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Abstract. We present and discuss several modern optical methods based on elastic light scattering (ELS), along
with their technical features and applications in biomedicine and life sciences. In particular, we review some ELS
experiments at the single-cell level and explore new directions of applications. Due to recent developments in
experimental systems (as shown in the literature), ELS lends itself to useful applications in the life sciences.
Of the developed methods, we cover elastic scattering spectroscopy, optical tweezer-assisted measurement,
goniometers, Fourier transform light scattering (FTLS), and microscopic methods. FTLS significantly extends the
potential analysis of single cells by allowing monitoring of dynamical changes at the single-cell level. The main
aim of our review is to demonstrate developments in the experimental investigation of ELS in single cells includ-
ing issues related to theoretical “representations” and modeling of biological systems (cells, cellular systems,
tissues, and so on). Goniometric measurements of ELS from optically trapped single cells are shown and the
importance of the experimental verification of theoretical models of ELS in the context of biomedical applications
is discussed. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this

work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.20.5.051040]
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1 Introduction
New optical methods in biomedical research, providing a wide
range of information concerning the studied biological object,
include optical coherence tomography,1–3 surface-enhanced
Raman scattering,4,5 surface plasmon resonance,6–8 and coherent
anti-Stokes Raman scattering spectroscopy.9 Yet another widely
used method is elastic light scattering (ELS) from cells and
tissues.

ELS patterns depend on many factors such as the size and
shape of the object, relative refractive index between the object
and the surrounding medium, as well as the wavelength of light.
To understand the behavior and connections behind light scat-
tering from particles and measured light scattering distributions,
several theoretical approaches have been advanced. They have
highlighted the ratio between the size of the object and the used
wavelength. Although geometric approximation and Rayleigh
scattering regimes can be easily distinguished, the number of
objects falling outside the scope of these theories makes quan-
titative analysis challenging. Particularly in the intermediate
range, where particle size and wavelength are comparable,
light scattering by spherical objects can be described by Mie
theory.10 Moreover, different computational methods have
been developed for a theoretical analysis of light scattering in
that range.11–14 Continuous progress is being made in theoretical
research in this field: Theoretical reviews are published, compu-
tational and simulation problems are elucidated,15,16 and a data-
base of theoretical work is updated periodically.17,18

After the introduction of the light scattering method, much
research work has been devoted to determining the size of
spherical particles and measuring the angular light scattering
of aerosols.19,20 Other applications include mineral and soot
aerosols, volcanic ashes, snow and ice crystals, dust, and a
range of particles of different shapes in astrophysical environ-
ments.21 Also single-cell applications and analysis have
attracted a lot of attention. Because intracellular structures have
a refractive index distribution and they affect light scattering,
extensive work has been conducted to understand the origin
of ELS in the identification of cells, to analyze intracellular
structures, and to develop models for light scattering from
cells.22–24 Forward-scattered light is primarily dependent on
the size and refractive index of the cell under study,25 as well
as its shape and morphology,25 whereas scattering at larger
angles (50 deg to 130 deg) depends on the cell’s internal struc-
ture.26–28 Typically, the diameter of a mammalian cell is 10 to
30 μm, while the diameter of the nucleus is in the range of 3 to
10 μm.29 Several attempts have been made to measure the full-
phase function in biological cells30–33 in order to provide a basis
for detailed characterization. ELS also forms the foundation for
commercial flow cytometry systems, measuring light scattering
at different angles.34,35 ELS can be used to characterize bio-
logical thin samples and to differentiate the origin of sub-
cellular structures.36,37 ELS can also be utilized to calculate the
anisotropy parameter of cells, cell suspensions, and tissues,
which provides valuable information for developing different
types of optical noninvasive methods of investigation and can
also be used to confirm theoretical predictions.24,38 ELS can
be used to study the connection between cell structure and
light scattering patterns, which is very important for optical
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diagnostic methods.28,36,38,39 In addition, instead of measuring
angular distribution, elastic scattering spectroscopy (ESS) ena-
bles characterizing the sizes of subcellular components from
backscattering measurements of cells and tissues.37,39–41

Many directions of research based on light scattering can be
considered as ELS. A range of such methods has been presented
and widely discussed in reviews and books (e.g., see Refs. 10,
36, 38, 39, and 42). Additionally, new interesting directions and
specific methods are being developed, some of which have yet
to appear in review papers. The development of new directions
and methods often combines with the development of new tech-
nologies and the improvement of present techniques and devices
with new modern approaches to known problems. This paper
points out some of these new methods and approaches in order
to draw researchers’ attention to them. In this way, they may
serve as an initial impetus for other researchers.

In addition to covering basic concepts, we shall focus on
explaining and discussing different measurement principles
and methods of analysis that can be used to measure ELS
from single cells and subcellular structures. We are keen to
present the application of ELS to single-cell scattering and to
present available software for ELS analysis and modeling.
This paper demonstrates some approaches to ELS applications
including ESS, optical tweezers in combination with a goniom-
eter, flow cytometry (based on ELS), and light-scattering meas-
urement principles such as Fourier transform light scattering
(FTLS), in conjunction with a microscope. Recent results of
the authors will also be discussed, and examples of published
data will be shown. Overall, this review aims to provide a com-
prehensive and easily accessible resource on ELS in a narrow
and little noted application domain.

2 Theoretical Aspects
ELS studies were begun in the second half of the 19th cen-
tury,43–45 and the scattering problem was theoretically described
at the beginning of the 20th century.46–48 Extensive literature
already exists on the history and theory of ELS from single par-
ticles.49–56 Due to new methods and current technical progress in
computation, ELS methods are being developed in a number of
directions, and new applications are constantly being found and
investigated. Together with research papers, review papers and
books are being published on some rapidly developing applica-
tion areas of elastic scattering10,38,39,42 including flow cytome-
try57–60 and light scattering spectroscopy.61

Theoretical background and analysis of methods related to
ELS in the biomedical context, particularly at the single-cell
level, are described in some books.36,61 Cell behavior in different
conditions, including interaction with nanoparticles, has been
described and new models have been developed for various
shapes of cells with an internal structure.59 These models
include finite-difference time-domain (FDTD) modeling of clus-
ters of nanoparticles in cell cytoplasm or randomly distributed
nanoparticles on the surface of the cell nucleus,59 mononuclear
cells with an inhomogeneous core,59 and a neutrophil model
with nucleus.62 In addition, light scattering from cells and iso-
lated nuclei has been modeled and measured.63 Models have
also been presented for multicellular spheroids and their scatter-
ing has been compared with that of single cells.64 At the single-
cell level, ELS measurements must fulfill certain conditions
for single scattering. They are: (1) multiple scattering can be
assumed to be negligible, (2) the scatterer will only be exposed
to radiation from the original laser beam, and (3) light scattering

from the particle will not be subjected to further scatter by
another particle.36 In the single particle case, the incident
plane wave will hit the particle and scatter as a spherical wave.
When illuminating a particle or cell with a plane wave, the rela-
tion between the incident and scattered fields will be given by
Eq. (1)36 (see also Refs. 49, 51, and 65):

�
Els

Ers

�
¼

�
S2 S3
S4 S1

�
•

e−ikrþikz

ikr

�
Eli

Eri

�
; (1)

where S1–4 are the complex functions of θ and φ with amplitude
and phase and can be represented in a matrix form:

S ¼
�
S2ðθ;ϕÞ S3ðθ;ϕÞ
S4ðθ;ϕÞ S1ðθ;ϕÞ

�
:

Ei is the incident field, whereas Es is related to the scattered
field. The letters l and r denote parallel and perpendicular polar-
izations of the E field, respectively. θ is the angle between
the incident and scattered directions, whereas ϕ denotes the azi-
muthal angle of scatter. Information on light scattering from a
single scatterer can be obtained by a calculation of the elements
in a Müller matrix [S].36,66 This matrix provides information on
cell morphology,66 but it can also reveal details about the polari-
zation of light propagating in a multiple scattering medium.67

Because an analytical solution of the problem is challenging
and has been calculated for spheres,49,50 numerical approaches
have been developed for ELS from arbitrarily shaped particles.
At the moment, the T-matrix11,12 and FDTD13 methods, devel-
oped by Waterman and Yee, respectively, are commonly used to
model light scattering from single cells and cell organelles (e.g.,
Ref. 24). Much progress in this field has also been made by
faster and more advanced calculation methods.68–73 References
related to T-matrix calculations are systematically updated in a
T-matrix database of references, making it the most commonly
used method for ELS calculations today.17,18

ELS distribution is affected by several factors such as polari-
zation of light, refractive index (n), particle size and shape, and
the wavelength of the light. The size parameter α defines the
ratio between particle size and wavelength:

α ¼ πd
λ
; (2)

where d is the particle diameter and λ is the wavelength. This
relation is important in ESS.40,74 Other important factors for
describing light scattering at the single particle and cell level
are the relative refractive index m ≡ ns∕n0 (ns is the refractive
index of the scatterer, and n0 is the refractive index of the sur-
rounding medium) and the scattering cross-section. The scatter-
ing cross-section per particle can be presented as Eq. (3),65,75

which is suitable for experimental evaluations:

σsca ¼ ðλ2∕2πÞð1∕I0Þ
Z

π

0

IðθÞ sin θ dθ; (3)

where I0 is the intensity of the incident light, IðθÞ is the angular
distribution of the intensity of light scattered by the particle,
and θ is the scattering angle. However, it is worth remember-
ing that Eq. (3) assumes the particles to be spherical. For a
dielectric sphere (Mie theory) with parameters close to a red
blood cell (RBC) irradiated by visible or NIR light (g > 0.9,
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5 < πd∕λ < 50, 1 < m < 1.1), the scattering cross-section can
be approximated as76

σsca ∼ ½3.28α0.37�ðm − 1Þ2.09�∕ð1 − gÞ; (4)

where α represents the size parameters [Eq. (2)], m ≡ ns∕n0 is
the relative refractive index of the particle, and g is the scatter-
ing anisotropy factor, defined as the mean cosine of the scat-
tering angle θ,38

g ≡ hcos θi ¼
Z

π

0

pðθÞ cos θ · 2π sin θ dθ; (5)

where pðθÞ is the phase function that describes the scattering
properties of the particle and is the probability density function
for scattering in some direction of a photon travelling in
another direction. pðθÞ is a nondimensional phase function,
whose integral over the solid angle is equal to 1.49,50 ELS mea-
surements, conducted in cell suspensions and at the single-cell
level, enable an estimation of the anisotropy parameter g. It is
an important parameter, describing the directivity of a scatter-
ing event and is used as an input parameter when simulating
light propagation in tissues and cells.38,77 It has also been
shown that the light transport depends on the exact form of
the angular scattering probability distribution.78

The Internet offers a variety of programs for calculating the
characteristics of ELS particles (cells) with different parameters.
A number of these programs are available on special sites,79–87

which offer the possibility to calculate ELS and other relevant
parameters such as scattering, absorption, and attenuation cross-
section,81 from homogeneous spheres,79 coated spheres,81 and
multilayer spheres.80 Some papers describe the possibility of
direct online simulation, calculation, and analysis.15,16,85–87 This
is a highly welcome development as it saves valuable research
time for scientifically interesting problems. Software at different
levels of sophistication is provided for free use.87–90

3 Available Techniques
Several techniques have been developed to detect ELS from
cells and tissues. In this paper, we describe some methods ena-
bling the measurement of ELS at the single-cell level. One com-
monly utilized device in ELS is the goniometer, which has been
used in a wide range of applications to measure ELS in diluted
cell concentrations,91,92 cell suspensions,28,37,93,94 and single
cells33,95 using either a cylindrical cuvette, as in Fig. 1, or a slab
cuvette. Other methods combine scattering light intensity detec-
tion methods with a microscope, which also enables measuring
dynamic light scattering (DLS) from cells. These techniques
include FTLS, which allows simultaneous measurement of ELS
and DLS properties.96 This approach lends itself to monitoring
changes in cell membrane dynamics.

3.1 Elastic Scattering Spectroscopy

ESS measures backscattered light from a sample illuminated by
a white light source (e.g., xenon arc lamp40). Relative scattering
intensity, IsðλÞ∕I0ðλÞ, is measured at a known scattering angle.
Strongly dependent on the size parameter, relative scattering
intensity is a linear combination of the spectra of different sub-
cellular components.40 Relative intensity is sensitive to particle
size97 and ESS provides information about the size of sub-
cellular structures.41,97,98 A lot of effort has gone into trying to
understand the theoretical basis of these phenomena and to

experimentally confirm theoretical results.40,74,99 A recent appli-
cation involves monitoring apoptosis on the basis of morpho-
logical changes in cell cultures.41,98

3.2 Detection of Angular Dependence of Scattering

A typical goniometric setup for the ELS measurement of single
cells and cell suspensions consists of a light source, cuvette,
detector, and rotating arm (Fig. 1). A stepper motor is used
to rotate the detector around the sample at specific steps. These
setups typically use an HeNe laser as a light source.28,33,100,101

Other approaches include multiple lasers at different wave-
lengths,66 a short arc Xe lamp with interference filters,102 a
laser diode,103 or a coherent white-light supercontinuum laser.104

When using a phase-sensitive detection method, a chopper is
implemented between the laser and the cuvette to modulate the
beam.101 Cleaning and limiting beam size may also require the
use of additional focusing optics and apertures.99,103 Moreover,
neutral density filters are used to extend the dynamic range of
the system, because the detector’s dynamic range is limited and
forward-scattered light tends to be very strong.28,33

On the detection side, a typical setup includes mechanical
apertures to limit the field-of-view, an optical lens to collect scat-
tered photons, and a sensitive detecting element attached to a
motorized rotating stage.28,33,100 Various detectors have been
used in ELS measurements (different cuvettes and configura-
tions). Brunsting andMullaney105 measured light scattering with
a photometer using a high-speed film as the detector, Arnfield et
al. used a radiometer,106 and several other researchers have relied
on photodiodes.92,93,107 Doornbos et al.33 used an avalanche
photodiode. When the field-of-view is limited by a pinhole,
it is also possible to use a power meter.91 Also photomultiplier
tubes (PMTs) have been commonly used in recent studies (e.g.,
see Refs. 28, 100, and 108–111).

In typically used cylindrical cuvettes (see Fig. 1), a detector
rotates around the sample and measures light scattered from
it.101 Scattering that originates from the background suspension
can be decreased by reducing the path length of light in the sus-
pension, for example, by using a smaller cuvette. When meas-
uring ELS from a single object, special attention must be paid to
sample purity and filtering of all unwanted dust and particles
from the background medium.33,100

It is typical for goniometric measurements to take several
minutes or even several tens of minutes. As a result of the
long measurement time for each scattering angle, time-depen-
dent information can easily be averaged.33 To reduce the meas-
urement time, Watson et al.95 developed a system that employs
an elliptical reflector instead of a stepper-motor rotation stage. In
this setup, a fast rotating aperture disk (up to 2000 revolutions
per minute) was used in front of the detector to specify the
receiving angle at a specific time. This enables measuring
ELS from trapped cells with high temporal resolution (in the

Fig. 1 Basic components of a typical goniometric setup with a cylin-
drical cuvette. L—light source, C—cuvette, and D—detector/detection
optics.
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range of a few tens of milliseconds). Also optical fibers can be
used to receive light at different angles and to guide light into the
detector. Wyatt,112 as well as Holthoff et al.,108 describe a multi-
angle measurement system using several optical fibers simulta-
neously. Foschum and Kienle103 measured ELS with a detector
in a fixed place. These setup configurations can potentially be
used in conjunction with an optical trap to select a single particle
or cell for measurements.

Nephelometry is a method to measure scattering phase
functions of particles in a suspension. Originally, the method
was developed to measure scattering phase functions of aerosol
particles using an elliptical reflector.113 Thereafter, a setup
using off-axis parabolas, a mirror on a motorized stage, and
confocal imaging was developed to measure the angular light
scattering from particle suspensions and to define the size of
the particles.114,115

Other possible instrumentation approaches to measure ELS
from cells include slab cuvettes with different thicknesses for
cells, tissues, and tissue phantoms.37,91,92 In most cases, sample
thickness is reduced and cell samples are diluted to reach the
single-scattering regime.91,92 The shape of the cuvette may limit
the scattering angles detectable by the instrument. Additional
computing may be necessary to interpret the results.92 A novel
technique, using a white light source, enables a new type of mul-
tiwavelength investigation of single particles and cells, and the
principle was recently demonstrated using a slab cuvette and
reflection-mode configuration.104 This instrument enables meas-
uring hyperspectral, polarimetric, and angular light-scattering
and was used to measure the properties of an in vitro model,
namely multicellular tumor spheroids.

3.3 Optical Tweezer-Assisted Elastic Light
Scattering Studies

Optical tweezers offer a noncontact method for capturing single
particles and cells in a trap.116 They enable interaction force
measurements and manipulation of micro-objects. Wright
et al.117 demonstrated the usage of infrared optical tweezers
for trapping a single cell in a microscope and measuring the dif-
fraction profiles of a trapping laser diffracted from the cell by
using a photodiode array. Optical tweezers can keep a particle or
a cell in one place [Fig. 2(a)], while scattering patterns are mea-
sured around it by a goniometric detector in a plane orthogonal
to the trapping beam [Fig. 2(b)].33,95,100 It is worth noting that the
orthogonal measurements allow viewing an image of the scat-
tering distribution around a trapped cell on a video camera (from
the bottom or top direction of the cuvette).95,100 This image can
be used as an aid to system adjustment as well as for analytic

purposes to determine fast, dynamic changes in light scattering
(see Fig. 4). Optical tweezers come in a variety of constructions.
They can be formed using a high numerical-aperture water-
immersion objective (NA ¼ 1.0),100 two counter-propagating
beams with low numerical-aperture objectives (NA ¼ 0.4),33

or in an inverted microscope using a low numerical-aperture
lens (NA ¼ 0.68).95 When the trapping laser and light-scattering
measurement laser (HeNe) are orthogonal to each other, long
working-distance objectives must be used to trap particles to
prevent them from affecting and distorting the wave shape of
the HeNe laser. Another important consideration is that the
cells must be lifted far up from the bottom of the cuvette to min-
imize reflections from it.100,109

It is possible to use several traps to fix the position and ori-
entation of the cell under study.100,111 Further, cylindrical lenses
can be used to modify the intensity distribution of trapping
lasers, which allows trapping several cells during ELS measure-
ments.109 Special attention must be paid to the stability of the
traps, the power of the trapping laser, possible heating of the
sample, and potential cell damage. In most cases, an IR laser
with a moderate trapping power (a few tens of milliwatts) is
suitable for this type of experiment.

More recently, supercontinuum white light has been used to
trap and characterize a single particle.118 The researchers behind
this feat also studied optical scattering spectroscopy of a single
spherical scatterer, illuminated with a tightly focused supercon-
tinuum light.119 A wide spectrum of different wavelengths ena-
bles droplet size determination by observing the spectrum of
the on-axis backscattered light. In contrast to monochromatic
trapping, the broad spectrum of supercontinuum light covers
several resonances of the first excited Mie coefficients.120

ELS distributions depend on the size of scattering struc-
tures.121,122 Thus, to develop characterization, it is important
to measure ELS in a wide angular range. As different cells
have been characterized by flow cytometry and in cell suspen-
sions, single-cell measurements with optical tweezer-assisted
systems offer the advantage of more detailed analysis.
Doornbos et al.33 measured ELS of a lymphocyte in the angular
range of 20 deg to 60 deg. However, they experienced problems
with cell stability in the trap during the measurements. Watson
et al. conducted more detailed measurements on ELS and the
behavior and dynamic changes of trapped cells. Figure 3
shows the measured scattering diagram from a lymphocyte
and a granulocyte in a wide angular range. As seen, ELS has
the ability to reveal differences between cells. An experimen-
tally determined phase function contains information obtained
from different particles in cells and can identify morphological

Fig. 2 Schematic of an optically trapped red blood cell (RBC) (a) (modified from Ref. 110) and a combi-
nation of a double-beam optical trap and goniometric setup (b).
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differences. Detailed information about cells can be used for
sensitive label-free analysis and cell sorting. Their group studied
the effect of cell motility and rotation in the trap and found that
the trapped cells oscillate a little on the millisecond time scale.95

Although optical tweezers offer a clear advantage in terms of
separating single cells, there are also some problems associated
with scattering measurements involving a cell in an optical trap.
In single-cell measurements, possible problems with optical
tweezers include cells sticking to the glass cuvette, changes
in cell orientation (scattering intensity fluctuations), and convec-
tion flows.33,95,100 Sticking can be overcome by coating the
cuvette with an appropriate material (pluronic33 and agarose95),
while changes in cell orientation and convection flows can be
overcome by decreasing the size of the cuvette and increasing
the power of the trap. Double-beam optical tweezers enable con-
trolling and fixing RBC orientation during ELS measurements
[Figs. 2(b) and 4].100,109

As isovolumetric sphering of RBCs is typically used in flow
cytometry measurements,123 by which the theoretical models of
single cells can be easily compared with those of homogeneous
spheres. Also spherical models with coatings have been devel-
oped to mimic light scattering from cells and to analyze light
scattering.23,124 However, they do a fairly poor job of represent-
ing real RBCs. Several theoretical attempts have been made to
model ELS in RBCs, including a spheroid model,68–70,125–129

and they show that the scattering is affected by the thickness,
orientation, and shape of the cell under study.126,127 Figure 4
also shows that the shape of the RBC affects light scattering.
Therefore, it is important to analyze differences in the scattering
patterns of spheres or spherical RBCs. These differences were
experimentally demonstrated in our previous work.100 Theoretical
models for ELS from RBCs based on equivalent sphere or
oblate spheroid approximations are not optimal.125 The latter
type, for example, is only applicable to face-on incidence in
a limited angular range (0 deg to 4 deg).

Essentially, the ELS technique is based on the assumption
that a single-scattering regime exists in the sample and involves
calculating the size and refractive index of single particles and
cells. When two cells are too close to each other, dependent scat-
tering may occur. As a result, scattering from different particles
is no longer independent, as the distance and orientation of the
cells in relation to the incoming laser beam induce the interfer-
ence in the scattered and incoming beams. Figure 4 shows that
the optical tweezers with point and elliptical traps enable adjust-
ing the number and orientation of RBCs in measurements.109

Our previous work111 showed that two-point traps allow us to
adjust the place of polystyrene spheres and RBCs and to
measure dependent scattering between real cells in a phos-
phate-buffered saline (PBS). Thus, it is now possible to inves-
tigate dependent scattering problems experimentally, which was
earlier possible only in theory.126,128

Modeling light scattering from multiple RBCs is more com-
plicated than modeling based on single cells, since multiple scat-
tering effects need to be considered. Results by He et al. show
that, although the lateral distance of cells in face-on orientation
may change, scattering probability distributions remain almost
unaffected. Simulations with several cells in face-on orientation
along the direction of the incident beam showed that multiple
scattering becomes more pronounced and can no longer be
neglected.128

3.4 Fourier Transform Light Scattering

The FTLS method can be incorporated into a computer-con-
trolled microscope to detect ELS. A general requirement for
this method is accurate phase retrieval of the scattered field,
which can be accomplished with a common path interferometer.
Moreover, the illumination light beam must have full spatial
coherence.96,130 Far-field scattering patterns are calculated
from electric field measurements using a two-dimensional (2-D)
Fourier transform.131,132 Capable of measuring both ELS and
DLS, the FTLS method offers a powerful tool for characterizing
biological cells. FTLS can reveal fine details in the ELS signal
obtained from different cells. Ding et al.96 demonstrated that
this method is capable of differentiating between several cell
types including RBCs, myoblasts (C2C12), and neurons.
Further, Park et al. have shown that FTLS can be used to identify
and distinguish intraerythrocytic stages of Plasmodium falcipa-
rum malaria (Fig. 5). In addition, FTLS can show differences in
normal and ATP-depleted RBCs and reveal correlations between
ATP levels and the mechanical properties of RBCs,131 as well as
measuring the Hb-content of single cells using the spectroscopic
approach.132 In order to enhance the benefits of the FTLS
method, single cell studies can be extended to cover blood
smears. Lim et al. have developed faster analysis of ELS signals
with FTLS method. A Born approximation allows calculating
several parameters including the diameter and thickness as
well as the depth and width of the dimple region from blood
smears, enabling high-throughput analysis.133 FTLS method
can also reveal changes in the shape of the object under study
by measuring the anisotropic nature of the scattering signal.
A case in point is the ELS distribution of normal and sickle
cells.134 Recent developments of this technique include demon-
strating light scattering measurements and characterizing single
rod-shaped bacteria, which open new application perspectives
for applications such as microfluidic sorting.135

Using a white light source allows measuring the spectro-
scopic angular scattering properties of microscopic objects.
Jung et al. demonstrated the usage of swept-source FTLS with
polystyrene spheres. This method lends itself to investigating
diseases such as malaria and sickle cell anemia.136

3.5 Microscopic Methods

Due to the standardized sample preparation protocols and
sample holders, microscopic instruments and their modifica-
tions have obtained increasing interest. Brock et al.137 used con-
focal imaging and automated image processing to reconstruct

Fig. 3 Light-scattering diagrams of a normal blood lymphocyte (lower
curve) and two different granulocytes (two upper curves). [Reprinted
from Ref. 95, Copyright (2004), with permission from Elsevier.]
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a three-dimensional (3-D) model of NALM-6 cells from a
stack of 2-D images. Further, they used the FDTD method to
calculate angle-resolved light-scattering distributions and Müller
matrix elements for the reconstructed 3-D cell and compared
the ELS distributions of the reconstructed cells with those of
homogeneous and coated-sphere models. They showed that the
coated-sphere model is appropriate for B-cells only in the for-
ward direction (0 deg to 20 deg), and that this region can be used
to estimate the phase function. At higher angles, however, the
coated-sphere model proved useless.137

As an extension of typical confocal microscopy, Itzkan
et al.138 developed a confocal light absorption and scattering
spectroscopic microscope which combines a confocal micro-
scope with light-scattering spectroscopy. This microscope
allows measuring the size, shape, refractive index, and location
of particles smaller than the diffraction limit without exogenous
labeling. Hence, it is suitable for observing submicrometer intra-
cellular structures within living cells.138

More recently, Richter et al.139 demonstrated measurement of
backscattered angular light distributions from cells using an

Fig. 4 Trapped RBCs in different orientations, light scattering image in the orthogonal direction, and
corresponding ELS distribution. Face-on incidence: (b), (c), and (e) and rim-on incidence: (a) and
(g). (i) shows the scattering distributions from cells in (a) and (b), (j) scattering distributions from
cells in (c) and (e), and (k) scattering distribution from cells in (g). (d), (f), and (h) show the camera images
of light scattering distributions from trapped cells in (c), (e), and (g), respectively, when sample lightning
has been turned off and the HeNe laser has been turned on. The arrow shows the direction of the incident
laser light. (Modified from Refs. 100 and 109.)
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inverted microscope and additional laser light illumination. A
laser diode at the wavelength of 470 nm was used on the illu-
mination side, while the detector was a PMT. They used ELS for
cell differentiation before and after apoptosis, which induces
shrinking of cells and alteration of cell shape. Richter et al.
found an increase in backscattered light as a function of time
in response to apoptosis induced by staurosporine. Light scat-
tering was found to be a good complementary tool to micro-
scopic imaging for label-free detection of apoptosis and may
represent a first step toward label-free in vivo diagnostics.139

3.6 Flow Cytometry

Flow cytometry with different modifications is a well-known
technique for light scattering-based cell characterization and
has been reviewed in a number of books and review publica-
tions.57–60 It has the capacity to identify cells with high flow
rates, and the analysis is based on determining their size and
refractive index from the recorded scattering distributions. It
also allows presenting the achieved results in cytograms and
histograms.140 Flow cytometers use, among others, laser diodes
and several detectors fixed at different angles to determine the
strength of the light-scattering signals,140,141 whereas scattering
flow cytometry enables the measurement of ELS in a wider
angular range.34,35,60,142 They also use a flow cell/chamber to
introduce the sample to the measurement range and are capable
of measuring at high flow speeds (up to 50;000 cells∕s).124

Flow cytometry has proven its position as a standard high-
throughput ELS measurement method. Among clinical applica-
tions of light scattering is RBC characterization, based on
hematologic parameters such as mean cell volume, mean cell
hemoglobin concentration, mean cell hemoglobin mass, as
well as red cell volume distribution.143,144 ELS from a single
RBC enables measuring cell volume and hemoglobin.140,145

Extensive research has been conducted into measuring and ana-
lyzing ELS from lymphocytes and other white blood cells124

with flow cytometry. As a theoretical understanding of light–
matter interactions and flow cytometry measurements provides
a wealth of information, an exact model is necessary for the
characterization of different cells. The two-layer model (coated
sphere) has been found as an appropriate model to describe

scattering from lymphocytes, and it can be used to solve inverse
light-scattering problems.124 Earlier work with flow cytometry
has shown that, by monitoring orthogonal light scattering, it is
possible to distinguish cytotoxic lymphocytes from normal
ones.146 An extension of normal flow cytometry, known as scan-
ning flow cytometry,60 enables characterizing different types of
white blood cells such as T lymphocytes, neutrophils, granulo-
cytes, and monocytes.124 Using advanced optical models of
white blood cells (coated sphere or multilayered sphere) and
solving the inverse light-scattering problem allow us to differ-
entiate between different classes of white blood cells.124

Recently, Konokhova et al.147 demonstrated the use of the
scanning flow cytometer to measure angle-resolved light-scat-
tering patterns of individual blood microparticles. By fitting
experimental curves with the homogeneous sphere model,
they were able to determine the size and refractive index of par-
ticles, thus demonstrating the possibility of label-free identifica-
tion of blood microparticles, i.e., their separation from the
nonspherical constituents of platelet-rich plasma. This submi-
cron size range is an important and topical research area that
requires new characterization methods.

A new method has recently been developed to measure 2-D
light-scattering images from single cells in a flow cytometry
instrument. It takes advantage of 2-D imaging sensors to record
the angular distribution of coherently scattered light from flow-
ing particles and cells.148–150 This method is being developed to
facilitate label-free cell classification and extraction of 3-D mor-
phological features.150 Neukammer et al. used two wavelengths
to separate different blood cells. They used an optical trap to
position and orient single particles and particle clusters to inves-
tigate differential light scattering and demonstrated the analysis
of optically trapped microspheres with light scattering from
a 2-D image.149

4 Applications and Future Perspective
Multimodal instruments allow the simultaneous application
of complementary methods of studying an object. Smith and
Berger151 developed an instrument that enables measuring
ELS in combination with Raman signals to characterize differ-
ent cells, lymphocytes, and granulocytes. This permits measur-
ing the morphology and chemistry of cells without labeling

Fig. 5 (a) Amplitude and (b) phase map of a healthy RBC. (c) A retrieved light scattering pattern of the
same cell. Light-intensity scattering patterns of (d) healthy RBCs, (e) ring, (f) trophozoite, and (g) schizont
stages of Pf-RBCs. (h) p-Values of scattering patterns of different intraerythrocytic stages of Pf-RBCs are
compared with healthy RBCs. (Reprinted with permission from Ref. 131.)
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them with, for example, fluorescence dyes. It is worth noting
that when using a tightly focused laser beam for illumination,
Mie theory needs to be extended to account for the non-negli-
gible cone angle of the Gaussian beam.151

Refractive index matching (optical clearing) forms the basis
for developing methods to modify optical properties, to improve
light penetration, and to reduce scattering.152–154 Optical clear-
ing has been studied at the cellular level in different contexts.
Mourant et al.94 studied light scattering from cell suspensions.
Due to the different refractive indices of cell and tissue compo-
nents as well as PBS, the scattering properties of cells can be
modeled using different background suspensions with various
refractive indices. Mourant and her team found that the scatter-
ing from particles in contact with the medium decreased when
the medium’s refractive index increased. This mimics the situa-
tion when cells are close to each other, as in a tissue.

Popescu et al.155 monitored single RBCs during hemolysis
with Hilbert phase microscopy. They established that as hemo-
globin flushes out, refractive indices will be matched. In both
research papers described above,94,155 the key physical principle
involved matching the refractive indices of the cell surface and
the background medium, thereby changing the optical properties
of the cell (μs, g). Local hemolysis has also been studied
theoretically.156

We recently studied the effect of optical clearing (matching
of refractive indices) at the single-cell and single-particle lev-
els.110,157 Optical clearing strives to manipulate optical proper-
ties such that light can penetrate deeper into tissue. It relies on
refractive index matching, which increases g and decreases scat-
tering. Optical clearing also affects the scattering cross-section
of cells. When an RBC was fixed in a trap and 5% glucose was
used as clearing agent, the g-value increased from 0.877 to
0.944.110 In this line of research, the following issues are highly
important and must be taken into account. If only part of the
ELS signal is measured, it will lead to problems in fitting the
theoretical curve and estimating the value of g. In addition, opti-
cal clearing with a high concentration of clearing solution (glyc-
erol and glucose) changes trapping efficiency and the dynamical
behavior of a cell in a trap, which needs to be considered.110

Current progress in wide areas of nanotechnology has made
nanotoxicity an important issue. Flow cytometry and ELS have
been used to characterize the cellular intake of nanoparticles.158

Despite their hazardous potential, nanoparticles have a range of
applications in therapy and image contrast enhancement.159

There is thus an increasing need to quantify and analyze the
amount of nanoparticles within cells.

Fast development of measurement methods and analysis has
opened a new horizon for nonlabeled imaging and quantification
of the chemical structure of single cells.132,160,161 Further, the
implementation of separate optical elements into mobile phones
enables microscopic imaging of RBCs in the field outside of
research laboratories.162 Microscopic images enable measuring
cell size, cell size distribution, and cell number, making ELS-
based diagnostics feasible for biomedical applications.163–166

5 Conclusion
This paper has reviewed a collection of theoretical and exper-
imental papers related to ELS at the single-cell level. ELS com-
plements other optical techniques and, being label-free, it
deserves a place in this fast developing area. A combination
of high experimental sensitivity and theoretical understanding
is the key to future applications. Moreover, the development of

light sources enables multispectral measurements and manipu-
lation at the single-cell and particle level. Optical tweezers have
proven a powerful tool for manipulating cell orientation and
enabling measurement of ELS from trapped cells. Moreover,
microscopic methods and FTLS have opened new possibilities
for cellular level diagnostics, particularly as new, portable
ELS-based diagnostics methods are finding their way into prac-
tical use.
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