The FDTD Approach Applied to Light Scattering from Single Biological Cells

Stoyan Tanev, Wenbo Sun, Richard Zhang and Andrew Ridsdale

Stoyan. Tanev@vitese.ca

Dr. Stoyan Tanev is program manager of photonics and biophotonics programs at Vitesse
Re-Skilling™ Canada, 1200 Montreal Road, M-50, Ottawa, ON, Canada K1A ORS,
syoyan.tanev@vitesse.ca Dr. Wenbo Sun is aresearch assistant professor at the Center
for Atmospheric Sciences of Hampton University, Hampton, VA 23668, USA,
w.sun@larc.nasa.gov, Richard Zhang is research scientist at Optiwave Corporation, 7
Capella Court, Ottawa, ON, Canada K2E 7X 1, richard.zhang@optiwave.com Dr.
Andrew Ridsdde is group leader of the Confoca Microscopy, Image Data Andysis and
Visudization group at Ottawa Health Research Ingtitute, 725 Parkdale Avenue, Ottawa,
ON, Canada K1Y 4K09, aridsdale@ohri.ca.

Abstract

Biologicd cdls can be consdered as didectric objects with a given refractive index
digribution. Light scattering Smulations provide us with an efficient tool for sudying

cdll morphology as well as the nature of scattering and its sources. The andysis of this
information isthe bassfor a better understanding and development of new optica
methods for non-invasive biomedica diagnostics. Here we demondtrate the potentia of
Finite- Difference Time-Domain (FDTD) method based software tools for the smulation
of light scattering from single cells in Stuations where other gpproaches smply do not
work or the gpproximations inherited in them begin to be questionable.



[. Introduction

The gpplication of optical methods in basic biomedica research aswell asclinica
gpplicationsis emerging as one of the new technologica paradigmsin today’ s knowledge
based economy. This bio- photonics convergence is due, from one side, to the recent
significant advancement of photonics and biotechnol ogies worldwide and, from another
Sde, to the various hedth, environment and defense related chalenges faced by human
society a the beginning of 21-t century.

One of the benefits of the recent heavy investment in photonics research and
development was the higher maturity and sophigtication of the commerciadly avalable
advanced photonics design software smulation tools, and of the Photonics Design
Automation (PDA) industry in generd. The present tendency towards planar lightwave
technology device miniaturization, which inherently includes a much higher physicd and
fabrication complexity, has contributed to another technologica convergence —the use of
PDA toolsin the life sciences. In the present article we will congder the potentid of the
Finite- Difference Time Domain (FDTD) gpproach for studying the light scattering
properties of sngle biologica cdls.

[I. The FDTD approach

The FDTD method has been established as a powerful tool for micro-photonics device
amulations and was dready successfully implemented in commercidly available
advanced photonics software smulation packages'. The popularity of the FDTD method
isdueto its ability to modd alarge variety of light propagation phenomena and materia
effects such as scattering, diffraction, reflection, refraction, absorption, gain and
polarization effects’. It can also successfully model material anisotropy, dispersion and
nonlinearities without any pre-assumptions and approximeations for the nature of the
optica fidd and its behavior. The method is extremdy well suited for the desgn and

andyss of sub-micron devices with very fine Sructurd details.

The FDTD approach is based on the direct numerica solution of the time dependent
Maxwell’s equations. It uses the so-called Yee's numerical scheme? implementing centrdl



difference gpproximations for the numerica derivativesin space and time. The sampling
in gpace is on asub-wavelength scde. Typicdly, 10 to 20 steps per wavelength are
needed. The sampling in time is selected to ensure numerica stability of the agorithm.
Pulsed or CW excitations of the numerical scheme can be used. In the CW casethe
optical wave andog propagates until it reaches a Sationary Sate. The basic FDTD
agorithm must be modified at the boundaries of the computational domain where
suitable numerica absorbing boundary conditions are applied. This dlowsfor the
minimization of the computationa domain. When the FDTD simulation is completed the
time domain vectorid opticd field is saved at the borders of the minimized
computational domain. Thisisthe field near to the scattering object. It is of no rlevance
for ared life experiment where the detector isfar away on adistance much larger than
the dimensions of the scattering object - the cdll. A far fidd transformation procedure is
needed to get the corresponding fidds in the far field region. Details on the FDTD
simulation gpproach can be found in?.

In photonics, a sub-micron device scae implies ahigh degree of light confinement and,
correspondingly, the necessity for alarge refractive index difference of the materias
(mostly semiconductors) to be considered. In the smulation and modding of light
scattering from micro-biologica structures such assngle bio-cdlls or dugers of cdlsthis
necessity does not apply. Micro-biological objects can be consdered as complex
didectric objects with a given refractive index vaue digribution (usudly varying in the
range® of 1.3-1.7) and light scattering smulations provide us with an efficient tool for
studying the morphology of the objects as well asthe nature of scattering and its sources.
The andysis of thisinformation is the basis for a better understanding and devel opment
of new optica methods for non-invasive biomedica diagnogtics. Our main am hereisto
demondtrate the potentia of the FDTD gpproach for the amulation of light scattering
from single cdllsin stuations where other gpproaches smply do not work or the

approximations inherited in them begin to be questionable,



[11.Why FDTD?

The development of noninvasive optica methods requires a fundamenta understanding
of how light scatters from structures within tissue. For example, light scattering
spectroscopy and optical coherence tomography are directly related to the measurement
of light scattering parameters. It is very important to understand from what micro-
biologica structures light scatters, how sengtive are light scattering parametersto the
dynamic changes of these structures as well as, if possible, to quantitatively relate these
changes to measured light scattering parameters. In particular, light scattering from single
biologicd cells and nude is currently being under intensve investigation in the scientific
and research literature®*°. There is an agreement that the dimensions of scattering centers
are below 1 um and, therefore, much of the scattering must be from small structures
within the cells nucle and cytoplasmic organelles. Mitochondria have been recognized
asamaor source of scattering. Phase contrast microscopy studies show that nuclel and
nucleoli cause significant phase shifts compared to other cell components and are dso
expected to be amgor source of light scattering. FDTD smulations of light scattering
from cdls have significantly contributed to the eucidation of the role of cdl morphology
on light scattering patterns® . The FDTD approach has demonstrated its unicue ahility to
estimate the accuracy of the currently used anaytical and numerica techniques aswel as
of their approximations. In addition, it provides vauable information about the
interaction of light with asingle cdll. For example, it was found that the overall shape of
the nudleus influences small- angle scattering whereas the effects of small intracdlular
organdles, or high-frequency index of refraction fluctuations, are more evident a higher
angles. It was clearly established that scattering patterns change significantly based on
the cdl’ sinternd structure, the surrounding environment, and the wavelength of
illuminating light. These findings will facilitate the design of more effective opticd
diagnostic systems by dlowing prediction of changesin scattering as afunction of cell
morphology.

V. Smulation results
In this article we present the FDTD smulation results based on 2D and 3D didectric
models of the cdll. During the Smulation process we extract the scattering patterns - the



plot of the intengity of scattered light as a function of angle. From a scattering patternit is
relatively easy to estimate the reaive magnitude of scattered light power at different
angles and compare the results from multiple smulations accounting for particular
features of cdl’s shape, composition or morphology. We have intentiondly restricted our
congderation to smple cel morphologies. Ou main focus here is on accounting for the
effect of two different factors on the light scattering patterns. First, we consider the effect
of absorption in the medium surrounding the cell. Previous studies have shown that
accounting for absorption in the host medium influences the light scattering digtributions
from phytoplankton cells which are of prokaryotic type and do not have awell formed
nudeus®. Second, thisis the effect of the deviation from the ideal spherical shape of the
cdl and, in particular, the effect of the elongation of the cell in one of the space
dimengons. Previous studies based on the T-matrix method have shown that dignment of
red blood cell volume-equivaent spheroids, sphering, and eongation have a Sgnificant
influence on the angular distribution of the scattered light”.

Fig. 1 Refractive index (left) and electric near field amplitude (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 um and 4 um,

respectively. Blue and red colors (right) correspond to min and max values of the electric

field amplitude. Results and graphs generated by the OptiFDTD software Results

Analyzer.



Fig. 2 Refractive index (left) and electric near field amplitude (right) distribution around
one of the cells in an infinite row of periodically positioned eliptical cells with a period
of 24 um. The longer and shorter cell radii are 10 um and 6.4 um, respectively. The
longer and shorter nucleus radii are’5 pumand 3.2 pum, respectively.

Wewill consder first 2D smulation results of asingle cdl Stuated in a computationa
domain with periodic boundary conditions on the two opposite Sides dong the direction
of propagation (top and bottom of the graphsin Fig. 1 and Fig. 2). The refractive indices
vaues are as follows. cytoplasm: 1.37; nucleus: 1.4; extra cdlular medium: 1.35. The
near field dectric fidd didribution in this case is equivaent to the case where an infinite
vertica row of cdlsis consdered. Comparison of Fig. 1 and Fig. 2 demondtrates the
effect of amdl cel shape variation on the eectric near fidd digtribution around the cell.
Slight changes of the eectric fidd distribution in the near fidld will leed to Sgnificant

fiedd changesin the far field zone and will be detectable in an experiment.

The 3D smulations presented here consider a2 um radius spherical cdll containing only
acytoplasm (n = 1.37) and anucleus (n = 1.4, radius 1 um). The extra- cdlular medium
has arefractive index value n = 1.35. In our 3D smulations, the dimensions of the cdll
areintentionaly minimized. This sgnificantly relaxes the intengity of the computationa
efforts. These cdl dimensions can be associated with avery smdl cdll or with an
inhomogeneous nucleus containing a nudeolus’. The emphasis of our study hereis on the



ability of the FDTD method to modd various important features of cell’s morphology
and in particular absorption in the extra:- cellular medium. To study the effect of the
absorption of the extra- cellular medium in 3D we assume that the refractive index vaue
of the extra-cdllular medium has ared and an imaginary part: n +i?. Three cases for the
complex vaue of the extra- cellular refractive index are consdered: 1.35+0.00, 1.35+i
0.01, 1.35+i0.05. The amulation of this particular effect requires the implementation of
advanced numerica boundary conditions such as the so-caled un-plit perfectly matched
layer (UPML) boundary conditions”. The 3D FDTD programming code used here® has
UPML boundary conditions. The waveength of incident light used in the smulationsis
900 nm. The space resolution in dl direction is equa to 1/30 the wavelength. The time
step ensures numerica stability of the agorithm. We have vaidated our 3D FDTD
smulation results by comparing them to the results based on a recently developed
andytical technique®. Fig. 3 demonstrates the amazing coincidence of the simulated and
andyticaly obtained normalized light scattering patternsin the case where the extra
cellular medium has arefractive index 1.35+i0.005.
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Fig. 3 FDTD simulation results validation. Normalized light scattering intensity

distribution with scattering angle — comparison of smulation and analytical results.
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Fig. 4 Light scattering intensity with scattering angle for three values of the imaginary
part of the refractive index of the extra-cellular medium: a) 0.00; b) 0.01; c) 0.05. Higher
absorption in the extra-cellular medium increases the scattering intensity for larger

values of the scattering angle.

Fig. 4 shows the normalized light scattering intengty as a function of the scattering angle
for three vaues of theimaginary part of the refractive index of the surrounding host
medium: 0.00, 0.01 and 0.05. It is clear that increasing the imaginary refractive index of
cdl’s surrounding medium significantly modifies the angular digtribution of light

scattered intengty. Higher absorption in the extra: cdlular medium increases the
scattering intengty for larger vaues of the scattering angle. This fact has to be taken into
account when studying the scattering efficiency of biological tissue light scatterersin
generd. It shows that the andysis of light scattering from isolated biologica cdls does
not necessarily account for the whole effect of the surrounding medium. Congdering an
effective absorption in the extra-cdlular materia is more redigtic in terms of averaging
the globd effect of the externd light scatterersin the proximity of the cell.



To sudy the effect of the deviation of the 3D cell shape from the ided spherica one we
compare the light scattering patterns from a cdll with the parameters given above Stuated
in alosdess medium with the scattering pattern from a cdll having the same volume but a
radiusin the Z direction equa to 2.5um. This correspondsto aradiusinthe X and Y
directions equa to 1.789 um. We dso assume that the nucleus of the cdll is deviating
from the ided spherica shape proportiondly. The light isincident dong the long radius

of the particle. Fig. 5 compares the light scattering patterns of an idedl spherica cdl and a
spheroid shaped cell with the parameters given above. The comparison shows that dight
deviationsin cdl’s shape modify the light scattering paitern for larger values of the
scattering ange.
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Fig. 5 Comparison of the light scattering intensity distribution of an ideal spherical cell

and a spheroid shaped cell having the same volume.



V. Conclusion

We have discussed and demonstrated the power of the FDTD approach for the
invedigation of the light- scattering properties of biologica cells. The method places no
limitations on the geometry or refractive index digtribution of the biological cells and has
no inherent gpproximations for the type and the behavior of the opticd field. It was
demongtrated that relatively small changes of cell shape or the parameters of the extra-
cdlular medium can sgnificantly change the angular digtribution of the scattered light.
The successful gpplication of the FDTD technique requires an adequate knowledge about
cdlular didectric sructure and parameters however it is aso one of the powerful tools
for building up a degper understanding about them and a better understanding of existing
and new optica methods for non-invasive biomedicd diagnogtics.
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