Simulation tools solve
light-scattering problems
from biological cells

Biological cells can be considered as
dielectric objects with a given refractive-
index distribution. Consequently, light-
scattering simulations provide an efficient
tool for studying cell morphology as well
as the nature of scattering and its sources.

scale. Typically, 10 to 20 steps per wave-
length are needed. The sampling in
time is selected to ensure numerical
stability of the algorithm.

In optics, a submicron device scale
implies a high degree of light confine-
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The finite-difference time-domain
(FDTF) aproach enables researchers to
simulate light-scattering from single cells
in situations in which other approaches
do not work or the approximations in-
herent in them are questionable.

The FDTD method is effective for this
application because it enables the mod-
eling of a large variety of light-propaga-
tion phenomena and
material effects such
as scattering, diffrac-
tion, reflection,
refraction, absorp-
tion, and polarization
effects.’ The method
can also successfully
model material
anisotropy, disper-
sion, gain, and nonlinearities without
any preassumptions and approxima-
tions for the nature of the optical field
and its behavior. The method is
extremely well suited for the design and
analysis of submicron structures and
devices with very fine structural details.

The FDTD approach is based on the
direct numerical solution of time-
dependent Maxwell’s equations. It uses
the so-called Yee’s numerical scheme
implementing central difference
approximations for the numerical
derivatives in space and time. The sam-
pling in space is on a subwavelength

The finite-difference
time-domain approach
helps develop optical
methods for noninvasive
biomedical diagnostics.

ment and, corre-
spondingly, the
necessity for a
large refractive-
index difference of the materials (most-
ly semiconductors) to be considered. In
the simulation and modeling of light-
scattering from microbiological struc-
tures such as single biocells or clusters
of cells this necessity does not apply.

Microbiological objects can be con-
sidered as complex dielectric objects
with a given refractive-index value dis-
tribution (usu-
ally varying in
the range of 1.3
to 1.7) and
light-scattering
simulations pro-
vide us with an
efficient tool for
studying the
morphology of
the objects as well as the nature of scat-
tering and its sources. The analysis of
this information is the basis for a better
understanding and development of
new optical methods for noninvasive
biomedical diagnostics.

Why FDTD?

The development of noninvasive optical
methods requires a fundamental under-
standing of how light scatters from
structures within tissue. For example,
light-scattering spectroscopy and opti-
cal coherence tomography are directly
related to the measurement of light-
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SOFTWARE & COMPUTING, continued

FIGURE 1. A simulation shows the refractive index (top, left)
and electric near-field amplitude (top, right) distribution
around one of the cells in a vertically oriented infinite row of
periodically positioned circular cells with a period of 24 um;
the radii of the cell and of the nucleus are 8 and 4 pm,
respectively. Blue and red colors (right) correspond to min
and max values of the electric-field amplitude. The refractive
index (bottom, left) and electric near-field amplitude (bottom,
right) distribution around one of the cells in an infinite row of
periodically positioned elliptical cells with a period of 24 pm
has cell radii of10 and 6.4 ym, respectively. The longer and
shorter nucleus radii are 5 and 3.2 pm, respectively.

scattering parameters. It is very impor-
tant to understand from what microbi-
ological structures light scatters, and
the sensitivity of light-scattering
parameters to the dynamic changes of
these structures. Also, if possible, it is
valuable to relate these changes quanti-
tatively to measured light-scattering

Phase-contrast
microscopy studies show
that nuclei and nucleoli
cause significant phase
shifts compared to other
cell components and are
also expected to be a
major source of light
scattering.

Simulations using
FDTD of light scattering
from cells have signifi-
cantly contributed to
understanding the role of
cell morphology on light-
scattering patterns. The
EDTD approach has
demonstrated its unique
ability to estimate the
accuracy of the currently
used analytical and
numerical techniques as
well as of their approxi-
mations. In addition, it
provides valuable infor-
mation about the interac-
tion of light with a single
cell. Tt was found, for
example, that the overall
shape of the nucleus
influences small-angle
scattering whereas the effects of small
intracellular organelles, or high-frequency
index-of-refraction fluctuations, are more
evident at higher angles.

Simulation results
The FDTD simulation results discussed
here are based on two-dimensional (2-D)

IT IS VERY IMPORTANT TO UNDERSTAND FROM
WHAT MICROBIOLOGICAL STRUCTURES LIGHT
SCATTERS, AND THE SENSITIVITY OF LIGHT-
SCATTERING PARAMETERS TO THE DYNAMIC
CHANGES OF THESE STRUCTURES.

parameters. Light scattering from single
biological cells and nuclei is currently
under intensive investigation in the sci-
entific and research literature.> %4
Researchers generally agree that the
dimensions of scattering centers are less
than 1 pm and, therefore, much of the
scattering must be from small structures
within the cells’ nuclei and cytoplasmic
organelles. Mitochondria have been rec-
ognized as a major source of scattering.
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and 3-D dielectric models of the cell. The
simulations were performed by the
OptiFDTD software (Optiwave; Ottawa,
ON) and by a separate 3-D FDTD pro-
gram with a built-in far-field calculation
procedure.” During the simulation
process, scattering patterns—that is, the
plot of the intensity of scattered light as a
function of angle—are extracted. From a
scattering pattern it is easy to estimate the
relative magnitude of scattered light



power at different angles and compare the
results from multiple simulations
accounting for particular features of cell’s
shape, composition, or morphology.

We restricted our consideration to
simple cell morphologies and focused on
accounting for the effect of two different

10°

distribution around the cell. Slight
changes to the electric-field distribution
in the near field will lead to significant
field changes in the far-field zone and will
be detectable in an experiment.

In the 3-D simulations, a 2-pm-radius
spherical cell contains only a cytoplasm

(n=1.37) and a nucleus (n= 1.4,
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radius 1 pm). The extra-cellular
medium has a refractive index value
1= 1.35. The dimensions of the cell
are intentionally minimized, which
significantly relaxes the intensity of
the computational efforts. Our
interest was in demonstrating the
ability of the FDTD method to
model various important features of
cell morphology and in particular
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FIGURE 2. FDTD simulation results are validated
by the coincidence of simulated and analytically
obtained, normalized light-scattering patterns.

factors on light-scattering patterns. First,
the effect of absorption in the medium
surrounding the cell. Previous studies
have shown that accounting for absorp-
tion in the host medium influences the
light scattering distributions from

absorption in the extra-cellular
medium. To study the effect of the
absorption of the extra-cellular
medium in 3-D, we assume that the
refractive-index value of the extra-
cellular medium has a real and an
imaginary part: n+ik. Three cases for the
complex value of the extra-cellular
refractive index were considered:
1.35+i0.00, 1.35+i0.01, and 1.35+i0.05.
Validating the results of the simulation
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phytoplankton cells, which are of £ 10°¢
prokaryotic type and do not have a £ 102f
well-formed nucleus.” E Lo r
Second, the effect of the devia- el
tion from the ideal spherical shape ;133 b 3
of the cell and, in particular, the g 101§
effect of the elongation of the cell _-E 102k
in one of the space dimensions. = 10'3:r
Previous studies based on the ® .
T-matrix method have shown that % 1 4
alignment of red blood cell e e T
volume-equivalent spheroids, 2

sphering, and elongation have a
significant influence on the angular
distribution of the scattered light.®

A 2-D simulation shows a single
cell situated in a computational
domain with periodic boundary
conditions on the two opposite sides
along the direction of propagation (see
Fig. 1, top and bottom). The refractive
indices values are cytoplasm 1.37, nucleus
1.4, and extra-cellular medium 1.35. The
near-field electric-field distribution in this
case is equivalent to the case in which an
infinite vertical row of cells is considered.

Comparing the results of the simula-
tion demonstrates the effect of small cell-
shape variation on the electric near-field

Scattering angle (degrees)

FIGURE 3. Light-scattering intensity with scatter-
ing angle for three values of the imaginary part of
the refractive index of the extra-cellular medium:
0.00, 0.01, and 0.05. Higher absorption in the
extra-cellular medium increases the scattering
intensity for larger values of the scattering angle.

of this effect requires implementing
advanced numerical boundary conditions
such as the so-called unsplit perfectly
matched layer (UPML) boundary condi-
tions.” The wavelength of incident light
used in the simulations is 900 nm. The
space resolution in all directions is
equal to A/30. The time step ensures
numerical stability of the algorithm.
We have validated our 3-D FDTD sim-
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SOFTWARE & COMPUTING, continued

ulation results by comparing them to
the results based on a recently devel-
oped analytical technique (see Fig. 2).7
The normalized light-scattering intensi-
ty can be viewed as a function of the scat-
tering angle for three values of the imagi-
nary part of the refractive index of the
surrounding host medium (see Fig. 3). It
is clear that increasing the imaginary
refractive index of a cell’s surrounding
medium significantly modifies the angular

RELATIVELY SMALL
CHANGES OF CELL
SHAPE OR THE
PARAMETERS OF THE
EXTRA-CELLULAR
MEDIUM CAN
SIGNIFICANTLY CHANGE
THE ANGULAR
DISTRIBUTION OF THE
SCATTERED LIGHT.

distribution of light-scattered intensity.
Higher absorption in the extra-cellular
medium increases the scattering intensity
for larger values of the scattering angle.

This fact must be taken into account
when studying the scattering efficiency
of biological-tissue light-scatterers in
general. It shows that the analysis of light
scattering from isolated biological cells
does not necessarily account for the
whole effect of the surrounding medi-
um. Considering an effective absorption
in the extra-cellular material is more
realistic in terms of averaging the global
effect of the external light-scatterers in
the proximity of the cell.

In sum, relatively small changes of cell
shape or the parameters of the extra-
cellular medium can significantly change
the angular distribution of the scattered
light. The successful application of the
FDTD technique requires an adequate
knowledge about cellular dielectric struc-
ture and parameters; it is also a powerful
tool for building a deeper understanding
about them and a better understanding of

existing and new optical methods for non-
invasive biomedical diagnostics.
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P ADVANCED DIODE LASER TECHNOLOGY

High power, high brightness
fiber-coupled diode lasers are now available
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series of high power, high
Abrightness, fiber-coupled laser

diode devices are now available for
industrial and medical applications from
Apollo Instruments. The laser products are
based on a new beam shaping technology
developed by the company in recent years.
With this breakthrough technology, the
ultra-bright devices can reach a brightness
of 2 MW/cm’str. With beam focusing
optics, power density over 10° W/em? are
obtained, high enough to engrave stainless
steel. Currently, Apollo Instruments is
developing more advanced high-power
devices for the Air Force.

Apollo Instruments' fiber-coupled laser
products are compact, and feature single
fiber coupling with high efficiency. The
collimated modules have beam quality of
3mrad. The company also offers desktop

turnkey systems for CW and pulse
applications. Based on the needs, custom
systems can also be built. Available laser
diode modules include:

¥ 20W 0.1 mm
fiber
* 40W 0.1 mm
fiber
il 50W 0.2 mm
fiber
S 35W 0.4 mm

High power fiber-coupled laser diodes
have many applications including material
processing, medical therapeutics, printing,
solid-state laser pumping, and fiber
amplifiers for telecommunications.

With Apollo's superior pumping source
Fiber lasers deliver more than 100W high
quality beam (TEMoo) have been
conveniently realized. W
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Fiber coupled laser diodes (fiber
detached) and the I5W turnkey
[fiber laser system that delivers a
diffraction limited (M'? <) lio7
micron laser beam
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