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¢ Abstract

We incorporate optics and an ICCD to record the two-dimensional angular optical
scattering (TAOS) patterns retrieved from single aerosolized cells. We analyze these
patterns by performing autocorrelations and demonstrate that we are able to retrieve
cell size from the locations of the secondary maxima. Additional morphological infor-
mation is contained in the autocorrelation functions and decay rate of the heights of
the autocorrelation peaks. We demonstrate these techniques with C6 and Y79 cells,
which are readily distinguishable. One key advantage of this methodology is that there
is no requirement for antibody and fluorescent labeling molecules. Published 2011
Wiley-Liss, Inc."
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CELL-BASED therapies are being used increasingly in modern clinical practices,
from bone-marrow transplantation to stem-cell replacement. The demands on sensi-
tivity for cell classification and identification are continually increasing. Flow cyto-
metry has developed into one of the key techniques for counting, analyzing, and sort-
ing microscopic particles, such as cells and chromosomes. It is used widely in molec-
ular biology, pathology, immunology, and other fields, such as diagnosing disordered
blood cancers in pathology. Flow cytometry is used to classify particles in the sub-
to super-micron size range by examining the intensities of fluorescence and elastic
scattering when particles move through a fluidic system. Information is captured
from one or more fluorescence bands at different wavelength regions and from an
elastic scattering channel located at one or several scattering angles, usually at inter-
mediate and near-forward scattering angles. The cells may also be illuminated by one
or more lasers, depending on the application. Fluorescence emissions typically result
from fluorescent molecular markers that attach to specific antibodies for specific cell
labeling, but can also result from intrinsic fluorescence (often called autofluores-
cence) of the examined cell itself. Different kinds of cells can be well discriminated,
identified, and sorted using such techniques (1-5).

One recent advance is the use of polychromatic approaches that have entered
the mainstream in flow cytometry (6,7). Instruments for measuring 17 bands of
fluorescence and two parameters of elastic scattering using multiple laser excitations
have been reported (7). Other advances include introducing image-intensified charge
coupled devices (ICCDs) to record the dispersed fluorescence spectrum (6), and
using photo-diodes, avalanche diodes (APD), or photomultiplier tube (PMT) (8-10)
linear arrays as spectral detectors. Using the dispersed fluorescence spectrum can
improve the accuracy and precision of ratiometric measurements and increase the
probability of recording more discrete fluorescence bands.
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The fluorescence metric measurement is a powerful
means to identify cells. However, the introduction of costly
labeling fluorescent molecules can be an impediment. These
may require further cell culture, analysis, and confirmation by
biological molecular diagnostics after being sorted, such as
from bone-marrow transplantation to stem-cell replacement.
Recent advances in analyzing elastic scattering patterns and
UV-laser induced fluorescence spectra (8-14) are providing
information on aerosol particle morphology, such as size,
refractive index, absorption, shape, asymmetry factor, surface
roughness, or whether there are inclusions (12). This has
encouraged us to apply these techniques to a label-free, cell-
classification flow cytometer. The advanced technologies, such
as the multiple-anode PMT (Hamamastu with 1 X 16, 1 X
32, or 8 X 8 anodes) and related electronics (Vertilon) has
enabled us to record and analyze the spectrum or images at
rates exceeding several 10 k particles per second. The use of
fast computer and differential algorithms are helping in the
extraction of information from the scattering patterns.

In 1975, Salzman et al. reported extracting useful infor-
mation from a 32-parameter multiangle scattering flow
cytometer (15). Wyatt et al. used multiangular scattering
information to identify living bacterial cells (16). Recently,
Maltsev (17) and Semyanov et al. (18) developed a scanning
flow cytometer to record continuous phase functions of cells.
However, the scattering intensity distribution also varies in the
azimuthal direction ¢, which can be used to provide addi-
tional information about cell asymmetry. Two-dimensional
angularly resolved scattering patterns capture this additional
information, which can be used in particle characterization
(11-14). The inverse problem of extracting morphological
information directly from the scattering patterns is extremely
difficult. Completely characterizing a particle from the light-
scattering information is an intractable problem; however,
some information is readily available. For instance, informa-
tion can be obtained about particle size and shape using
forward diffraction (19). Information about absorption and
agglomeration of a particle system can be obtained from the
backscattering region (20). Scattering patterns from single
Bacillus subtilis spores are in good agreement between experi-
mental measurement and theoretical simulations (21).

In this manuscript we use the autocorrelation of scattering
patterns measured from single-cells to obtain information
about the cellular structure. Although there are numerical
studies related to elastic scattering and autocorrelation calcula-
tions, such as from particles in suspension (22), rough surfaces
(23,24), polymer films (25), semicontinuous metal films (26)
and random-lasing emission (27), this is the first report that we
know of in which autocorrelation calculations are applied to
two-dimensional angularly resolved optical scattering (TAOS)
patterns to obtain information about a single cell, and also the
first report that we know of in which TAOS patterns are meas-
ured from a single moving cell. We use this analysis to extract
size and shape related information from the TAOS patterns
obtained from rat cells C6 and human cells Y79. Our studies
demonstrate that they are well discriminated by the autocorre-
lation parameters extracted from the TAOS patterns.
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EXPERIMENTAL METHOD AND AUTOCORRELATION ANALYSIS

Sample Cell Preparation

Both C6 and Y79 cells used in this study were purchased
from ATCC (Manassas, VA). C6 cells, an adherent rat glial
tumor cell line, were cultured in the DMEM/F12 (Invitrogen,
CA) medium with 10% fetal bovine serum (Atlanta Biologi-
cals, GA). Y79 cells, a suspension human retinoblastoma cell
line, were cultured in the RPMI-1640 (Invitrogen, CA)
medium with 20% fetal bovine serum (Invitrogen, CA). All
cells were cultured in a 37.0°C incubator with 95% air and
5% carbon dioxide. Cells were dissociated with 0.05% Typsin
contained EDTAe4Na (Invitrogen, CA) for 5-10 min at
37.0°C. Then the cells were suspended into single cells and
centrifuged down to remove the culture medium at 800 rpm.
Half of the cells (about 500,000) from both cell types were re-
suspended and moved to new tubes with 5 ml of their original
medium without serum for analysis, respectively. Half of the
cells were resuspended and fixed in 2% paraformaldehyde
(Electron Microscopy Sciences, PA) in 1 X PBS for 10-15
min and then centrifuged at 800 rpm to remove the fix solu-
tion. The cells then were resuspended with 1x PBS for analy-
sis. The cells from different stages of preparation were imaged
by an inverted microscope (Olympus, PA) equipped with a
Spot digital camera (Spot Image Solution, MI). Figure 1
shows the microscopic phase-contrast images of the two types
of cells at different stages. A 40X, NA = 0.5 microscopy objec-
tive has been used. Both cells have a sphere-like shape, are
around 6 ~ 7 um in diameter after being dissociated. The C6
cells appear to have a rougher surface structure. It appears
that the C6 cells is slightly larger than the Y79 cells based on
the middle images, but it might be caused by the focusing
errors of microscopy.

Experimental Arrangement

The experimental setup is a modification of that of Pan
et al. (13)., who measured the light-scattering patterns from
bio-aerosol particles. The simplified schematic of the experi-
mental arrangement is shown in Figure 2a. An inkjet aerosol
generator produces a stream of droplets ~50 pum in diameter
containing buffer fluid and cells (31). The cell concentration
within the buffer fluid is dilute enough that the volume of five
droplets contains one cell on average; therefore, most droplets
contain only one cell or none. Once these droplets fall through
a drying column, the buffer liquid evaporates and its moisture
is carried away by a dry air flow, leaving bare cells. The tem-
perature and dry air flow rate are tested to evaporate the
buffer fluid without drying the cell itself. Microscopy images
confirmed that these cells collected after passing the drying
column remain the similar shapes and sizes as that shown in
Figure 1.

Cells are focused to a stream of 300 um in diameter by an
aerodynamic sheath nozzle (10) and traverse the focal volume
of a prolate ellipsoidal mirror. The mirror is custom designed
with a major axis of 3.5” and eccentricity of 0.70. Holes were
drilled in the ellipsoid to accommodate the laser beam and cell
stream so that both can intersect one of the foci as shown in
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Figure 1. Microscopic phase-contrast images of adherent rat glial tumor cells C6 (top) and human retinoblastoma cells Y79 (bottom). The
white bar in each image represents 10 um. The first column shows the cultured C6 cells by DMEM/F12 medium with 10% fetal bovine
serum and Y79 cells by RPMI-1640 medium with 20% fetal bovine serum. The middle column shows these cells dissociated with 0.05%
Typsin contained EDTAe4Na (Invitrogen, CA) for 5—10 min at 37.0°C, centrifuged and suspended into single cells. The right column shows
these cells centrifuged and resuspended after being fixed in 2% paraformaldehyde in 1 X PBS.
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Figure 2. (a) The schematic of the experimental arrangement for measuring two-dimensional angular optical scattering (TAOS) patterns
from single moving cells by a single laser pulse. Key components are: (1) single cell generator; (2) two cw diode lasers (at 635 nm and 685
nm) and corresponding photomultiplier tubes (PMT) to detect the presence of cells; (3) a Q-switched ns pulse laser (532 nm) to illuminate
the aerosols; (4) an ellipsoidal reflector to collect the scattered light from the backward hemispheric direction; (5) a camera lens (f~number,
1.2; f= 55 mm) to project the scattered light to a plane; and (6) an ICCD camera to record the scattering pattern. (b) Raw two-dimensional
angular optical scattering (TAOS) patterns /(x,y) from single individual C6 cells (top) and Y79 cells (bottom). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2a. Before entering the ellipsoidal mirror system, the
droplets pass through a crossed-beam trigger system (10,14)
that is used to detect when a cell is on a trajectory that will
pass through the mirror focus. Two CW diode-laser beams
(650- and 685-nm) are aligned so that the intersection on this
trajectory is approximately a 150 um diameter cross section.
Two PMTs (Hamamatsu H6780-02) detect the scattered light
from particles passing through these beams. One PMT is
equipped with an interference filter to pass 650-nm and
the other PMT is equipped with an interference filter to pass
685-nm wavelength light to match the two diode lasers. If the
PMTs simultaneously detect scattered light beyond a preset
threshold, a particle most likely has entered the trigger
volume. When signals on both PMTs exceed a preset thresh-
old, an AND gate triggers a pulsed 532-nm laser and the
detection system composed of a pulsed laser (Spectra Physics
X-30) and ICCD (Andor IStar). In addition, the CW diode
trigger beams are switched off, preventing this unwanted stray
light from reaching the ICCD during the “on” time.

The crossed-beam trigger system described above effec-
tively reduces the errors due to off-axis aberrations, such as
coma by limiting the sample volume to approximately
(150 pm) (3) defined by the crossed diode lasers, which is
considerably smaller than the cell stream (300 um in dia-
meter). These aberrations deform the scattering pattern and
also lead to uncertainty in labeling the scattering angle in the
pattern. Because there is a time delay between when the parti-
cle passes the trigger volume and when the pulsed laser and
detector can be activated, the trigger volume is located
approximately 20 um above the focus of the elliptical mirror.

The pulsed laser is focused and collimated to be approxi-
mately planar and 1-mm in diameter (20 uJ/pulse, 30-ns pulse
duration, 532 nm-2nd harmonic of Nd:YAG). By use of a Q-
switched laser instead of a CW laser, the individual cell, travel-
ing at ~ 10 m/s, is spatially frozen during the 30-ns pulse-
length, resulting in a high quality scattering pattern. Scattered
light originating from a cell located at the focal point of this
mirror is reflected to the second focal point, where a spatial
filter is located to remove stray light. It continues to the
1,024 X 1,024 two-dimensional ICCD detector, which is
located in the far-field of the scattering volume. The incident
laser beam is reflected to the side by a 2 mm rectangular prism
where it is captured by a beam stop, and any forward scatter-
ing that is not reflected from this prism is blocked by the spa-
tial filter (an iris 1 mm in diameter). By taking into account
the geometry of the system, every pixel of the detector can be
matched with a unique scattering angle (polar angle 0 and azi-
muth angle ¢). The laser propagation direction is defined to
be the positive z-axis and coincides with the long-axis of the
ellipsoidal mirror. This configuration collects a large solid
angle (75° < 0 < 165°, 0° < ¢ < 360°) of scattered light, and
allows capture of nearly the entire backward hemisphere of
scattered light. By swapping the positions of the laser and
beam stop, we can capture the scattering in the forward direc-
tion. The laser is vertically polarized. By placing a polarization
analyzer in the front of the ICCD, we can record either the
perpendicular or the parallel polarization scattering patterns.
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The system was tested and calibrated by measuring the TAOS
patterns from 2 and 5 pum polystyrene microspheres (Duke
scientific). The experimental data are unwrapped as described
below and show very good agreement with Mie calculations.

Autocorrelation Properties from TAOS
Patterns of Cells

The ICCD records the two-dimensional intensity distri-
bution at each pixel in a 1,024 X 1,024 data matrix, I(x, y).
The pattern is unwrapped into a format that can be compared
with theoretical simulations. We perform the autocorrelation
calculation in four steps as follows: (1) the I(x, y) intensity
pattern is projected onto a spherical coordinate system I(6,¢)
through a ray-tracing program (2). As the pattern I(0,p) is
now irregularly spaced with different variation step at 0 and ¢
between each pixels, a new intensity matrix with uniformly
spaced angles is generated, I'(0,¢), which covers 94°< 0
<144°, 0°< ¢ <360° as a 278 X 2,000 intensity matrix with a
0.18° angle variation step. Each intensity I'(0,¢) is generated
by inverse distance-weighted interpolation (28) from the five
nearest data points (3). As the scattering intensities from a sin-
gle cell near the backward direction (6 ~ 180°) has generally
much stronger intensity than that at midrange angles 6 ~ 90°,
the backscattered enhancement can dominate the autocorrela-
tion calculations. To remove this artifact, we perform a back-
ground subtraction process: the weakest intensity within the
nearest 15 X 15 data matrix is found at each data point, then
a matrix formed by these intensities are smoothed by cubic
spline to form a background matrix B(0, ¢) with 278 X 2,000
data points. This background matrix is subtracted from
I'(0,p) at each data point; i.e., I'(0,p) = I'(6,0) — B(6,0).
This process is repeated three times on the subsequent matri-
ces to produce the final processed matrix I (0,¢) with 278 X
2,000 data points. This new I' (6, ¢) has less peak intensity
difference between angles 6 near 180° and 90°, yet preserves
the spatial features within the scattering pattern (4). The auto-
correlation function is calculated as

(I'(0, )1 (0+ A0, ¢ + Ap))
(IF(0, 9))?

Corr (A0, Ap) = -1 (1)

REsurrs

One hundred light-scattering patterns from single aero-
solized cells are recorded in the perpendicular polarization
state from single individual cells of either C6 or Y79. Figure 2b
show four typical patterns from C6 (upper row) and Y79 cells
(lower row). While the scattering patterns of spherical parti-
cles are composed of concentric rings, the ring-like features
displayed in some of these patterns are broken with irregular
island-shapes. They are similar to those of perturbed spheres
and aggregates of spherical particles that we measured from
complex atmospheric aerosols (13,14). In examining many of
these patterns, we are unable to distinguish between the two
categories of patterns by eye, except there appears to be a
slightly smaller peak separation along the 0 direction and less
continuity of broken rings from C6 cells than from Y79 cells.
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Figure 3. (a) A typical TAOS pattern from a single C6 cell in original data form /(x,y). (b) Effect of subtracting out the background. Red
(upper) line: the raw original scattering intensity distribution from 6 = 94 to 0 = 144 at ¢ = 200. Green (lower) line: the corresponding
scattering intensity distribution after background subtraction. (¢) TAOS pattern /(0, ¢) mapped from (a). (d) Scattering pattern f(o, @) after
the background subtraction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3 shows one example of how we interpreted the
scattering pattern from a C6 cell. The original data in I(x, y)
are shown in Figure 3a. Figure 3b shows the effect of subtract-
ing out the background. Figure 3c shows the TAOS pattern
I'(0,¢) mapped from the intensity distribution at ICCD pixels
I(x,) from Figure 3a. Figure 3d shows the scattering pattern I’
(0,¢) after the background subtraction, which has much less
peak-to-valley intensity difference throughout the angular
range, but preserves the spatial information.

Two-dimensional autocorrelation as a function of shift
angles A0 and A¢ are calculated from the scattering patterns
of 100 C6 and 100 Y79 cells. Some periodic structure is appar-
ent in the result, especially near A0 = 0 and A¢ = 0. To our
surprise, the features contained in the autocorrelations of the
scattering patterns of 100 individual C6 cells or that of 100
Y79 cells are quite similar. Figure 4a show the cross-section of
the autocorrelations at A¢ = 0 calculated from the scattering
patterns of 16 C6 cells (left) and 16 Y79 cells. Among them,
eight from the first fixed cells and eight from the trypsin cells.
We see very little difference between these cells treated using
two methods. The location of the first minimum is usually
called the correlation length and is a measure of the lateral
scale of the scattering pattern (23). The periodic oscillation
(the A0 value from peak to peak) is approximately twice the
correlation length. This spacing corresponds to the average
separation between the adjacent scattering peaks along the A0
direction. Figure 4a shows that all have a 1.2° correlation
length, and the second maximum appears at 2.1° along the A0
direction for C6 cells. The maxima shift from cell to cell but

remain within a reasonably constrained region. The averaged
periodic oscillation spacing from the first four maxima of the
16 C6 cells is 2.04 £ 0.16 (see the inset). Complementary
autocorrelation parameters for Y79 cells show similar consis-
tencies among individual cells, but significantly different char-
acteristics from those of the C6 cells. The average periodic
oscillation spacing from the first three maxima of the 16 Y79
cells is 2.73 £ 0.33, and the second maximum is located at
AO = 2.78 £ 0.12. There is no overlap between the second
maxima of the C6 and Y79 cells for the 100 measurements for
each type of cells.

Because of the variation of these spacings, the oscillation
is gradually dampened and the autocorrelation peaks are broa-
dened and shifted when A0 increases. Figure 4b shows how
the amplitudes of these maxima decay as A0 increases. We fit
this plot to a decaying exponential and find the decay rate to
be 1.78 £ 0.19 for C6 cells and 1.66 £ 0.28 for Y79 cells. This
value is a measure of the spatial periodicity. The larger this
value, the more periodic the structure. That a slightly faster
decay rate for Y79 cells than the C6 cells reveals a slightly
worse correlation between the scattering patterns from the
Y79 cells than that from the C6 cells.

Autocorrelations at A0 = 0 are shown in Figure 4c. There
are some weak periodic oscillations with a spacing of approxi-
mately 8-15°, which corresponds to an average peak-to-peak
separation in the ¢ direction, or the averaged size of the inten-
sity islands. The larger variation of the pattern spacing along
the ¢ direction results in a weaker correlation, with less peak
and value contrast than that along the 0 direction. The degree

288 Measurement and Autocorrelation Analysis of Two-Dimensional Light-Scattering Patterns
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Figure 4. (a) One-dimensional autocorrelation from 16 individual C6 and Y79 cells as a function of A0 at A¢ = 0, shown as solid lines. The
dashed curves in each plot show the simulated autocorrelation for a sphere of diameter 7.6 um in C6 and 6.4 um in Y79 cells. The inset shows
that the correlation peak positions vary from cell to cell as A increases, but the location of the second peak appears little invariant. (b) Amplitude
of autocorrelation maxima as a function of correlation maxima position A0 for C6 and Y79 cells. The line is a least-square fit to an exponential
function. (c) One-dimensional autocorrelation from 16 individual C6 and Y79 cells as a function of Ay at A6 = 0. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

of breakdown of the ring patterns are mostly from the contri-
bution of nonuniformity inside of the cell and the surface
roughness. In addition to this high-frequency oscillation,
there is a very strong periodic structural signature with a spa-
cing of approximately 75° for C6 cells. Very low angular fre-
quencies in the scattering are the result of high-spatial fre-
quency structure on the particle. Strong peaks are indicative
of these C6 cells having a distinct shape with some drift away
from a sphere towards a cube, or recognizable structural fea-
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tures from a sphere (29). However, there is no low-frequency
oscillation for the Y79 cells, like that seen at ~75° for C6
cells. This indicates that the Y79 cells are close to a spherical
shape.

Theoretical Calculations of TAOS
Patterns for Model-Cells

To analyze the measured TAOS autocorrelation functions
presented in the previous section, we make comparisons with
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Figure 5. Size dependence of the calculated autocorrelation function for (a) oblate- and (b) prolate-spheroidal model cells. The secondary-
peak positions for each cell are labeled A0;-Af04 and plotted below in Figure 6a. One can see the inverse relationship between cell size and
peak position. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

autocorrelation functions calculated from model cells. We use
the T-Matrix code (30) to simulate the light-scattering pat-
terns for these cells. The images in Figure 1 suggest a rounded
particle whose major axis is ~10% longer than its minor axis,
suggesting that we can approximate the cell shape to be either
an oblate or prolate spheroid. These model cells are character-
ized by their volume-equivalent-sphere diameter D,. and
aspect ratio a/b. If a/b is greater than one, the shape is oblate,
and if a/b is less than one, then it is prolate. Examples of these
model cell shapes are shown in Figure 5. The cells are illumi-
nated by a linearly polarized plane wave with a wavelength of
532 nm with the same geometry used in the measurements.
The refractive index of the cells is taken as m = 1.4 + 0.002i
following the estimates for human red blood cells given (31).
Using the T-Matrix code, the far-field scattered light intensity
is calculated over the same two-dimensional angular range as
the measured TAOS patterns. Once the scattering patterns are
calculated, the same background subtraction, as described in
Section Autocorrelation properties from TAOS patterns of
cells, is performed to accentuate the pattern’s ripple structure.
From this background-modified pattern, the autocorrelation
function is calculated and compared to the measured func-
tions as described below.

Figure 5a shows the normalized autocorrelation function
for oblate model cells with an aspect ratio of a/b = 1.1 and
sizes ranging from D, = 5.32 to 12.0 um. The autocorrelation
shows the same peaked structure as in Figure 4a. As the size of
the cell increases, the positions of the peaks move toward
smaller Af. The secondary peak for each cell is labeled on the
curves as, A0O;, A0,, AOs;, and A0,. Figure 5b shows the
autocorrelation function for prolate model cells with an aspect
ratio a/b =0.9 and sizes identical to those of Figure 5a. Here
again, one can see that the larger the cell size, the more the
peaks become shifted to smaller angles. We examine the sec-
ondary-peak location to establish if it contains a functional

relationship that can be used to obtain cell size. Figure 6a
shows a log-log plot of the secondary-peak positions as a func-
tion of the cell size parameter kR, where k is the vacuum
wavenumber and Ry, is the sphere-volume-equivalent radius.
One can see that the peaks A, A0,, Afs, and Af, for both
the oblate and prolate cell-shapes fall on a line with slope of
negative one. For the nearly spherical particles in this study,
this indicates an inverse relationship between the secondary-
peak position and the cell size, i.e.,

AO= —— 2)

where cis a constant particular to a given cell shape and orien-
tation, but is independent of cell size. The meaning of this
simple relationship is that the average angular width of the
ripple-structure of the scattering pattern in the 0-direction is
inversely related to the cell size-parameter. A similar relation-
ship is described for spherical shapes in (32).

Besides cell size and shape, its orientation with respect to
the incident light is an important variable affecting the struc-
ture of the scattering pattern. Indeed, the measurements are
performed on cells in fixed, arbitrary orientations. Figure 6b
shows the autocorrelation function for the same D,. = 10.64
micron prolate model cell as in Figure 6b, except here the
orientation is varied as shown by the inset diagrams. One can
see that the second peaks of the autocorrelation curves occur
at approximately the same location, with primary variations
only in their amplitude, but the third peaks start to vary from
cell to cell. This behavior is consistent with the measurements
presented in Figure 4a, and indicates that cell orientation
largely does not affect the inverse relationship between the
secondary-peak position Af and size parameter kR,.. More-
over, the dependence of the peak location on the assumed cell
shape appears to be much weaker than the size dependence.

290 Measurement and Autocorrelation Analysis of Two-Dimensional Light-Scattering Patterns
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Figure 6. (a) Inverse relationship between secondary-peak location and model-cell size parameter. The points labeled A0;-A0, correspond
to the peak locations in Figure 5b. Orientation dependence of the autocorrelation function for the D, = 10.64 prolate model cells in Figure
5b. The orientations are shown in the inset diagrams. One can see that the position of the secondary peak is largely independent of cell
orientation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

This can be seen in Figure 4a where the calculated autocorrela-
tion curves (dashed lines) for a sphere of diameter 7.6 and
6.4 um along with the measured curves. These sizes are esti-
mated from Figure 6a for a prolate spheroid. The location of
the secondary peak for the calculated and measured curves is
approximately the same. Thus, both a prolate spheroid and
sphere model-cell give a secondary-peak at the same location
provided that they share the same sphere-volume-equivalent
diameter. In addition, the explicit diameters used for the cal-
culated curves in Figure 4a are consistent with the actual-cell
size estimated from the microscope images in Figure 1. In
addition, the calculated autocorrelation curves show that
amplitudes of these maxima decay much slower than the
measured data as A0 increases, it also implies that decay rate
represents how far away the real cell is from an ideal sphere.

On the basis of the autocorrelation analysis, the size of
the C6 cells is approximately 20% larger than that of the Y79
cells, i.e., the determined sizes are approximately 7.6 um for
the C6 cells and 6.4 um for the Y79 cells. From Figure 1, it is
not entirely clear that there is a significant size difference
between the cells: although the dissociated Trypsin cells of C6
do appear ~20% larger than those of the Y79 cells, the fixed
cells appear approximately the same size. We do note that the
resolution of optical microscopes is on the order of a micron
and, in addition, a slight defocusing can increase the apparent
size of the particles significantly. In addition, a microscope
images the fields surrounding a particle, not the particle itself.
Such external surface fields may be enhanced, depending on
the surface roughness of the particle. While defocusing is the
most likely reason for the significant size discrepancy between
the Trypsin and Fixed Y79 cells, it is difficult to make an accu-
rate size determination less than 1 pum based on such images.
The microscope images of Figure 1 can be relied upon to pro-
vide only an approximate size and shape estimation.
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As a final note, a real cell does not have the morphology
of a simple spheroid with a smooth surface and uniform
distribution composed of the same material, or have the same
refractive index material, and the resulting scattering pattern
is much less correlated than the theoretical simulation based
on a uniform spheroid. Therefore, the measured ratio between
the first and second correlation peak [1.0:0.37 in Figure 4 (a)]
shows a faster decay than those of the model particles obtained
using the T-matrix calculation [1:0.5 in Figure 5a, and likewise
for the corresponding (b) plots]. Nevertheless, the calculations
in this section suggest that the scattering patterns of spheres,
spheroids, and the actual cells are correlated well enough in
their angular structure that they all yield approximately the
same secondary-peak positions quantified by Eq. (2).

DiscussioN

The goal of this experiment is to investigate the possi-
bility of discriminating different cells using flow cytometry
without attaching antibody and fluorescent labeling mole-
cules. The experimental methodology allows us to obtain two-
dimensional angularly resolved scattering patterns from single
cells. We analyze them using autocorrelation techniques. The
scattering pattern is determined by the cell’s size, shape, refrac-
tive index, absorption, orientation, distribution of materials,
and surface roughness. While the scattering pattern is sensitive
to very small differences in the cell, this sensitivity also
makes it difficult to isolate the contribution from each of
these parameters. The autocorrelation analysis simplifies the
patterns, removing orientation information and fine structure
variations, without losing main details of the cell size, shape,
and composition. The location of the secondary autocorrela-
tion peak in the theta direction gives the size of an equivalent
spheroid with a fixed refractive index; the autocorrelation in
the phi direction reveals how closely the cell resembles a sphere;
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and the decay rate of the autocorrelation peaks contains
information on composition and surface roughness. While these
parameters have similar values for the individual C6 or Y79 cells,
the differences are large enough between the two kinds of cells
to be detected using the autocorrelation techniques.

While the results of this experiment are positive, these are
the first experiments in such a flow-through system. The next
step is to apply this technology to a real flow cytometry sys-
tem, in which cells flow through the detection area in buffer
liquid and are not subjected to a drying column to evaporate
buffer fluid without drying the cell itself. It is expected that
this will reduce the contrast of the scattering patterns and
make the experiment more difficult, while at the same time
removing possible effects of the drying column. Even though
our microscopy images show there is no recognizable change
in these cells that are collected after passing through the dry-
ing column or are dried directly from the liquid media, such a
methodology performed without drying is more relevant and
practical for laboratory analyses.

In addition to changes in the experimental methodology, a
more accurate theoretical model of the cells, including concentric
layers of different refractive index media would better enforce
this technology. The biological variability of cellular characteris-
tics over populations can be troublesome, and we cannot say
whether this technology is sufficient to discriminate individual
cells on-the-fly. Such models will assist in determining the sensi-
tivity of the scattering patterns on different parameters.

SUMMARY

The TAOS patterns retrieved from single aerosolized cells
contain information about the cell size and morphology. Cell
size can be determined readily from the secondary-peak posi-
tion and it is simple to discriminate, for instance, C6 cells
from Y79 cells by using autocorrelation parameters extracted
from the TAOS patterns. Further study is required to explore
the limitations in discriminating different types of living
human cells just from TAOS and intrinsic fluorescence. The
constant ¢ in Eq. (2) is expected to depend on the properties
of cell morphology, and it is likely that a suitable calibration
procedure be developed to determine its value for a desired
class of cells. This can be done through numerical calculations
for known morphologies or experimentally using known sam-
ples. This would enable real-time single-cell sizing using a
TAOS-based flow-through apparatus. The use of TAOS
patterns and autocorrelation analyses provides a means for
classifying cells in a label-free flow cytometry.
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