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Fourier transform light scattering (FTLS) has been recently developed as a novel, ultrasensitive
method for studying light scattering from inhomogeneous and dynamic structures. FTLS relies on
quantifying the optical phase and amplitude associated with a coherent image field and propagating
it numerically to the scattering plane. In this paper, we review the principle and applications of
FTLS to static and dynamic light scattering from biological tissues and live cells. Compared with
other existing light scattering techniques, FTLS has significant benefits of high sensitivity, speed,
and angular resolution. We anticipate that FTLS will set the basis for disease diagnosis based on
intrinsic tissue optical properties and provide an efficient tool for quantifying cell structures and
dynamics.
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More recently, the mechanical properties of a complex

1. INTRODUCTION fluid have been examined by detecting dynamic scattering
from the probing particles.'® '° Thus, the viscoelastic prop-
erties of complex fluids are retrieved over various temporal
scales. This method was further extended to the cell mem-

Elastic (static) light scattering (ELS) has emerged as an
important approach in the field for studying biological

samples,' as 1t 1s NONIMVASIVE, TEqUIIes Mminimum sample branes with attached micron-sized beads as probes, which
preparation, and extracts rich information about morphol- provides a new way to study the microrheology of live
ogy and dynamic activity."” In ELS, by measuring the — _ j;c 20

angular distribution of the scattered field, one can infer

o ) : Light scattering techniques provide information that is
quantitative information about the sample structure (i.e.,

intrinsically averaged over the measurement volume. Thus,
the spatial resolution is compromised and the scatter-
*Author to whom correspondence should be addressed. ing contributions from individual component are averaged.

J. Comput. Theor. Nanosci. 2010, Vol. 7, No. 12 1546-1955/2010/7/001/011 doi:10.1166/jctn.2010.1637 1

M3IA3H


ding
Inserted Text
 T.

ding
Cross-Out

ding
Replacement Text
3

ding
Cross-Out

ding
Replacement Text
4

ding
Cross-Out

ding
Replacement Text
4

ding
Cross-Out

ding
Replacement Text
5

ding
Inserted Text
 D.

ding
Cross-Out

ding
Replacement Text
5

ding
Inserted Text
2Biophotonics Imaging Laboratory, Department of Chemistry, College of Medicine 

ding
Cross-Out

ding
Replacement Text
3

ding
Inserted Text
 Bioengineering, and Medicine, 

ding
Cross-Out

ding
Replacement Text
4

ding
Cross-Out

ding
Replacement Text
5


REVIEW

Fourier Transform Light Scattering (FTLS) of Cells and Tissues Ding et al.

e - Huafeng Ding received the B.Sc. degree in applied physics from Nankai University, Tianjin,
China, in 2000 and his Ph.D. degree in biomedical physics from East Carolina University,
Greenville, NC USA, in 2006. He is currently a postdoctoral research associate with Beck-
man Institute for Advanced Science and Technology, Department of Electrical and Computer
Engineering, University of Illinois at Urbana-Champaign, IL USA. His research interest is
in development of new optical techniques to study biological tissues and cells and also in
application of those novel tools to early diagnosis of disease or treatment planning. He
is now working on the application of the Fourier Transform Light Scattering to study the
structure and dynamic activity of biological tissues and live cells.

Zhuo Wang received his B.S. degree (with honors) in precision instruments, measurement
and control from Tsinghua University, Beijing, in 2002, and the M.S. degree in Electrical
Engineering from Wayne State University in 2006. He worked two and half years as an
optical engineer at Tsinghua-Foxconn nanotechnology research center after he got his B.S.
degree. He is currently a research assistant in the Department of Electrical and Computer
Engineering at University of Illinois at Urbana-Champaign. His research interests include
biosensors, quantitative light imaging, biooptics and nanotechnology.

Freddy Nguyen is an M.D.-Ph.D. Candidate in the Department of Chemistry, University
of Illinois at Urbana-Champaign. He is affiliated with the Beckman Institute for Advanced
Science and Technology, the College of Medicine, and the Medical Scholars Program. He
is a currently holds a pre-doctoral fellowship from the Department of Defense’s Congres-
sionally Directed Medical Research Programs—Breast Cancer Program. Prior to being at
the University of Illinois, he was at the G.R. Harrison Spectroscopy Laboratory at M.I.T. as
a research engineer. Mr. Nguyen received his B.S. degree in Chemistry and B.A. in Mathe-
matics from Rice University in Houston, TX. His research interests have broadly been in the
development of spectroscopic and imaging techniques and their associated contrast agents
for direct biomedical applications such as cancer and atherosclerosis.

Stephen A. Boppart is Professor of Electrical and Computer Engineering, Bioengineering,
and Medicine, and is Head of the Biophotonics Imaging Laboratory at the Beckman Institute
for Advanced Science and Technology on the campus of the University of Illinois at Urbana-
Champaign. He is currently leading a campus-wide Imaging Initiative to build a community
of research faculty and staff around the science, technology, and application of imaging.
Boppart received his B.S. and M.S. degrees in electrical engineering from the University of
Illinois at Urbana-Champaign in 1990 and 1991, respectively. After conducting government
laser safety research from 1991 to 1993, he returned to graduate studies, completing his
_ Ph.D. in medical and electrical engineering from MIT in 1998, and his M.D. in medicine
‘;i from Harvard Medical School in 2000. He completed his internship and residency training in
internal medicine at the University of Illinois. His research interests include the development
of novel optical imaging technologies for biological and medical applications, with particular emphasis on translating
these to clinical applications in cancer detection and diagnosis. Professor Boppart is a Fellow of the Optical Society
of America and International Society for Optical Engineering;—theInternational-Seeietyfor-Optical Engineeringy and a
Member of the Society for Molecular Imaging, the Academy of Molecular Imaging, the American Association for the
Advancement of Science, the American Association for Cancer Research, and the American Medical Association. He
was named one of the Top 100 Innovators in the World by the Technology Review Magazine for his research in medical
technology in 2002. He received the IEEE Engineering in Medicine and Biology Society Early Career Achievement
Award in 2005, and in 2009, was recognized with the Paul F. Forman Engineering Excellence Award from the Optical
Society of America for his dedication and advancement in undergraduate research education.

2 J. Comput. Theor. Nanosci. 7, 1-11, 2010


ding
Inserted Text
T. 

ding
Cross-Out

ding
Replacement Text
(SPIE)


Ding et al.

Fourier Transform Light Scattering (FTLS) of Cells and Tissues

Larry J. Millet is a postdoctoral research associate in Micro and Nanotechnology and man-
ager of the BioNanotechnology Lab in the College of Engineering at the University of Illi-
nois Urbana-Champaign. In 2009 he received his Ph.D. in Cell and Developmental Biology
while working with Martha Gillette. His work focused on controlling the microenvironment
local to neurons for achieving low-density neuronal analysis in vitro. Prior to attending the
University of Illinois at Urbana-Champaign, he received his BS. in Biology from Portland
State University and worked in the research and technology development division within
Intel Corporation. His research focuses on resolving mechanisms that regulate cell structure
and function by crossing levels of analysis through a multidisciplinary approach. Dr. Millet
is a member of the Society for Neuroscience and the Biomedical Engineering Society.

Martha U. Gillette is professor of Cell and Developmental Biology, Physiology and Neuro-
science, and is affiliated with Bioengineering, the Beckman Institute, Institute for Genomic
Biology and the Micro and NanoTechnology Labs. Gillette received her B.A. from Grinnell
College, Ph.D. in developmental biology from the University of Toronto, and postdoctoral
training in neuroscience at the University of California, Santa Cruz. Her research at multiple
levels seeks to understand the actions of molecules in nerve cells, signal processing in brain,
and their consequences for what animals do. She is engaged in cross-disciplinary research
bridging campus excellence in cellular neuroscience, nano-scale analytical chemistry and
materials engineering. Her discoveries have important health applications: malfunctioning of
the master circadian timing system results in brain and organ dysfunction, which manifest as
clinical disorders of sleep, affect and neural degeneration. She has been a Beckman Scholar,

Center for Advanced Study Fellow, University Scholar and in 2005 became Cell and Developmental Biology Alumni
Professor of the University of Illinois. She has mentored nearly 50 graduate and post-doctoral trainees, the majority of
whom are women, and received the Outstanding Advisor Award for medical scholar training. She has served in numerous
advisory capacities to the NIH, and in executive positions in professional,

Jianming Liu received his B.A. from Nankai University, Tianjin, China, in 2002 and his
Ph.D. in Cell and developmental Biology from University of Illinois at Urbana-Champaign
in 2007. He was a postdoctoral research associate with Beckman Institute for Advanced
Science and Technology, Department of Kinesiology and Community Health, University of
Illinois at Urbana-Champaign. His research interest is to study stem cells pluripotency and
cell fate specification using myogenic pathway as a model. He is also interested in signaling
pathways that are important for muscle development, physiology and pathogenesis of muscle
diseases. He is currently a postdoctoral fellow at University of California San Francisco and
supported by American heart association postdoctoral fellowship.

Marni Boppart is an Assistant Professor in the College of Applied Health Sciences, Uni-
versity of Illinois at Urbana-Champaign (UIUC), and holds a full-time faculty appointment
at the Beckman Institutg, She received her B.S. in Cell Biology from the University of New
Hampshire, M.S. in Cell Biology from Creighton University, Sc.D. in Applied Anatomy
and Physiology from Boston University, and postdoctoral training in Cell and Developmen-
tal Biology from UIUC. Her current research interests include cellular biomechanics, cell
signaling, and the synergistic role of stem cells and extracellular matrix in the protection of
skeletal muscle from injury, disease, and aging.

J. Comput. Theor. Nanosci. 7, 1-11, 2010 3

M3IA3H


ding
Inserted Text
 societies

ding
Inserted Text
D. 

ding
Inserted Text
 for Advanced Science and Technology


REVIEW

Fourier Transform Light Scattering (FTLS) of Cells and Tissues

dynamics at the nanoscale.

Particle tracking microrheology has been recently pro-
posed to measure the particle displacements in the imaging
(rather than scattering) plane,”'?? in which the spatial reso-
lution is reserved. However, the drawback is that relatively
large particles are needed such that they can be tracked
individually, which also limits the throughput required
for significant statistical average. Recently, phase-sensitive
methods have been employed to directly extract the refrac-
tive index of cells and tissues.”»?* From this informa-
tion, the angular scattering can be achieved via the Born
approximation.?

To overcome some of these limitations, we developed
FTLS as an approach to study light scattering from bio-
logical samples based on diffraction phase microscopy
(DPM).2® FTLS combines the high spatial resolution asso-
ciated with optical microscopy and intrinsic averaging of
light scattering techniques.?” Due to its common path inter-
ferometric geometry, DPM is stable in optical path-length
to the sub-nanometer level. This feature allows FTLS per-
form studies on static and dynamic samples with unprece-
dented sensitivity.

2. PRINCIPLE OF FTLS

Our FTLS system requires accurate phase retrieval for
elastic light scattering (ELS) measurements and, in

Ding et al.
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addition, fast acquisition speed for DLS studies.'>?’

Figure 1 depicts our experimental setup that satisfies these
requirements by incorporating a common path interferom-
eter with a commercial computer-controlled microscope.
The second harmonic of a Nd:YAG laser (A = 532 nm) is
used to illuminate the sample in transmission. To ensure
full spatial coherence, the laser beam is coupled into a sin-
gle mode fiber and further collimated by a fiber collimator.
The light scattered by the sample is collected by the objec-
tive lens of the microscope (AxioObserver Z1, Zeiss) and
imaged at the side port of the microscope. A diffraction
grating G is placed at this image plane, thus generating
multiple diffraction orders containing full spatial informa-
tion about the image. In order to establish a common-path
Mach-Zehnder interferometer, a standard spatial filtering
lens system L,—L, is used to select the two diffraction
orders and generate the final interferogram at the CCD
plane. The Oth order beam is low-pass filtered using the
spatial filter SF positioned in the Fourier plane of L,
such that at the CCD plane it approaches a uniform field.
Simultaneously, the spatial filter allows passing the entire
frequency content of the 1st diffraction order beam and
blocks all the other orders. The 1st order is thus the imag-
ing field and the Oth order plays the role of the reference
field. The two beams propagate along a common opti-
cal path, thus significantly reducing the longitudinal phase

BS
Laser

Fig. 1. FTLS experimental setup. BS, beam splitter; S, sample; O, objective lens; M, mirror; TL, tube lens; I, iris; G, Grating; SF, spatial filter; L1
and L2, lenses. Adapted with permission from Ref. [13], H. F. Ding et al., Opt. Lett. 34, 1372 (2009). @ 2009.
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noise. The direction of the spatial modulation is along the
x-axis, such that the total field at the CCD plane has the
form.

U(x,y)= |Uo|ei(¢o+3x) +]U, (x, y)|€i¢1(x,y) (1)

In Eq. (1), |U, | and ¢, , are the amplitudes and the
phases of the orders of diffraction 0, 1, while 8 repre-
sents the spatial frequency shift induced by the grating
to the Oth order. To preserve the transverse resolution of
the microscope, the spatial frequency 3 exceeds the max-
imum frequency allowed by the numerical aperture of the
instrument. The L,—L, lens system has an additional mag-
nification of f,/f; =5, such that the sinusoidal modulation
of the image is sampled by 4 CCD pixels per period. The
obtained interferograms were used to calculate the phase
information of the objects as followed.

3. PHASE RETRIEVAL

The complex analytic signal formalism of time-varying
fields has been of interest for many applications in optics
since its introduction by Gabor.?® Specifically, a real func-
tion u(¢) and its Hilbert transform #(¢) represent the real
and the imaginary parts of a complex analytic signal. This
Hilbert transformation has been commonly used to retrieve
phase shifts from single temporal interferograms and for
fringe pattern analysis.?® In our phase measurement, a sin-
gle spatial interferogram recorded by the CCD is processed
for the retrieval of a full-field phase image. For a given
sample the spatially varying irradiance at the image plane
across either the x or the y axis has the form?®

1(x) = Iy + I,(x) + 2[ I [(x)]* cos[gx + ()] (2)

where I is the reference irradiance distribution and I is
the sample irradiance distributions, g is the spatial fre-
quency of the fringes, and ¢ is the spatially varying phase
associated with the object. For the transparent objects of
interest here (i.e., live cells), I,(x) is expected to be nearly
homogeneous, i.e., to have a weak dependence on x or y.
We performed Fourier transform on the varying irradiance
in Eq. (2)

T(q) o / / I(x, y)ela+u1 gy gy 3)

and then applied a spatial high-pass filter to isolate the
cross term,

u(x) = 2[I L (x)]'"? cos[gx + ()] 4)

The corresponding imaginary part of complex analytic sig-
nal associated with the real function u(x) can be obtained
through a Hilbert Transform,

ii(x) :ig /m LICO N )

—eo X — X
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In Eq. (5) the right-hand side stands for a principal-value
integral and is the Hilbert transform of u(x).2%2%2° There-
fore the phase associated with the analytic signal is calcu-
lated as?® .

®(x) = tan""! (@) (6)

u(x)

where @ is strongly wrapped since the analytic sig-
nal exhibits rapid phase modulation with frequency gq.
However, as we mentioned early in the section 2, ¢ is
higher than the spatial-frequency content of the object, the
unwrapping procedure works efficiently. Finally, the phase
associated with the object is extracted as ¢(x) = (x) —
gx.® Thus, from a single CCD exposure, we obtain the
spatially-resolved phase and amplitude associated with the
image field.

From this image field information U, the complex field
can be numerically propagated at arbitrary planes; in par-
ticular, the far-field angular scattering distribution U can
be obtained simply via a Fourier transformation,?’

U(q, 1) = / U(r, 1)e " d%r )

With time lapse image acquisition, the temporal scattering
signals are recorded and the sampling frequency is only
limited by the speed of the camera. The power spectrum
is obtained through Fourier transform of this time resolved
scattering signals.

4. FTLS OF MICROSPHERE
(SYSTEM CALIBRATION)

As the system calibration, we applied FTLS to dilute
microsphere water suspensions sandwiched between two
cover slips, the scattering of which can be easily mod-
eled with Mie calculation.”” The measured complex field
associated with such samples can be expressed as®’

U(r; 1) = //A Up(@) Y 8{lr (0] -r} Y (8)

In Eq. (8), U, is the (time-invariant) complex field associ-
ated with each particle, 6 is the 2D Dirac function describ-
ing the position (x;, y;) of each of the N moving particles,
and the integral is performed over the microscope field of
view A.

Figures 2(a—b) shows the amplitude and phase distribu-
tions obtained by imaging 3 micron polystyrene beads at
a particular point in time. For ELS studies, prior to pro-
cessing the interferogram, we subtract a background image
obtained as the intensity map without sample or reference
beam. The scattered far-field is obtained by Fourier trans-
forming Eq. (8) in space. This angular field distribution
factorizes into a form field U, which is determined by
the angular scattering of a single particle, and a struc-
ture field Uy, describing the spatial correlations in particle
positions,?’ ) 3 )

U(q; 1) = Up(qQ)Us(q; 1) )

5

M3IA3H



REVIEW

Fourier Transform Light Scattering (FTLS) of Cells and Tissues

15

(b)

Ding et al.

(d) 1000 . . . .
-~ 0 Measurement
2 o — — — Mie calculation
<
%‘ 100 | b\o
§ \o
£ \o
o] BN
2 \ %oP00,,
£ 10 4 00
5] v Mo o ©
= \ 00
5] o
C(/)J 56‘0/ 0]
1 1 1 1 1
10 20 30 40

Scattering angle (deg.)

Fig. 2. FTLS reconstruction procedure of angular scattering from 3 wm beads. (a) Amplitude image. (b) Reconstructed phase image. (c) Scattering

wave vector map. (d) Retrieved angular scattering and comparison with Mie calculation.-Adapted—with-permissionfromRef{27; H—FEDinget-al;

where q is the spatial wave vector and Us(q;7) =
3, €T Figure 2(c) shows the resulting intensity distri-
bution |U,(q)|* for the beads in 2(a—b). As expected for
such sparse distributions of particles, the form function is
dominant over the entire angular range. However, by find-
ing the phase-weighted centroid of each particle, FTLS
can retrieve independently the structure function when-
ever it has a significant contribution to the far-field scat-
tering, e.g., in colloidal crystals. The scattered intensity
(e.g., Fig. 2(c)) is averaged over rings of constant wave
vectors, g = (47 /A)sin(6/2), with 6 the scattering angle,
as exemplified in Figure 2(d). In order to test the abil-
ity of FTLS to retrieve quantitatively the form function
of the spherical dielectric particles, we used Mie theory
for comparison.*® The oscillations in the angular scatter-
ing establish the quantitative agreement between the FTLS
measurement and Mie theory, which contrasts with the
common measurements on colloidal suspensions, where
the signal is averaged over a large number of scatterers.

5. FTLS OF TISSUES

Upon propagation through inhomogeneous media such as
tissues, optical fields suffer modifications in terms of irra-
diance, phase, spectrum, direction, polarization, and coher-
ence, which can reveal information about the sample of

6

interest. We use FTLS to extract quantitatively the scat-
tering mean free path /; and anisotropy factor g from tis-
sue slices of different organs.!* This direct measurement
of tissue scattering parameters allows predicting the wave
transport phenomena within the organ of interest at a mul-
titude of scales. The scattering mean free path /; was mea-
sured by quantifying the attenuation due to scattering for
each slice via the Lambert-Beer law, [, = —d/In[I(d)/1,],
where d is the thickness of the tissue, /(d) is the irra-
diance of the unscattered light after transmission through
the tissue, and [, is the total irradiance, i.e., the sum of
the scattered and unscattered components. The unscattered
intensity 1(d), i.e., the spatial DC component, is evaluated
by integrating the angular scattering over the diffraction
spot around the origin. The resulting [, values for 20 sam-
ples for each organ, from the same rat are summarized in
Figure 3(a).

The anisotropy factor g is defined as the average cosine
of the scattering angle,

g=/_11COS(G)P[COS(9)]d[cos(0)]//_llp[cos(G)]d[cos(G)]
(10)

where p is the normalized angular scattering, i.e., the
phase function. Note that, since Eq. (7) applies to tissue

J. Comput. Theor. Nanosci. 7, 1-11, 2010
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slices of thickness d < [, it cannot be used directly in
Eq. (10) to extract g since g values in this case will be
thickness-dependent. This is so because the calculation in
Eq. (10) is defined over tissue of thickness d = [, which
describes the average scattering properties of the tissue
(i.e., independent of how the tissue is cut). Under the
weakly scattering regime of interest here, this angular scat-
tering distribution p is obtained by propagating the com-
plex field numerically through N = [/d layers of d =5
microns thickness,!?

p(@ o | [[[U@]erar] (1)

Equation (11) applies to a slice of thickness I,. It reflects
that, by propagating through N weakly scattering layers of
tissue, the total phase accumulation is the sum of the phase
shifts from each layer, as is typically assumed in phase

J. Comput. Theor. Nanosci. 7, 1-11, 2010

imaging of transparent structures.’' The angular scattering
distribution, or phase function, p(6) is obtained by per-
forming azimuthal averaging of the scattering map, p(q),
associated with each tissue sample. The maximum scat-
tering angle was determined by the numeric aperture of
the objective lens and it is about 18° for our current setup
(10x objective applied for tissue study). The angular scat-
tering data were further fitted with Gegenbauer Kernel
(GK) phase function’?

(1 _g2)2a
m[1+g>—2gcos(6)]“V[(1+g)* — (1—g)*]
(12)
Note that g can be estimated directly from the angular scat-
tering data via its definition (Eq. (10)). However, because

of the limited angular range measured, g tends to be over-
estimated by this method, and, thus, the GK fit offers a

P(0)=ag-

7
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more reliable alternative than the widely used Henyey-
Greenstein (HG) phase function with the parameter a =
1/2. The representative fitting plots for each sample are
shown in Figures 3(d—f). The final values of g are included
in Figure 3(b) and agree very well with previous reports in
the literature.®® From these measurements of thin, singly
scattering slices, we inferred the behavior of light transport
in thick, strongly scattering tissue. Thus the transport mean
free path, which is the renormalized scattering length to
account for the anisotropic phase function, can be obtained
as [* =1/(1—g). The [* values for 20 samples from each
organ are shown in Figure 3(c).

In order to extend the FTLS measurement towards
extremely low scattering angles, we scanned large fields
of view by tiling numerous high-resolution microscope
images.?” Figure 4(a) presents a quantitative phase map
of a 5 micron thick tissue slice obtained from the breast
of a rat model by tiling ~1,000 independent images. This
0.3 giga-pixel composite image is rendered by scanning
the sample with a 20 nm precision computerized transla-
tion stage. The phase function associated with this sample
is shown in Figure 4(b). We believe that such a broad
angular range, of almost 3 decades, is measured here for
the first time and cannot be achieved via any single mea-
surement. Notably, the behavior of the angular scattering
follows power laws with different exponents, as indicated
by the two dashed lines. This type of measurements over

(a)

—~
O
-

0.1F

Intensity (AU)

0.01¢

0.01 0.1 1 10 100
Scattering angle (deg.)

Fig. 4. (a) Terra-pixel quantitative phase image of a mouse breast tissue
slice. Color bar indicates phase shift in radians. (b) Angular scattering
from the tissue in (c). The inset shows the 2D scattering map, where
the average over each ring corresponds to a point in the angular scatter-
ing curve. The dashed lines indicate power laws of different exponents.

0 o =
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broad spatial scales may bring new light into unanswered
questions, such as tissue architectural organization and
possible self similar behavior.>*

The results above showed that FTLS can quantify the
angular scattering properties of thin tissues, which thus
provides the scattering mean free path [, and anisotropy
factor g for the macroscopic (bulk) organ. We note that,
based on the knowledge of [, g, and /¥, one can predict
the outcome of a broad range of scattering experiments
on large samples (size >> [*), via numerical solutions to
the transport equation, or analytical solutions to the diffu-
sion equation. We envision that the FTLS measurements of
unstained tissue biopsies, which are broadly available, will
provide not only diagnosis value, but possibly the premise
for a large scattering database, where various tissue types,
healthy and diseased, will be fully characterized in terms
of their scattering properties.

6. FTLS OF CELLS

Light scattering investigations can noninvasively reveal
subtle details about the structural organization of
cells.”-3338 We employed FTLS to measure scattering
phase functions of different cell types and demonstrate its
capability as a new modality for cell characterization.*® In
order to demonstrate the potential of FTLS for cell sort-
ing based on the rich scattering signals that it provides,
we retrieved the scattering phase functions from three cell
groups (Figs. 5(a—c)): red blood cells, myoblasts (C2C12),
and neurons. Figures 5(d—f) show the angular scatter-
ing distributions associated with these samples. For each
group, we performed measurements on different fields of
view. Remarkably, FTLS provides these scattering sig-
nals over approximately 35 degrees (40x objective applied
for cell study) in scattering angle and several decades in
intensity. For comparison, we also measured the scatter-
ing signature of the background (i.e., culture medium with
no cells in the field of view by using threshold), which
incorporates noise contributions from the beam inhomo-
geneities, impurities on optics, and residues in the culture
medium. These measurements demonstrate that FTLS is
sensitive to the scattering signals from single cells, which
contrast to previous measurements on cells in suspensions.
Subtle details of the cell structures may be washed in stud-
ies on suspensions since the signals are averaged over var-
ious cell orientations.

We analyzed our FTLS data with a statistical algorithm
based on the principle component analysis (PCA) aimed
at maximizing the differences among the cell groups and
providing an automatic means for cell sorting.** This sta-
tistical method mathematically transforms the data to a
new coordinate system to illustrate the maximum variance
by multiplying the data with the chosen individual vectors.
Our procedure can be summarized as follows. First, we
average the n (n = 1...45) measurements for the 3 cell

J. Comput. Theor. Nanosci. 7, 1-11, 2010
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(a—c) Quantitative phase images of red blood cells (a), C2C12 cell (b), and neuron (c); the scale bar is 4 microns and the color bar indicates

phase shift in radians. (d—e) Respective scattering phase functions measured by FTLS. Adapted with permission from [39], H. Ding et al., Opt. Lett.,

submitted.

types (15 measurements per group), to obtain the average
scattered intensity, 1(0,,) =1/45%",_, 41,(6,,), with m =
1...35 denoting the number of scattering angles. Second,
we generate a matrix AY,, of variances, where n indexes
the different measurements and m the scattering angles.
The covariance matrix associated with AY, Cov(AY), is
calculated and its eigenvalues and eigenvectors extracted.
The three principal components are obtained by retaining
three eigenvectors corresponding to the largest eigenval-
ues. In order to build the training set, 45 measurements
(i.e., 15 per cell type) were taken and processed following
the procedures described above.

Figure 6 shows a representation of the data where each
point in the plot is associated with a particular FTLS mea-
surement. In addition to the 15 measurements per group

J. Comput. Theor. Nanosci. 7, 1-11, 2010

for the training sets, we performed, respectively, 15, 15,
and 10 test measurements for neurons, RBCs, and C2C12
cells. The additional test measurements allowed us to eval-
uate the sensitivity and specificity of assigning a given cell
to the correct group.*' We obtained sensitivity values of
100%, 100% and 70%, and specificities of 100%, 88% and
100% for RBCs, neurons and C2C12 cells, respectively.
We demonstrated here that FTLS can be used to differ-
entiate between various cell types. Due to the particular
imaging geometry used, scattering phase functions associ-
ated with single cells can be retrieved over a broad range
of angles. This remarkable sensitivity to weak scattering
signals may set the basis for a new generation of cytome-
try technology, which, in addition to the intensity informa-
tion, will extract the structural details encoded in the phase
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REVIEW

Fourier Transform Light Scattering (FTLS) of Cells and Tissues

Fig. 6. PCA of the experimental data for the three cell types, as indi-
cated. Solid filled symbols are the training sets of these three different
biological samples included inside three ellipses. The symbols with “+”
sign in the middle are the testing measurements for each sample.

of the optical field. FTLS may improve on fluorescence-
based flow cytometry as it operates without the need for
exogenous tags.

7. FTLS ON RED BLOOD CELL (RBC)
DYNAMICS

Dynamic properties of cell membrane components such as
actin and microtubulus have been the subject of intense
scientific interest.*>*¢ In particular, it has been shown that
actin filaments play an important role in various aspects of
cell dynamics, including cell motility.*** In this section,
we briefly discussed the application of FTLS to study
the fluctuating membranes of RBCs.?” To determine how
the cell membrane flickering contributes to the dynamic
light scattering of cells, RBCs from healthy volunteer
sandwiched with two glass cover slips were imaged via
DPM by acquiring 256 frames, at 20 frames per s, about
14 s. Figure 7(a) shows the membrane displacement his-
tograms of a RBC. The power spectrum in Figure 7(b)
follows power laws with different exponents in time for
all scattering angles (or, equivalently, wave vectors). As
expected, the slower frequency decay at larger g-values
indicates a more solid behavior, i.e., the cell is more com-
pliant at longer spatial wavelengths. Notably, the exponent
of —1.36 of the longer wavelength (5 degree angle), is
compatible with the —1.33 value predicted by Brochard
et al. for the fluctuations at each point on the cell.”’
This is expected, as at each point the motions are domi-
nated by long wavelengths.*® The dynamic FTLS studies
of RBC rheology can be performed on many cells simulta-
neously, which is an advantage over the previous flickering
studies. 2474
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cell. The inset is the phase image. (b) Dynamics FTLS of red blood cells:
log—log power spectra at 5 and 15 degrees with the respective power law
fits, as indicated. The inset shows one RBC phase image from the time

scquence.—Adapted with-permission—from-Ref—27|. H—F-Ding et-al:

We believe that these initial results are extremely
promising and that the label-free approach proposed here
for studying cell dynamics will complement very well the
existing fluorescence studies. Currently, we are working to
extend the dynamics light scattering study to more com-
plex cells and extract information from the temporal light
scattering signals associated with the activity of individ-
ual cell component such as filamentous actin and micro-
tubules. The polymerization and depolymerization of these
components are highly dynamic processes and have impor-
tant functional roles.>

8. SUMMARY AND OUTLOOK

In summary, we discussed the high sensitivity dynamic
light scattering study with FTLS. Due to the interferomet-
ric experimental geometry and the reliable phase retrieval,
spatial resolution of the scatterer positions is well pre-
served. FTLS has been applied to study the tissue optical
properties, cell type characterization and dynamic structure
of cell membrane. We anticipate that this type of mea-
surement will enable new advances in life sciences for its
ability to detect weak scattering signals over broad tempo-
ral (milliseconds to hours) and spatial (fraction of microns
to centimeters) scales. Current efforts in our laboratory are

J. Comput. Theor. Nanosci. 7, 1-11, 2010
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focused on advancing the technique to study the mechanic
properties of cells including the cell membrane tension,
bending modulus and 3D shear modulus.
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