R(q),

v
w
(13)

where V is the volume of the host particle, and R is the power
spectrum of R(r) provided that the correlation decays fast
enough that a typical separation between the two point scat-
terers r<<a.

The corresponding squared scattering amplitude is given
by
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3 2
Sl =ksi@f +v 52) ro)
w

6.
N(N-1) .
tdr——— (K*v)*V"'R(q) (14) ;
for N point scatterers. In the limit of N—cc and v — 0 while
keeping the product Nv=T,V fixed, where T, is the dimen- 8.
sionless total volume fraction of point scatterers, we find
e 2 2,617 >
IS(@I* = So(a)|* + 27T,k VR(q) (15)
for the composite particle. In particular, |[S(q)|*=|S(q)|? 10.
+2mkSVR(q) if T,=1. i
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