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We perform field-based angle-resolved light-scattering measurements from single live cells. We use a laser
interferometer to acquire phase and amplitude images of cells at the image plane. The angular scattering
spectrum is calculated from the Fourier transform of the field transmitted through the cells. A concurrent 3D
refractive index distribution of the same cells is measured using tomographic phase microscopy. By measur-
ing transient increases in light scattering by single cells during exposure to acetic acid, we correlate the
scattering properties of single cells with their refractive index distributions and show that results are in
good agreement with a model based on the Born approximation. © 2008 Optical Society of America

OCIS codes: 120.3180, 170.3880.

A number of recent studies have examined light-
scattering properties of cells and tissues, often
guided by the goal of developing new optical tech-
niques for disease diagnosis. A commonly employed
strategy is to use light scattering to characterize size
distributions of cell nuclei [1-4], which are known to
be enlarged in cells in precancerous lesions [5]. Angu-
larly resolved light scattering is also used to assess
subcellular morphology by sizing other smaller or-
ganelles, such as mitochondria and lysosomes [6,7].
Conventional light-scattering techniques measure
the light-scattering intensity at the Fourier plane (or
scattering plane) of the object. Since cells are nearly
transparent at visible wavelengths, the scattered in-
tensity is mainly forward directed and is very weak
at large scattering angles. This limits the informa-
tion obtained using intensity-based techniques to
study light scattering from single cells. We present a
new, field-based technique in which we measure the
full electric field, both amplitude and phase, of the
scattered light. We record the E field not at the
Fourier plane but at the image plane, where the dis-
tribution of intensity is quite even owing to the trans-
parent property of cells. By taking the numerical
Fourier transform of the E-field image, we obtain the
angle-resolved light-scattering distribution. In the
following study, we demonstrate that field-based
light scattering is capable of measuring the light-
scattering distribution of single cells over a wide
range of angles with high dynamic range.

We used tomographic phase microscopy (TPM) [8]
(Fig. 1) for concurrent measurements of angle-
resolved light scattering and refractive index distri-
butions in single cells and for studying the quantita-
tive connection between them. A He—Ne laser beam
(A=633 nm) is divided into sample and reference arm
paths by a beamsplitter (BS1). In the sample arm, a
tilting mirror controlled by a galvanometer (HS-15,
Nutfield Technology) is installed to scan the angle of
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illumination. An infinity-corrected, oil-immersion ob-
jective lens (Olympus UPLSAPO 100XO, 1.4 NA) and
a tube lens (L2, f=200 mm) are used to image the
sample with magnification of 110. In the reference
arm, the laser beam passes through two acousto-optic
modulators (AOMs) in such a way that the total
reference-beam frequency shift is 1250 Hz. A beam
splitter (BS2) recombines the sample and reference
laser beams, forming an interference image at the
camera plane. A high-speed CMOS camera (Photron
1024PCI) records four images separated by 200 us,
exactly one-fourth the reciprocal of the heterodyne
frequency. In this way, four interference patterns I,
I,, I, and I,, are recorded, in which the sample-
reference phase shift is increased by #/2 between
consecutive images. Then, by applying phase-shifting
inteferometry, the phase ¢g(x,y) and amplitude

camera
Fig. 1. (Color online) Schematic diagram of tomographic
phase microscope: GM, galvanometer scanning mirror; L1,
focal length /=250 mm lens; BF, backfocal plane of the con-
denser lens; C, condenser lens; S, sample; OL, objective
lens; L2, f=200 mm lens; AOM1 and 2, acousto-optic modu-
lators; BS1 and 2, beam splitters. The frequency-shifted
reference laser beam is shown as darkned after AOM.
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Ag(x,y) are obtained from the relation ¢g(x,y)
=argZS(x1y) and AS(x’y)=abS[ZS(x7y]), with ZS(X,.)’)
=(I4—12)+i (13—11) [9].

A 3D map of refractive index was obtained with the
same method described in the previous publication
[8]. The angular light-scattering distribution was
measured from phase and amplitude images taken at
angle of illumination zero. Background phase and
amplitude images were also collected for aberration
compensation. We use the normalized amplitude
A(x,y)=Ag(x,y)/Ag(x,y) and background-subtracted
phase &(x,y)=¢dg(x,y)—pp(x,y) to calculate the
background-corrected electric field E(x,y)
=A(x,y)exp(ip(x,y)). We then calculate the spatial

Fourier transform of this field, E(vx, v,) with v, and v,

the spatial frequencies conjugate to x and y. E(v,,v,)
corresponds to the field at the Fourier plane of the
image. Since the wavelength of the source is con-
served after the scattering, the spatial frequencies
(v, vy) can be expressed as polar angle o and azimuth
angle ¢ via the relations o= \/vf+ vﬁ:n sin(o)/\ and
y=arctan(v,/v,), respectively, with n the refractive
index of the medium and N\ the wavelength of the
source. We then acquire the angular light-scattering
distribution I (o) only as a function of polar angle o
by averaging |E(v,,v,)? over .

To validate our technique, we imaged a sample
composed of a 10 um diameter polystyrene bead
(Polyscience) in immersion oil (Cargille, series A; re-
fractive index 1.56). Amplitude A(x,y) and phase
&(x,y) images of one bead are shown in Figs. 2(a) and

2(b). The angular scattering distribution, |E(Vx,Vy)|2,

is shown in Fig. 2c. The index tomogram of a 10 wm
bead was presented in our previous publication [10].
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Fig. 2. (Color online) Angular distribution of light scatter-
ing for a 10 um polystyrene bead: (a) amplitude image of
the bead, (b) quantitative phase image of the bead (the
scale bar indicates 10 um, and the color bar indicates the
phase in radians); (c) angular scattering distribution,

|E(vy,1,)|? (the 1 um™ scale indicates the base-10 loga-
rithm of the intensity); and (d) angular scattering distribu-
tion obtained from Mie theory (dashed-dotted curve),
tomogram (dotted curve) and field image (solid curve),
respectively.
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Figure 2d compares the measured angular scatter-
ing distribution, I (o), from the E-field image (solid
curve) with the distribution predicted by Mie theory
(dashed-dotted curve) for scattering from a dielectric
sphere with diameter and index contrast correspond-
ing to the experiment. For most of the range of scat-
tering angles there is an excellent agreement be-
tween theory and experiment for both the frequency
of oscillations and the fall-off with angle. Note that
the scattering distributions presented here exhibit
more than 5 orders of magnitude of variation for a
single bead with single measurement. Such a large
dynamic range is possible because the measurement
is performed at the image plane, where the light in-
tensity is roughly constant, rather than directly at
the Fourier plane, where measurement would be
limited by the dynamic range of the optical system
and detector.

We can also numerically obtain the angular distri-
bution of light scattering from the refractive index to-
mogram measured by TPM. For samples with com-
plex refractive index distributions, including cells,
numerical methods are required. Under the Born ap-
proximation, valid for samples that induce relatively
small phase shifts [11], the Fourier transform of the
scattered field, E (x,y), is related to the Fourier
transform  of scattering potential, O(x,y,z)
=—(27/N)2%(n?(x,y,2)-nZ), with n(x,y,z) the complex
refractive index at the specimen and n,, the refrac-
tive index of the medium, by the following relation
[12]:

Es(Vx’ Vy) =7

T
N 2 2 2
ﬁO(Vx,Vy,\ Vo= Vi~V — Vo),
vy = Vi =V,

where O(v,,v,,v,) and E(v,,v,) are the Fourier
transforms of O(x,y,z) and E (x,y), respectively, and
Vo= 1/ A.

We used the Born approximation to calculate the
angular scattering profile from the refractive index
distribution of the bead as determined by TPM.
Figure 2d shows a comparison of the calculated pro-
file (dotted curve) and the experimentally measured
scattering distribution (solid curve). Note that no ex-
tra fitting parameter was used to mach the ampli-
tudes, since we normalized the amplitude of the
sample field in the experiment. Excellent agreement
is obtained for angles less than 45 deg.

After validating these methods with beads as de-
scribed, we carried out similar measurements in live
HeLa cells. In addition, we performed these measure-
ments before and after exposing the cells to acetic
acid. Cells were dissociated from culture dishes and
incubated for 4—5 h in imaging chambers as previ-
ously described [8] so that individual cells become at-
tached to their glass substrates. We obtained refrac-
tive index tomograms before and after changing the
cell environment from a normal culture medium
[Fig. 3(a)] to a culture medium containing 0.5% acetic
acid [Fig. 3(b)] and then back to normal [Fig. 3(c)].
Figure 3(d) shows the angular scattering distribu-
tions measured at each step.
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Fig. 3. (Color online) Angular-scattering distribution for a

live HeLa cell: (a) refractive index tomograms in normal
culture medium; (b) medium containing 0.5% acetic acid
and (c) after replacing the original culture medium; (d)
angular-scattering distributions, I,(o), measured from the
field image under three different conditions; and (e)
angular-scattering distributions calculated from refractive
index tomograms [(a)—(c)] measured by TPM.

After adding acetic acid, the refractive index of the
nucleolus increased from 1.36 to 1.40, and the hetero-
geneity of the rest of the nucleus and cytoplasm in-
creased dramatically. The angular scattering distri-
bution measured from the E-field image exhibited a
dramatic increase in scattering for angles greater
than 10 deg [Fig. 3(d)]. One minute after replacing
the acetic acid medium with the normal culture me-
dium, the spatial variation in refractive index de-
creased [Fig. 3(c)] but remained slightly larger than
its baseline value. Similarly, the cell light scattering
nearly recovered its original distribution [Fig. 3(d)].

To connect structural changes of the cells with the
angular light-scattering distributions, we calculated
the forward angular scattering distribution [Fig. 3(e)]
of HeLa cells from their refractive index tomograms
[Figs. 3(a)-3(c)] using the Born approximation. These
calculations indicate an increase in scattered light at
large angles after adding acetic acid, especially at
angles larger than 10 deg, in agreement with the an-
gular scattering measurements [Fig. 3(d)]. The Born
approximation provides a means of quantitatively re-
lating the Fourier transform of the refractive index
map to the angular-scattering distribution. In this
way, we connect spatial frequency of the refractive in-
dex structure to scattering angle. High spatial-
frequency structures will contribute to large angle
scattering. The scattering angle of 10 deg corre-
sponds to the spatial frequency of 1/3 um™!. There-
fore, our analysis verifies that increase in structures
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finer than 3 um by the addition of acetic acid is re-
sponsible for the increase in large angle scattering.
There are discrepancies between the angular scatter-
ing measurements [Fig. 3(d)] and the Born approxi-
mation calculation from the 3D index tomograms
[Fig. 3(e)] at angles larger than 30 deg. This is due to
the reduced spatial resolution in 3D reconstruction of
tomograms introduced by the projection approxima-
tion [10]. By developing a 3D reconstruction algo-
rithm that incorporates diffraction, we will be able to
reduce or eliminate these discrepancies.

This work presents to our knowledge the first
quantitative comparison between the 3D refractive
index map of a single cell and its angular light-
scattering spectrum. By perturbing the scattering
properties of a single cell, we directly observe the in-
crease in light scattering at large angles induced by
an increased heterogeneity of the refractive index
map. Of particular interest will be the elucidation
of contributions to scattering from subcellular
organelles.

This work was funded by the National Institutes
of Health (P41-RR02594-18), the National Science
Foundation (DBI-0754339) and Hamamatsu
Corporation.
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